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What is high cell density growth? The scope of this chapter

It is difficult to define exactly what is meant by high cell density growth because it is
a relative term. Thus when working with protozoa a cell density of 2.2 x 107 and 54 g
dry weight I'' has been considered as growth at high cell density, whereas with
bacteria and fungi this would be only a moderate growth density (Chang and
Furusaki, 1991; Kiy and Tiedtke, 1992}. The highest bicmass levels ever recorded in
a bioreactor were those described by Chung, Chang and Kim (1987). In these
experiments a Nocardia strain was grown in a dual hollow-fibre bioreactor, reaching
densities of 550 g dry weight 1'. No record of the cell number was given, but 10"
Escherichia coli cells ml™ of accessible reactor space has been reported, again for a
hollow-fibre based system (Inloes et al., 1983). The commeon factor in most of these
reports is the comparison of a systermn with batch culture in a shake flask, or a stirred
tank reactor. Therefore 1 will use this approach when discussing the alternatives
available for increasing the culture cell density of micro-organisms. As far as
possible, all types of micro-organisms will be covered, although inevitably the
information available relates mainly to a relatively narrow range of bacteria and
fungi.

It is rare that figures are given for both the dry weight and cell numbers present in
a particular reactor, yet the two are not always proportional. Therefore the culture
conditions are sometimes given in more detail than may seem necessary to allow
readers to get as good an impression as possible about the physiological state of the
microbes in the systems described. The demand for high cell density growth js mainly
to improve the volumetric productivity of a process, although there is growing
evidence that it can also be a strategy for stabilizing recombinant organisms, slowing
down the loss of plasmid-encoded genes (Huang, Perelti and Bryers, 1993). Interest
in high cell density culture is also growing because of a need to obtain increased
biomass levels of microbes that are reputed to be difficult to cultivate, for biochemical

Abbreviations: ATP, adenosine triphosphate; GRAS, generally regarded as safe.
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as well as commercial studies. A good example of this is the protozoan Tetrahymena
thermophila (Kiy and Tiedtke, 1992). It is therefore likely that interest in developing
such systemns will continue for some time.

Factors that fimit culture cell density

Microbial cells are complex entities. Table I shows the elemental composition of a
dried mass of Escherichia coli, which has to be supplied to the cell from the culture
medium. This sort of balance is seen in most types of microbial cell. Neidhardt,
Ingraham and Schaechter (1990) illustrate nicely the task required of a micro-
organism during growth where, again using Escherichia coli as an example and
referring only to macromolecules, over 25 mitlion molecules representing more than
1550 different types need to be replicated in order to construct a new cell. Even under
conditions allowing for slow growth there is a significant need for cell structure repair
and turnover of molecules.

Table 1. The appreximate elemental composition of dried Escherichia coli biomass

Carbon 50-T0%
Nitrogen 15-20%
Oxygen 10-20%
Hydrogen 6-8%
Phosphorus 2—4%
Suiphur 1-3%
Potassium 1-2%
Iron 0.1-0.3%
Calcium (3.01-0.05%
Magnesium 0.01-0.05%
Chlorine 0.02-0.03%
Trace elements 0.2-0.5%

Growth conditions, both nutritional and physical, will affect the chemical compesition of the cells and the metabolic needs
of the bacterium. Similar elemental compositions are found in cther micro-organisms,

The driving force for molecular synthesis has to be provided from the components
present in the growth media. When concentrating on adenosine triphosphate (ATF)
synthesis, one of the most important molecules used by living cells in this context, it
is apparent that different micro-organisms have developed alternative strategies for
providing enough synthetic capacity. The most efficient way of making ATP is via
oxidative phosphorylation, using oxygen as the terminal electron acceptor. If electron
transport based synthesis is not possible, recourse is made to substrate-level phospho-
rylation. It is no accident that many biotechnological processes have developed
around microbial strains whose biochemistry matches the efficient synthesis of the
desired product. Thus Clostridium has been used for the synthesis of acetone and
butanol, yeast for ethanol production and Acetobacter for vinegar manufacture, a
strictly aerobic process. Problems usually arise when the physiological characteristics
of a microbe are in conflict with the intensity of the process needed for a commercially
viable operation.

One of the biggest difficulties is found with the supply of oxygen to cells. Tempest,
Neijssel and Zewenboon {1983) recorded the fact that at 30°C the concentration of
oxygen in water/air equilibria is only 0.23 mM. This figure quickly decreases as the
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temperature is increased and/or the salt concentration rises. Alcaligenes faecalis
consumes 140-170 nmol O, min™' (mg protein)™ in an aerobic denitrification process
(van Niel et al., 1992) and Saccharomyces cerevisige during aerobic growth needs 2.5
mmol (g dry weighty! h™' (Verdwyn er al., 1992), which are fairly typical values. It
can be seen therefore that oxygen can quickly become the main growth rate or cell
maintenance limiting nutrient. Transfer of oxygen into microbial growth media is a
continuing problem in the development of biotechnological processes that demand a
constant supply. A pragmatic solution to this problem is to select micro-organisms
that can grow well under oxygen-limited conditions. Escherichia coli, a facultative
anaerobe, has proven an excellent choice where high-density growth is required but
under conditions where oxygen supply will be limited. The lactic acid bacteria, whose
biochemistry allows them to grow almost equally well with or without oxygen, are
another group of microbes used under these conditions (Linton et al., 1987). How-
ever, in both cases significant changes can occur in the metabolic profile of these
bacteria grown under oxygen sufficient or deficient conditions (Harrison and Loveliss,
1971; Tseng and Montville, 1992). Nevertheless many clever solutions have been
found to supply oxygen to high cell density cultures with some success. These will be
reviewed later.

The supply of other nutrients to high cell density cultures can also be a problem and
requires good mixing regimes in order to avoid the development of cultures with
heterogeneity of physiological states. Again, many of the systems described later
have found solutions to this difficulty, but in some bioreactors it cannot be avoided.
1t is often difficult to ascertain from reports on high cell density systems which
nutrient is limiting the growth and/or the biotransformation potential of the microbial
cells. It is, however, important to know the answer to this facet of bioreactor operation
because the quality of the cells performing the desired function will, in most cases, be
affected radically by the growth-limiting nutrient.

Earlier studies on the effects of culture conditions on the composition and size of
microbial cells showed that merely recording the biomass levels in terms of dry
weight does not always give an accurate indication of the useful biomass present.
Herbert (1961) showed that growth rate dramatically influenced the chemical compo-
sition of Aerobacter aerogenes. At a growth rate of (.8 h~' this bacterium, under the
conditions used, contained nearly three times more RNA than when grown at 0.1 h™'.
Under nitrogen-limited conditions Herbert showed that Escherichia coii had nearly
five times as much cellular glycogen at low growth rates, than when grown at 0.5h".
The mean cell volume can be affected by both the growth environment and the growth
rate. The review by Tempest ef al. (1983} recorded many examples of how microbial
cells perform in laboratory culture. For example, van Liere (1979) showed that the
cyanobacterium Oscillatoria agardlia changes size from 10um® at a growth rate of
0.005 h? with 5 pg dry weight/cell, to 35 pym?® at a growth rate of 0.025 h™' with 21 pg
dry weight/cell. More recently, Cooper (1991) has reported that bacterial cell density,
within the bounds of experimental error, stays constant under a wide range of growth
conditions. Finally, the viability of cells is also influenced by the growih-limiting
nutrient. Postgate and Hunter (1962) showed that the death rate of Aerobacter
aerogenes was unaffected by the oxygen in the atmosphere over the range of 2-100%.
Populations at cell densities greater than 20 g dry weight I"' survived longer than
lower-density cultures, and in cultures where the growth-limiting nutrient was
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carbon, phosphorus or sulphur the viability declined linearly, whereas with nitrogen
limitation the decline was sigmoidal.

These observations show how variable a high cell density community can be in
comparison to the same cells grown nnder less extreme conditions. 1t is also likely that
the gross changes in cell composition indicate significant changes in the biochemistry
of the cells and so reveal the complex task of understanding the rationale behind
productivity changes in high- and low-density cultures of a given micro-organism. In
many systems the classical techniques of microbiology employed to study changes in
the biochemistry of microbial cells under different growth conditions cannot be used.
This is usually because the recovery of cells from the bioreactor imposes stresses that
change the cell. Physical techmiques, such as nuclear magnetic resonance and
microcalorimetry, have been used on a limited basis to follow microbial metabolism
in such bioreactors. However, changes in the product profile in cultures of well-
characterized microbes probably still gives the best indication of the metabolic status
of cultures. Examples of such studies will be given in the following sections.

Bioreactors for high cell density growth

Many cultivation methods have been employed in the quest for increased cell density.
They fall into two groups: those that are a modification of the stirred tank reactor and
those that are developed around a very different concept. The former type of reactor
is attractive to most investigators because it employs equipment that, for the main
part, is already available in a standard microbial cultivation facility and therefore this
type will be dealt with first.

FED BATCH BIOREACTORS

This type of bioreactor has proved to be one of the most successful for increasing the
volumetric productivity of a standard batch fermentation. In the basic system the
micro-organism is added to the culture medium, usually in a stirred tank reactor when
volumes greater than 500 ml are involved, and allowed to grow until one or more of
the original nutrients becomes growth limiting. This is an excellent way of producing
growth-associated products, but does have limitations when attempting the produc-
tion of products which are partially or non-growth associated. In the fed-batch process
the first stage is that which would occur in a standard batch process. This part of the
fed-batch procedure is used to develop the majority of the biocatalytic potential used
in the second part of the process. When the culture has reached a point where nutrient
limitation begins, the growth-limiting nutrient (and often other metabolites) is fed to
the cuiture to maximize the biomass development and/or product formation (see
Figure 1). Penicillin synthesis is a good example of one of the most thoroughly
designed fed-batch systemns and shows how this type of bioreactor can be used to
increase catalytic density in addition to directing metabolism to product formation
{Swartz, 1985). It has also found extensive use in the processes, rapidly coming on-
line, that are the result of recombinant gene technology. Most of these systems are still
based on plasmid-encoded genes and fed-batch technology has proved to be reason-
ably useful in maintaining the population in a productive state, overcoming some of
the problems related to segregational and structural instability problems associated
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with many plasmids (Chang ef al_, 1991). Many examples iltustrate the use of this type
of bioreactor for enhancing productivity, with enhanced cell density being a major
factor, but the examples cited here have been selected to show the range of applica-
tions rather than to provide an exhaustive review.
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Figure 1. Reactor conformation and biomass development in batch and fed-batch culture. A stisred
tank reactor is used to illustrate the stylized representation of batch and fed-batch culture. The design and
biomass production profiles are usually more complex than the iiustrations indicate. Air supply is an
option depending on the micro-organism being grown, inert gases can sometimes be used to remove toxic
gaseous end products.

The most straightforward application for fed-batch reactors is the synthesis of
growth-associated natural products of microbial metabolism. Lactic acid is a major
end product of the metabolism of many bacteria. As well as being produced during the
manufacture of dairy products, it is an important chemical in its own right (Vickroy,
1985). Frequently the exploitation of this microbial metabolite is limited by the
availability of a commercially viable manufacturing procedure. One of the biggest
problems is that focused on by Ohara, Hivama and Yoshida (1992) and involves
inhibition of growth and substrate uptake by the end product, lactic acid. By using the
information gained from this study the authors were able to predict suitable operating
conditions for maximizing productivity. Substrate inhibition causing limited bioreactor
operation 1s also a problem that can be partially overcome by using fed-batch systems.
This can be illustrated by reference to the catabolism of the toxic molecule salicylic
acid by Pseudomonas cepacia {Tocaj et al., 1993}. When grown in batch culture with
salicylic acid as the sole source of carbon and energy, concentrations greater than
2 g 1! are inhibitory (Kamin, White-Stevens and Presswood, 1978). At concentra-
tions greater than 10 g I"' no growth occurs. By carefully controlling the feed rate to
the reactor, using a monitor that measured the salicylate concentration in the reactor,
a much higher conversion rate to biomass was recorded. However, it is interesting to
note that modifications had to be made to the culture medium due to the nature of fed-
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batch fermentation. Previous studies on the system in batch and cell recycle fermen-
tation used potassium nitrate as the nitrogen source for growth (Kamin, White-Stevens
and Presswood, 1978; Berg, Holst and Mattiasson, 1989). In the fed-batch reactor,
where the elevated biomass conentrations led to oxygen limitation, the nitrate was
converted to nitrite {due to its use as an electron acceptor), which caused toxicity
problems. Therefore ammonium sulphate was used as the sole source of nitrogen for
growth. The use of biomass recycle can also lead to oxygen-limited growth (see later}
but by enabling constant product removal it can overcome this type of prablem.

Conversion of cellulosic substrates to acetic acid and ethanol by the fungus
Fusarium oxysporum 1s relatively inefficient at high substrate concentrations in batch
culture. Using fed batch, Kumar, Singh and Schuger] (1991) increased the levels of
end products and useful hydrolytic enzymes at high substate levels. Once again, a
complex feed regime was used to avoid nutrient limitations during the production
phase which presumably helps to support higher biomass levels and biocatalytic
activity in a more efficient state.

Nikkomycin is a nucleoside-peptide antibiotic active against various fungi and
insects. It is classified as being a secondary metabolite of Stretptomyces tendae and,
in common with many useful microbial products of this type, is difficult to produce
in large guantities in batch culture. Using an optimized feeding regime, fed-batch
fermentation could be used to increase the productivity of the culture from 3 to
6.7 g I"". Subsequent studies in continuous culture showed that at the optimal growth
rate the higher productivity could be maintained for nearly twice as long (Schiiz,
Fiedler and Zahner, 1993).

Aninteresting variant of batch/fed-batch fermentation is the self-cycling fermenter
systems described by van Walsum and Cooper (1993}. In this process the metabolic
activity of the culture is monitored (in this case oxygen consumption} and the cycle
time matched to the doubling time of the organism. Bacillus subtilis and Acinetobacter
calcoaceticus were used in this study. When a cycle has reached the end point, half of
the reactor volume is removed and the volume in the reactor immediately restored
with fresh growth medium. Using a holding tank for the removed medium, the culture
is allowed a further period of incubation before harvesting. The products investigated
were surfactants, classified as being secondary products of the organisms concerned.
The additional incubation time was shown to markedly improve the yield from the
fermentation.

In these first examples of the use of batch culture the enhancement of cell density
in the reactors is often not stated. They were selected to illustrate that although there
is often some implication of increased cell densities, increased productivity is a
combination of providing the right physiological environment and increasing the
biemass level. The fact that these two facets of fed-batch operation are important is
often understated and yet both are crucial for maximizing the yield of recombinant
products as well as the types of natural product illustrated above.

Recently work relating to recombinant DNA technology was published in the
Annals of the New York Academy of Sciences (Prokop and Bajpai, 1991). The majority
of papers were concerned with the construction of new producer strains. A much
smaller number of papers was concerned with the actual production of the recombinant
products. Fed-batch fermentation methods were highlighted as a means of improving
productivity. Escherichia coli was the recombinant host in two of the papers con-
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cerned. Concentrating on the high cell density that can be achieved, Knorre ef al.
(1991} stated that this has the advantages of reducing reactor volume, improving
space-time yield, and media costs and simplifying downstream processing. They
showed how optimizing the growth rate in the fed stage and designing the process to
avoid oxygen limitation can improve the productivity of fermentations where the cell
density reaches 110 g dry weight I"!. Chang er al. (1991) alluded to the complexity of
bacterial cells mentioned earlier. They showed how the nature of the selection
pressure for the retention of plasmid-containing cells can dramatically influence the
proportion of the population capable of synthesizing the recombinant protein, porcine
somatotropin, in the production phase. Recombinant protein synthesis was induced
by heat shock, the efficiency of which was affected by the cell density at the time of
induction. Their studies showed how media design can reduce the catalytic develop-
ment phase of the fed-batch culture. An interesting observation was why the location
of the temperature-sensitive repressor on a plasmid, rather than the chromosome,
determined the factors that affect expression of the recombinant protein. The growth
rate at which the culture was switched to production is also important in optimizing
expression. At the higher growth rates tested expression was greatest, but the final
growth yield was lowest. A compromise was needed 1o maximize productivity. The
authors showed that computer control to maintain the optimum nutrient balance in the
fermentation could improve productivity further.

Yeasts have proved to be an almost equally popular host for recombinant protein
synthesis as Escherichia coli, where their GRAS status (generally regarded as safe) is
an attractive feature. Increasing numbers of species are employed in this context but
reference to Saccharomyces cerevisiae illustrates the results obtained in fed-batch
cultivation. Once again, good productivity has been obtained in cultures with cell
densities in excess of 100 g dry weight I"' (Alberghina et al., 1991). Nurmianto,
Greenfield and Lee (1994) showed that, as with the bacteria, there is often an optimum
growth rate, supported by optimum nutrient feed rate, for maximal stable recombinant
protein synthesis. A recurring observation that is made when reviewing the literature
in this arez of biotechnology, is the variety of variable factors that can determine the
productivity of high cell density cultures. For example, Ibba et al. (1993) have shown
that the culture medium can affect the plasmid content and stability in recombinant
Saccharomyces cerevisiae, but cells with the highest copy number are not always
most productive. There is clearly a need in many systems to gain a better understand-
ing of the interaction of plasmid copy number, gene expression and protein synthesis.
It was also reported that in a similar study repeated fed batch was a better way of
producing recombinant protein than continuous culture (see the case of nikkomycin
production above). Blondeau et al. (1994), from their studies on the yeast
Kluyveromyces lactis, also remind us that it is possible to increase cell density over
that seen in batch culture by using either fed batch or continuous culture, while the
physiological conditions need to be optimized for optimal expression of heterologous
proteins.

Fed-batch bioreactors need fairly minor modifications fto conventional batch
reactors. The modifications needed to aliow continuous operation of such reactors are
also often straightforward. For commercial production of high-value products,
continuous culture has never been employed extensively. Reasons for this relate both
to the working practices of industry and to the biological properties of micro-
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organisms, which can often show unstable productivity in such systems. Nevertheless
continuous culture, in its various operation modes, remains a useful tool for studying
the behaviour of cells growing at high cell densities and may become more attractive
as a production method in the future.

CONTINUOUS CULTURE SYSTEMS FOR ATTAINING HIGH CELL DENSITIES

It has already been shown that continuous culture systems of the sort shown in Figure
2 can be designed to attain moderately high cell densities. In chemostat culture,
growth is nsually limited by a single nutrient. Ethanol production by Succharomyces
cerevisiae has been compared in batch and continuous systems (Gupta and Chand,
1994). It was shown that some of the best productivities were obtained as the system
was perturbed under conditions of glucose limitation. In addition, changes in cell
density that resulted from ‘shift-up’ or ‘shift-down’ did not immediately affect the
productivity of the system. The rates of synthesis in the continuous processes were
competitive with the best batch process reported by these authors. It is therefore not
surprising that optimization of continuous culture has allowed big improvements in
the yields of some microbes that grow comparatively poorly in batch culture. An
exfreme example of this is the growth of the hyperthermophilic Pyrococcus furiosus.
Raven et al. (1992) showed that growth of the archaeum was limited by the build-up
of fermentation products, especially hydrogen. Choosing the best gas to remove this
metabolic end product continuously, cell concentrations in the bioreactor could be
increased ten-fold to 3 x 10? cells ml™'. In a modified type of continuous culture, using
a perfusion device, Tetrahymena thermophila could be grown o cell densities 30-40
times that attainable in standard batch reactors. Total cell retention was used in this
systemn and the study revealed that culiure growth was apparently limited by both the
glucose and protein content of the medium, although the production of excreted
protein by the cells when grown at high cell densities gave problems in determining
the exact limiting factors (Kiy and Tiedtke, 1992a,b). Many further modifications can
be performed on the basic chemostat reactor. One interesting wvariation briefly
reported by Cubarsi and Villaverde (1993) uses a two-stage system for growing and
then inducing cells for product formation. However, the most interesting evolutions
of the basic continuous culture design are those that incorporate artificial membranes
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Figure 2. Continuous culture fermentation. The basic design is again illustrated by using a stirred tank
reactor. En reality the steady state obtained after switching the reactor into continuous operation can often
iast for a very short time before mutants appear that affect both the biomass levels andfor product
synthesis.
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for the continuous separation of products from the microbial catalyst. At this point it
is worth reviewing briefly the technology that is available for such separations.

Many techniques can be used to separate cells from culture media. Immobilization
of micro-organisms has been used widely where cell retention or product removal on
a continuous basis is required. There is, however, often a problem in using such a
technique. Few immobilization methods can maintain long-term retention of micro-
bial cells. The systems {requently underutilize the potential biocatalyst present (e.g.
due to mass-transfer problems) and it is often difficult to monitor the physiological
state of the immobilized cells. In the latter case it causes difficuities in rational process
development. Flocculation of microbial cells has been used successfully, but is
restricted to microbial species which either readily form natural workable aggregates,
or aggregate with the limited range of chemical flocculants available. Alternative
physical methods, such as centrifugation, can be too expensive for the application
envisaged. From an operational point of view artificial membranes have offered great
potential. The difficulty usually arises when long-term continuous operation at high
cell densities is envisaged. Frequently the materials available are not robust enough,
too expensive, or in a device that quickly fouls during operation. Chang and Furusaki
{1991) have comprehensively reviewed the types of reactors that bave been con-
structed incorporating artificial membranes. Heath and Belfort (1992) give details of
many of the membranes available and the materials from which they can be con-
structed. Cross-flow filtration is the most widely applicable separation mode used in
bioreactor design and I will limit this discussion to developments in this area of
filtration, given their potential for improvement of high cell density growth in
continuous culture,

Broadly speaking, the materials available for the construction of filtration units fall
into two categories, plastic or inorganic based. The ever increasing range of plastics
allows the construction of membranes in a wide variety of conformations, ranging
from: flat sheet structures to hollow fibres. In addition, the surface properties vary with
the polymer used, and many polymer surfaces can be chemically modified to increase
the range of surface properties. This facility can be extremely important in separation
processes. The inorganic supports available are in some respects less varied, but are
still available in a number of conformations, usually in the form of tubular structures.
Ceramic membranes have been the main types used in the applications relevant to the
topic of this chapter, but newer materials such as zirconium-carbon structures are also
available; both types can often have their surfaces modified. The main advantage of
the inorganic membranes is that they are usually much more robust than the plastic-
based membranes, allowing them to be used under harsher conditions and making
their sterilization more straightforward. Figure 3 shows the basic details of a cross-
flow filter unit. There are guidelines for the design of such units, which are essential
for the attainment of optimal filtration fluxes. This is particularly important for
systems employing tubular structures where increased flow rates through a separation
device of high cell density cultures wilt not result in efficient media removal with
small bore filters (Warren, Macdonald and Hill, 1991). It is fair to say that the
complete mechanism of cross-flow filtration has not been fully worked out (Patel,
Mehaia and Cheryan, 1987; Riesmier, Kroner and Kula, 1989, 1990). Tanaka er al.
(1993) have investigated the filiration of Saccharemyces cerevisiae in cross-flow
systems employing a flat-sheet membrane. Careful selection of flow rates at low cell
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Figure 3. A comparison between dead-end and cross-flow filtration. Cross-flow filtration systems can
be constructed from a wide variety of membrane types in both flat-sheet and twbular configurations.

densities allows efficient operation of the separator. As the cell density increases to
that often encountered in high cell density culture systems fluxes dramatically
decrease. Backflushing of such systems is possible but usually becomes unsuitable
when continued long-term filtration is needed in a bioreactor system. There have been
several attempts to increase the flow instability in cross-flow systems with the
objective of reducing membrane fouling (Heath and Belfort, 1992). Some systems
allow the use of ceramics. The rotating ceramic membrane unit described by Nakano,
Matsumara and Kataoka (1993) has been shown to allow high cell densities of
Corynebacterium glutamicum (120 g dry weight 1"y and Propionobacterium
freudenreichii (53 g dry weight ') to be obtained in perfusion culture lasting several
hundred hours. By using flat-sheet dimpled membranes and an oscillating flow,
Millward ef al. (1994) have described a cross-flow filtration device that is extremely
efficient. Current studies employing this device have shown that it is capable of
operation for over 100 h while operating in a cell-recycle continuous culture device
with either yeast or lactic acid bacteria (Ruanglek et al., unpublished observations).
The membrane arrangement and surface detail are shown in Figure 4. Further details,
including gas transfer characteristics, have also been described, illustrating the
potential operational flexibility of the device (Bellhouse ef al., 1973; Beeton erf al.,
1991, 1994). Thus advances in membrane technology are likely to increase the
attractiveness of continuous systems using filters to achieve high cell densities. Of
these systems, continuous culture with cell recycle probably offers the greatest
potential when fitted with an efficient separations device.

In his classic text, Pirt {1975) outlined the mathematical properties predicted for
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Figure 4. Detail of the twin membrane arrangement in cross-flow filtration with vartex wave forma-
tion. The polysulphone membranes are moulded to produce a reguiar dimpled structure over the surfaces
of the two membranes used in this filtration device. During operation the bi-membrane unit osciliates in
the direction skown. causing the formation of vortexes, which delay the formation of polarization layers
and enhance the fiitration rate. Full details can be found in Millward et al. (1994).

continuous culture with cell recycle and some of the advantages of wsing such a
system. An example of the basic nature of this type of reactor 1s given in Figure 5.
Although the iHustration shows an external separation device, internal designs have
also been used. It is not appropriate in a review of this sort to expound the potential
of these systems in detail. They have great applicability to the fundamental study of
microbial physiology as well as to the manufacture of microbial products. The cell-
recycle ratio (R) is the proportion of biomass loss from a continuous culture that is
recycled back into the main reactor. From chemostat theory it is possible to define the
specific growth rate (i) of a microbe in such a device as:

p=(1-R)D

where [ is the dilution rate of the culture. Thus the specific growth rate can be altered
by either changing the dilution rate of the system or the recycle ratio. With full recycle
one has zero growth rate at steady state, a sort of perfusion culture. It was very difficult
in early types of cross-flow filtration to achieve 90-10{}% cell recycle while attaining
a steady state. Thus, as we will see, most of the recent reports in the literature refer to
cultures that are not at steady state under conditions of 100% cell retention. These
processes are analogous to those used for the attainment of high cell density animal
cell cultures using the perfusion technique (Zhang, Handa-Corrigan and Spier, 1993).
Some of the predicted properties of the system are, in any case, clearly unattainable.
For example, this theory would predict that the steady-state biomass concentration at
100% cell recycle will be infinite. But other properties of the system merit continued
study. These systems, by allowing high biomass densities and delaying washout at a
given dilution rate, offer attractive prospects for dealing with poorly water-soluble
growth substrates, toxic products and the enhancement of microbial products, nega-
tively correlated with, or independent of, the growth rate of the microbe. A few
selected examples will be used to illustrate the current status of this technology in
microbial cell cultivation, as Chang and Furasaki (1991) have reviewed many earlier
cell-recycle systems.
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Figure 5. Continuous culture with cell recycle using either externai or internal separators. A wide range
of devices are availabte for separating cells from spenrt growth media. External devices can include
centrifugation as well as fiftration, and with both internal and external set-ups it is possible to use cell
floccutation followed by sedimentation to retain or separate biomass produced during the fermentation.
The biomass profiles shown indicate that where 100% cell retention is used no steady state is obtained.
With partial cell-recycle the attainment of a steady state can take some time (graph a).

Tin and Mawson (1993) investigated the production of ethanol from whey by
Kluveromyces marxianus growing in continuous culture with cell recycle, in an
attempt to overcome the problems relating to the poor conversion rates observed in
batch and continuous culture systems without cell recycle. From an application
standpoint it was important to avoid, as far as possible, high sugar levels in the product
stream, which in commercial processes would lead to problems of waste disposal.
Both centrifugation and flocculation have been used in similar processes to achieve
cell recycle. (Howell, 1981; Barry, 1982; Mawson, 1987). Tin and Mawson (1993)
used tubular ceramic membranes in the filtration device used to separate the yeast
cells from ethanol and unused substrates. Setting the recycle ratio to either 0 or 100%,
the effects of increased lactose concentration and increased dilution rate on produc-
tivity were examined. The cell densities employed in this study were fairly low,
explaining why filter blockage was apparently not a problem. Productivity was
increased under cell-recycle conditions and predictably the residual substrate concen-
trations at a given dilution rate were lower. Others have shown that increasing the
biomass density in recycle systems allows higher dilution rates to be used while
keeping sugar levels low in the effluent from the reactor (Cheryan and Mehaia, 1983;
Mehaia and Cheryan, 1990).

As mentioned previously, lactic acid is a commercially important microbial
product. The conversion of starch to lactic acid in batch fermenters is often limited by
the low concentration of microbes in the system. Immobilization methods have been
used but have often failed to achieve the productivities expected, due to problems
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with substrate access to cells and loss of cell activity. Zhang and Cheryan (1994) have
investigated the use of biomass recycle continwous culture for improving the effi-
ciency of this process. In this example selection of the membrane properties was
predicted as being as important as the filtration unit design. This is because many of
the enzymes used in the biotransformation are extracellular and would be continually
lost from the reactor if the membrane pore size is too large. Using a hollow-fibre
cartridge, operating at relatively high transmembrane pressures, a workable labora-
tory reactor system was developed. Redesign of this system would be necessary for
commercial use. Continuous culture studies identified the range of dilution rates that
resulted in low residual starch levels in the outflow from the reactor. Full retention of
cells in the reactor was maintained and, more surprisingly, so was the biotransforma-
tion potential of the system even when membranes with molecular weight cut-offs
much larger than the hydrolytic enzymes likely to be involved were used. The
productivity under optimal conditions was nearly twice that observed in comparable
batch reactors. A cell density of 38.8 g dry weight ' was calculated towards the end
of the fermentation.

An interesting application of cell-retention continuous culture is that described by
Kang, Lee and Chang (1993). Bacillus thuringiensis has been used for many years as
a source of spores for use as insecticides. It is a fermentation that needs optimal
productivity to allow the small profit margins to be maximized. Two systems were
compared. The first involved spore production in the celi-retention system operating
on its own, the second coupled this reactor to a second-stage continuous culture
process with no cell-recycle. Earlier experiments in glucose-limited fed-batch culture
obtained a maximum of 5.5 x 10° spores mi! (Kang, Lee and Chang, 1992). This
process was limited by the volume of the reactor. In the total cell retention system the
spore count rose to over I x 10° spores ml™' but with three times the number of colony-
forming units present at the same time. Converting the remaining cells to spores could
not be achieved by switching the reactor into batch mode at the time of maximum
spore counts. High levels of glucose in the feed to cells in the total cell retention
system prevented spore formation. In this case when the reactor was subsequently
switched into batch mode spore formation was quickly observed and reached 7.2 x
10? spores mk-!, with over 70% of cells converted to spores. To further decrease the
stress on cells in the culture and improve their subsequent conversion to spores,
higher levels of glucose in the total cell retention system were used. The best
productivity was observed at a glucose feed concentration of 50 g1-'. The reactors that
used a continuous culture rather than batch culture in the second stage were an attempt
10 obtain continuous spore production. A bleed ratio of (.33 (67% cell retention) from
the first reactor was used to feed the continuous culture spore-production phase.
Continuous production of spores could be achieved, but at lower spore concentrations
in the continuous culture reactor, than were in the experiments mentioned earlier.
Problems arose due to the almost inevitable genecration of asporogenous mutants.
Increasing the bleed ratio led to a gradual decline in productivity. At lower bleed
ratios the internal ceramic filter device caused problems, presumably due to the
membrane fouling. A maximum cell mass of 82.2 g I! was recorded in this device and
the authors reported that the spore yields under optimum operating conditions were
the highest recorded so far for this bacterium.

Using a similar reactor design, fitted with an internal stainless-steel membrane
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device, Chang, Lee and Kim (1993) investigated the ability of Saccharomyces
cerevisiae to produce ethanol. The membrane pore sizes were much larger than
usually used and were either 2 or 10 um. Filter fouling could be reduced by increasing
the agitation speed used o mix the components present in the reactor, although there
are both operational and cost limits {for commercial production) to using this
approach. Cell densities in these reactors reached a maximum of 157 g dry weight I,
For best productivities, slightly lower cell densities were preferable, which could be
controlled by increasing the cell bleed rate (reducing cell retention). The use of co-
culture of the yeast Saccharomyces diastaticus and Pichia stipitis in a cell retention
bioreactor, using flocculation to effect cell/media separation, yielded less impressive
cell densities but stiil an efficient process for converting glucose and xylose to ethanol
(L.aplace et al., 1993). Uribelarrea et al. (1993) have investigated the carbon and
energy balances in cultures of Schizosaccharomyces pombe growing in cell-recycle
fermenters at different bleed and ghicose feed rates. In previous studies where total
cell retention was employed, it was shown that growth, under conditions of glucose
excess, was limited by the inhibitory effects of ethanol (De Queiroz, Uribelarrea and
Pareilleux, 1991). With partial cell recycle at different growth rates under glucose
limitation, litfle ethanol was produced and the maximum cell density recorded was
32.7 g dry weight I, Over a similar range of growth rates with glucose excess, over
40 g I"' ethanol and 165 g dry weight I! biomass were recorded, the highest values at
the lowest growth rates. It was shown that a variety of maintenance requirements were
greatest when glucose was in excess. The use of recycle fermentation to examine
effects on the specific growth rate independent of dilution rate was highlighted as
being of great value in assessing the influence of environmental parameters.

To complete this section three processes have been selected to illustrate the range
of variations in fermentation design that can be employed. Babu and Panda (1991)
have illustrated the use of fermentation broth recycling in overcoming waste genera-
tion problems for the production of penicillin amidase by Escherichia coli. In this
system the carbon and energy source (phenylacetic acid) has a complex influence on
enzyme synthesis and cell growth rate. Centrifugation was used to separate cells from
product and the medium nutrient composition analysed and restored to the starting
concentrations after cells were removed. It was shown that the process water could be
successfully re-used, but some of the products that accumulate influence penicillin
amidase synthesis.

Itaconic acid production by Aspergillus terreus has been studied in many bioreactor
systems. The use of cell immobilization has resulted in disappointing productivities,
identified as being caused by oxygen limitation. Using an air-lift reactor in three
modes of operation Park et al. (1994) showed that repeated batch culture, without cell
recycling, gave the most reproducible activities. When cell recycling was attempted,
at the end of each batch run, using either centrifugation or filtration to separate the
cells from the culture medium, problems arose due to the increased mycelium
concentration.

The synthesis of glutamic acid by Brevibacterium flavum is an example of a
biotechnological process that has been optimized from a variety of approaches
ranging from genetic manipulation to growth medium optimization (Beppu, 1986;
Minoda, 1986). There is still room, however, for further improvements in productiv-
ity by redesign of the bioreactors employed. Glutamate causes end-product inhibition
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of its synthesis. The continued removal of this amino acid should therefore help
improve the productivity of the fed-batch process routinely used for its manufacture.
Glutamic acid can be separated from culture media by electrodialysis. This requires
prior separation of cells from the media for maximal efficiency. Ishazaki, Takasaki
and Furuka (1993) have designed a total cell recycle system using filtration, to both
perform cell separation and maintain an adequate oxygen supply while the ceils are in
the recycle loop. Their resuits showed that a separation device incorporating vortex
flow (by filtration unit rotation) maintained good productivity, even when the unit
was not used to supply air to the cells in the filtration loop.

Many variations of reactor design have been developed to improve the continuous
production of a wide range of microbial products. Some of the improvements have
been achieved solely by increasing the biomass density in the reactors. However, in
most cases it has been appreciated that this strategy is most successful when the
undesirable problems associated with extreme biomass densities are avoided, thus
avoiding the generation of biomass in a form that is not able to make the desired
product because of its location or physiological state. The final type of reactors
covered has been shown to have impressive abilifies in generating extremely high cell
densities, but has much less potential for modulating the accessibility of substrate to
cells.

HIGH-DENSITY CULTURE IN IMMOBILIZED CELL BIOREACTORS

Some of the earliest attempts to solve the problem of toxic product removal on a
continuous basis involved the use of dialysis culture (Chang and Furusaki, 1991).
Technically this sort of bioreactor generates high cell densities with only a minority
of the cells attached to the reactor structure, the rest remaining in suspension.
However, in many immobilization systems a similar type of culture develops and
therefore some reference to this type of cultivation is relevant. Because of the
materials available to construct dialysis culture reactors, systems have fended to be
restricted to the laboratory scale. Using a two-chamber device, with the growth
chamber constructed from a cylindrical dialysis membrane, Mirkl et al. (1993) grew
Escherichia coli 1o densities in excess of 170 g dry weight I'. They calculated,
making generalizations on bacterial cell composition, that the theoretical maximum
cell density was between 160 and 200 g dry weight I''. Growth of this bacterium was
obtained by using glycerol as the carbon and energy source. It was shown that for
maximal biomass development both low and high concentrations of glycerol should
be avoided. The authors attributed the capacity to feed a larger proportion of the
culture evenly and without large fluctuations in the nutritional environment, plus
continued product removal, to the attainment of such high cell densities when
compared to techniques such as fed-batch culture. They also highlighted the fact that
high substrate concentrations in the outer part of the reactor (which have to be
maintained to allow adequate supply to the bacterial cells) is a problem with the
system. Ogbonna and Mirkl (1993) showed that adding glycerol directly to the
dialysis chamber of a reactor, in which Escherichia coli was growing, could reduce
nutrient loss while maintaining the high biomass concentrations mentioned above.
Fitting an external dialysis chamber to the reactor resulted in much lower biomass
densities being recorded. It was proposed that the changes in parameters, including
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oxygen tension, in the external dialysis loop were responsible for the lower biomass
levels.

Dialysis calture of micro-organisms has many similarities to cultures of microbes
growing immaobilized in hollow-fibre bioreactors, the mode of cultivation credited
with the record for the highest cell density ever reported. A schematic view of this
type of bioreactor is shown in Figure 6. Past applications of this technique have been
reviewed previously (Bunch, 1988; Chang and Furusaki, 1991). Although impressive
biomass densities have been reported in these reactors, the individual cell productivities
are usually low. This is mainly because mass-transfer limitations prevent all the cells
in such reactors from participating in the process involved. It is possible to improve
the supply of nutrients to the immobilized cells by changes in the way the bioreactor
is constructed or operated (see below). One of the biggest difficulties with these
reactors is knowing what factors are limiting productivitity. the first problem is how
to determine the biomass levels during operation. This has to be performed by indirect
means. Linton ef al. (1989) used a pressure sensor to follow biomass development. It
measured the back pressure as the increasing number of cells restricted the flow of
media through the reactor. A calibration graph could be constructed over a fairly wide
range of operating cell densities to predict the biomass levels at any stage of the
incubation. The results confirmed the fact that in many of these systems the cells grew
in a way similar to that observed in dialysis culture. A second problem relates to the
physiological state of cells growing in hollow-fibre bioreactors at high cell densities.
Linton ef al. (1987) used a species of lactic acid bacteria, Streptococcus faecalis, as
a biological sensor. Other bacteria in which the relationship between excreted end-
product synthesis and environmental stress has been investigated could be used.
Lloyd and Bunch (unpublished observations) using Escherichia coli in this way have
shown that it is possible to optimize reactor design using this technique for the
production of non-growth-associated products, including secondary metabolites and
recombinant proteins. In these and other cases it has been shown that, as expected, the
supply of oxygen to cells in hollow-fibre bioreactors is most often the major problem.
By operating hollow-fibre bioreactors in transverse rather than direct mode (see
Figure 7), it is possible to improve the delivery of nutrients to cells immobilized on
or around the fibres. However, in many cases this can cause fibre rupture to occur
(Inloes et al., 1983). Roberson and Kim (1983) designed a dual hollow-fibre system
which used one type of fibre for oxygen supply and carbon dioxide removal, the other
acting as the immobilization support. Chang and Furusaki (1991) have shown that
antibiotics and citric acid can be produced successfully in these reactors and that the
productivity can be over 30 times that seen in batch reactors. Other membranes can
also be used to replace hollow fibres. Higton ef al. (1992) compared several types of
membrane for the growth of Streptococcus faecalis, showing that ceramic mem-
branes, but not glass or metal membranes, gave good results and had the advantage of
increased robustness.

A variant of the artificial membrane immobilization method has been reported by
Tiltscher and Storr (1993) for high-density growth of the slime mould Dictyostelium
discoideum, when expressing recombinant human antithrombin L In this study cells
were loaded into inorganic porous aggregates. Up to 15 times the biomass density
could be achieved using this method as compared to reactors employing suspended
cells. It was shown that although cells growing in these porous structures had a longer
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Figure 6. A schematic representation of a hollow-fibre bioreactor for the immobifization of microbial
ceils. For convenience a single-fibre reactor is illustrated. Although there are reports of such reactors
being used for micsobial and enzyme immebilization, most reactors will have between & and 20 fibres to
provide a reasonable immobilization surface plus even media flow at laboratory scale. If anisotropic
hollow fibres are used, cells may penetrate into the matrix structure. In most systems cell growth is
assoctated with the surface of the fibre and its surroundings. The semipermeable membrane can be
selected to retain ali molecules greater than 1 kDa or only retain particles several microns in diameter.
Examples of fibre structures and the range of membranes available can be found in Bunch (1988). In duat
hollow-fibre reactors a mixture of fibres is employed to allow enhanced gas supply (Chung, Chang and
Kim, 1987}

lag phase than suspension batch cultures or cultures with cells absorbed on to the
porous aggregates, the cells could be regenerated after storage for use in subsequent
experiments. Repeated batch production of the recombinant protein could be achieved
using this method. Using a packed bed reactor, operating in an gnalogous way to
100% biomass retention systems, it was possible to obtain continuous production of
antithrombin III at levels nearly 20 times higher than that obtained in suspension
culture.

A large range of immobilization techniques has been used to enhance biomass
densities in reactors. The use of a popular method, gel entrapment, usually leads to a
restricted proportion of the biomass being active in a given process. Once again,
oxygen limitation is a recurring problem. Although techniques such as co-immobili-
zation of different cell types or the use of agents that can liberate oxygen at the
necessary sites have been attempted (Omar, [1993), these systems are likely to have
restricted uses in biotechnology. This is particularly true because in microbial cells
making natural or recombinant products any loss of competitive advantage between
producing and non-producing mutants (or strains that have lost a plasmid containing
a recombinant gene) will contribute to the reduction of the cultures’ production
stability. Using engineered clones of Escherichia coli, Varma and Palsson (1994)
have shown that careful maintenance of the nutritional environment, not only with
respect to the oxygen supply, can stabilize productivity during screening and fermen-
tation procedures. This paper is fascinating as it emphasizes the way that metabolism
must be integrated with environment to achieve optimum results. It is an encouraging
fact that more and more emphasis is being placed on gaining a better understanding
of how microbial metabolism functions under different growth condi-
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Figure 7. Operaticnal modes for hollow-fibre bioreactor operation. In both operation modes cells are
incculated into the shell side space where they prow on or around the fibres, When using the direct mode,
growth medium is supplied via the fibre lumen, where it diffuses to the cells. Products diffuse out into the
fibre lumen where they are removed ia the outflow from the reactor. Several reports show that this mode
of operation can tead to relatively fast fibre breakdown in comparison to the transverse mode systems
¢(Burch, 1988). Gasses can be supplied or removed via the shell side space if required. In transverse mode
the growth medium is passed directly to the ceils. The spent medium and products are collected after
filtration thsough the semipermeable part of the hollow-fibre structure. Gasses can be supplied via either
the fibre lumen or with the growth medium. To avoid operaticnal problems other solutions to gas supply
have been found (see text).

tions, coupled with defining the limits within which it is possible to engineer
rationally new metabolic functions (Majewski and Domach, 1990; Bailey, 1991,
Stephanopoulos and Vallino, 1991; Varma and Palsson, 1994). In the meantime one
of the most interesting ways of holding microbial celis in a form which reduces mass-
transfer problems, biofilms, is worthy of some mention as a method of avoiding loss
of biocatalytic potential in bioreactors. Tyagi, Gupta and Chand (1992) compared the
ethanol productivity of cells immobilized in alginate beads and on the surface of raw
and activated bagasse (the latter positively charged with an amino hexyl group in an
attempt to gain better establishment of cells). Oxygen and carbon diexide uptake rates
were highest in the ‘bagasse’-based reactors where high cell density biofilms were
generated. More cells could be foaded on to the activated bagasse support than was the
case with the raw material. This compared well with other types of support, such as
ion-exchange resins and ceramics. Cell retention of 0.410 g cells/g carrier was
reported for the activated bagasse. Loss of cells from the biofilms present in raw
bagasse was higher than in the activated bagasse systems. In both cases when
operating in a packed bed reactor the flow rates used influenced the rate of cell loss
from the system. Although the ethanol productivity of these reactors was comparabie
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to those reported by other workers, its operational stability was, in almost all cases,
superior. Biofilms form quickly on virtually any surface and therefore their study is
applicable to a wider range of interests than their application to biotechnological
processing. The rate of biocatalysis in biofilms is, not surprisingly, related to the
access of substrates to the cells and the growth rate of the microbial population. There
have been several attempts fo describe the nature of these microbial populations
(Characklis and Marshall, 1990; Rittmann and Manem, 1992). Microscopic examina-
tion of biofilms reveals a complex arrangement of cells (Lawrence ef al., 1991) and
it was proposed that the development of such systems is directed towards providing
optimum access of nutrients. With the development of techniques such as confocal
scanning laser microscopy, toels are now available to study these systems in much
more detail, relating structure to operational function. It is interesting to compare the
information gained {rom confocal microscopy with that achieved by scanning
electron microscopy methods (Zellner et al., 1994). The outcome of this type of
investigation is nicely illustrated by the work of de Beer ef al. (1994}. Interestingly
they used a continuous culture system with a recycle loop to deliver a mixed culture
of cells 10 a glass coverslip on which the biofilm development was observed by using
a confocal microscope. Microelectrodes were employed to study the oxygen tension
in the system. Mature biofilms were developed over a peried of several days and
fluorescence exclusion with fluorescein was used to enhance the visualization of the
internal structures. Penetration of the biofilm was investigated by using fluorescent
microspheres of 0.87 pm diameter. Cell clusters 80 pm thick and 100-300 pm in
diameter were a key feature in these biofilms, separated from each other by open
spaces 50-100 pm wide. The clusters covered approximately 50% of the slide
surface. Subsequent development of the biofilm increased the thickness of the cell
clusters but not the percentage of the surface covered. Penetrability studies showed
that the larger clusters were not closely attached to the substratum. At the point when
observation using confocal microscopy becomes severely limited (600 um), it was
shown that an interconnecting channel system had developed in the biofilm. In an
clegant study these authors showed that in the channels running from the surface to
the substratum the oxygen concemtration was aiways much higher than in the cell
chumps and was maintained at the level seen in the supply medium until close to the
coverslip surface. Thus it shows that there is potential for ‘self-design’ of high cell
density biofilms to limit mass-transfer problems. The use of this type of microbial
culture therefore has the potential to overcome many of the disadvantages of standard
immobilization procedures whife allowing high biomass densities to be employed.

Weuster-Botz (1993) described the application of biofilm technology to the
continuous production of ethanol using Zymeomonas mobilis growing on porous glass
beads in a fluidized bed reactor. The productivity of this system is amongst the highest
so far reported, and with the addition of a second reactor stage high productivity with
almost total substrate conversion is possible. Demirct, Pometio and Johnson (1993a)
have used a biofilm-based syslem for another product employed as a chemical
feedstock, with the same objective of reducing production costs to allow greater
industrial use; a mixed culture of Strepromyces viridosporus and Lactobacillus casei
was employed.

Polypropylene chips were used as the support and were blended with a range of
agricuitural materials, employed as carbon and nitrogen sources on the support
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surfaces. Strepromyces was used to generate an extensive biofilm in which Lactoba-
cillus was immobilized. This process gave a three- to five-fold increase in production
rates when compared to suspension culture, and using a mixed culture system
improved production over reactors operating with pure culture. As with all biofilm
systems, some microbial cels were found in the product stream. In a subsequent paper
by Demirci, Pometto and Johnson (1993b) alternative mixed cultures were con-
structed using a variety of biofilm generators and lactic acid producers. Once again
the best production was observed with the mixed cultures when compared to pure
cultures of lactic acid producers.

Product removal in biofilms is another feature of these systems that needs careful
investigation. It may be envisaged that in biotechnology, in addition to the treatment
of environmental wastes, removal of products that inhibit biofilm activity will be of
great importance, There have been several attempts to model the consequences of
toxic substrates on biofilm activity (van Ede, Bollen and Beenackers, 1993). Contin-
ued effort towards toxic product removal is critical for full exploitation of these
systems. An extreme example of the sort of possible application of biofiim technol-
ogy is the biotransformation of waste sulphuric acid by sulphate-reducing bacteria
{Stucki, Hanselmann and Hurzeler, 1993). These authors illustrate how such a
process can be integrated with physical and chemical systems for the bioremediation
of wastes, a rapidly growing concept in environmental technology. The isolation of
sulphate-reducing bacteria capable of growth on cheap and abundant waste products
is relatively recent (Widdel and Pfennig, 1977). Processes using fixed biofilms show
that the key parameter to monitor and control is the production of hydrogen sulphide,
which is inhibitory to even those bacteria that synthesize it as a natural product. Using
acetate as a co-substrate the process can be summarized as follows:

SO, 2+ CH,COO +3H* — H,S + 2CO,+ 2H,0

Thus the products, as gases, should be easily removed, achieved in this case by
incorporating a gas stripping column in the recycle loop. This example illustrates how
a knowledge of biofilm development and operation allows clear guidance for the
overal design of the bioreactor.

Some reference should be made to solid state fermentations. In some respects
these can be considered as the ultimate type of biofilm reactor, employing localized
high cell densities. It is a specialized, but important, area of biotechnology. A
relatively narrow range of substrates can be used for this type of microbial cultiva-
tion. The substrates become heterologous during the fermentation, and excessive
heat build-up can cause problems and, once again, monitoring what is happening is
extremely difficult (Sargantanis ef a/., 1993). The latter authors showed how very
high biomass densities can occur in these systems, requiring careful process design
to avoid premature loss of reactor operation. Scale-up strategies have been dis-
cussed by Lonsane er al. (1992). Using sugar-cane bagasse impregnated with
growth nutrients, Soccol et al. (1994) have shown that this type of reactor can be
used as a ‘low-tech’ method of producing lactic acid. Their process used the fungus
Rhizopos oryzae. An alternative system using bacteria has been described by
Xavier and Lonsane (1994), while Sarangbin, Kirimura and Usami (1993) de-
scribed a process for the manufacture of citric acid using the fungus Aspergillus
niger. Both accounts again highlight the fact that although the technology is
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simple, the design of an efficient process needs careful consideration.

The future of high cell density cuitivation of microbial cells

In many examples, investigators have been driven by curiosity about how much
biomass can be developed in a given type of reactor. There have been some surprises.
Generation of over 500 g dry weight biomass -1 in dual hollow-fibre reactors
(Chung, Chang and Kim, 1987) is much higher than would be predicted using the
available data on microbial cell composition. What is more surprising is that these
cultures were still productive. With more information about the way microbial
cultures establish in these systems, some of the productivities observed in high cell
density culture become more understandable. A study of biofilms using confocal
laser microscopy is a good illustration of how mass-transfer problems, for example,
can be reduced by the way colonies develop.

The operation of few microbial processes has been compared in a wide range of
different bioreactors. Chang and Furusaki (1991) have performed such an exercise for
citric acid production by micro-organisms; Bunch (1988) for lactic acid synthesis.
Using our examples, a limited comparison ts possible for the production of ethanol.
However, even for this small range of microbial products it is not surprising to learn
that the generation of high biomass densities is not the only way of further improving
a fermentation process. Some of the most efficient ways of synthesizing lactic acid
use low cell density continuous culture, although the highest reactor volumetric
productivity is obtained in a hollow-fibre system. Whether the benefits associated
with high-density cultivation are worthwhile can only be assessed in the light of
factors such as substrate costs, substrate conversion rates, fermentation run-time,
reactor stability and process integration with working practices.

Given the fact that enhancing biomass density will still remain part of the approach
to process intensification in the future, it is encouraging to see continued development
of materials for use as reactors or as separation devices in reactors. As such systems
become more robust their application to cultivation problems is likely to grow
rapidly. For exampie, cell recycle/cell retention systems are likely to find extensive
use for growing micro-organisms which generate only low biomass densities in batch
and chemostat culture. Several examples have been cited which show how reactor
selection can lead to useful cell yields of micro-organisms, such as protozoa and
extremophiles. New techniques for improving cell separation continue to appear. An
ingenious example is that used by Trampler e af, (1994) to increase the cell density
of hybridoma cultures. Using an acoustic flow-through device they caused aggrega-
tion of cells to take place, allowing separation by sedimentation to occur. The result
was a 70-fold increase in productivity with 99% cell retention. It is possible therefore
to predict that the development of new types of filiration devices will enable further
improvements to high cell density systems.

The diversity of reactor types shows that there is great potential for applying high
cell density technology. The use of solid-state fermentations shows that relatively
low-tech processes can be attractive for the generation of microbial products. Ohno,
Ano and Shoda (1993) have shown that such systems can be used with aerobes as well
as anaerobes or facultative anaerobes. They show that the productivity of Bacillus
subtilis cultures making the antifungal peptide antibiotic, iturin, growing on soybean
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curd, can be enhanced 6-8 times over that achieved in cell suspension reactors.
Nevertheless, it is inevitable that the best increases in productivity will use high cell
density culture in combination with other approaches for improving process effi-
ciency. It is not possible to review all these other methods comprehensively here.
Nevertheless, two will be mentioned because they reflect the way that process
optimization is being approached. ‘

At the beginning of this chapter the complexity of microbial cells was highlighted.
We are still a long way from being able to comprehend fully the intricate way that the
metabolic processes of micro-organisms are integrated, especially in the vast range of
physiological envirenments provided in bioreactors. One approach is that taken by
Varma, Boesch and Palsson (1993). They remind us that only in the case of the red
blood cell is it possible to characterize the dynamic capabilities of a cell. Using
Escherichia coli they performed a flux balance analysis to calculate the production
capability of this bacterium in respect of selected amino acids and related products,
Their paper reveals how much further this approach has to go before it can be
generally applied to microbial fermentations, but gives an insight as to how increasing
information on microbial metabolism can be used to determine rationally the capa-
bilities of a given reactor system. This will allow guidelines to be developed to
evaluate the potential of metabolic engineering to overcome productivity limitations
relating to a single enzyme activity (or lack of activity). It is likely in the near future
that larger changes in the natural metabolic capability of a microbial cell could be
made.

The use of artificial neural networks is the second approach to process design. In a
lucid account of this technique Zhang er al. (1994) examined its application o
Bacillus thuringiensis fermentations. These authors identified three major problems
in the development of reliable automated control systems for microbial fermentations:
lack of reliable mathematical models to describe cell growth and product formation,
a general lack of appropriate on-line sensors and the complicated regulatory systems
found within microbial cells. They stated that the use of neural network analysis is
well matched to processes where there is much data but poor system knowledge. The
best features of this approach are that: it allows deductions without a precise
mathematical model of the process, works with incomplete information and it can
handle large amounts of information quickly through parallel processing. A neural
network solves problems by adapting (“training’ in the terminology of this subject) to
the input data; in this example, five parameters that affect culture optical density.
They showed by selecting one of a variety of different networks that they could model
accurately optical density changes in the culture during its development. This
technique takes advantage of computer power that is now available, and has been
applied to many problems.

All these developments in the drive towards more productive and efficient micro-
bial product synthesis make it possible to predict that limitations of existing cultivation
methods will be overcome, to the mutual benefit of those who are seeking to
understand more about how micro-organisms function and those who desire to design
a commercially viable process.
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