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ABSTRACT

FERMENTATION PROCESS IMPROVEMENT

BY MEMBRANE TECHNOLOGY

BY

KYU HANG KYUNG

The continuous fermentation of glucose to ethanol by cells of

Saccharomyces cerevisiae ATCC 4126 “immobilized" by membrane

containment was investigated. Substrate was fed into a continuous
dialysate circuit and thence into a batch fermentor circuit via
diffusion through the membranes of an intermediate dialyzer;
simul taneously, product was withdrawn from the fermentor circuit
through the dialyzer membranes into the dialysate circuit and out in
the effluent. Since the fermentor was operated without an effluent,
the cells essentially were immobilized and converted substrate to
product by maintenance metabolism. Contrary to prior results with
this novel system for the continuous fermentation of lactose to
lactate by lactobacillus cells, a steady state of yeast cells in the
fermentor was not obtained initially but eventually occurred by the
depletion of nutrients and prevention of cell breakage, although
substrate and product concentrations then became unsteady. The
inherent advantages of the system were offset in the ethanol
fermentation by relatively low productivity, which appeared to be
Timited by membrane permeability.



KYU HANG KYUNG

Mutualistic dialysis culture of Streptococcus lactis, which is

valuable as a dairy starter, and Candida utilis, which is valuable as

single cell protein, was investigated in a batch fermentation system.
The bacterium and the yeast were inoculated into separate fermentors
connected by an intermediate dialyzer, the membranes of which allowed
diffusional exchange of solutes. Lactose fed into the bacterial
culture was fermented to lactic acid, which was dialyzed into the
yeast culture and consumed so as to relieve product inhibition of the
bacterial culture. Consequently, the bacterial cell concentration
more than doubled in comparison with a nondialysis control, and yeast
cells were produced as byproduct. Although the acid production rate
by the bacterium was much faster than the acid consumption rate by the
yeast, the primary limiting factor of the process apparently was the

solute exchange rate across the membrane.
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GENERAL INTRODUCTION

Dialysis is a process for separation of solute molecules by use
of their unequal diffusion through a semipermeable membrane because of
a concentration gradient. Reverse  osmosis, electrodialysis,
microfiltration and ultrafiltration also involve membranes, but all of
these processes require inputs of external energy. Dialysis, on the
other hand, is driven only by a solute concentration gradient across
the membrane. Therefore dialysis can be most easily applied to the
separation of cells from their metabolites.

When dialysis technique is applied to the growth and maintenance
of living cells, it is termed 'dialysis culture'. The simplest and
earliest dialysis system was made by placing a microporous porcelain
filter containing a culture into a medium reservoir containing another
culture to study possible microbial interactions (Frankland and Ward,
1893). Subsequently, there have been improvements in design and
instrumentation to enhance the permeability and the system stability.

Dialysis fermentation can best be conducted through the
introduction of a dialyzer between a culture fermentor and a dialysate
reservoir, with the contents of each continuously circulated on
opposite sides of the dialyzer membrane. Such a system allows
diffusional exchange of nutrients and products, while confining the
cells within the growth fermentor. The culture fermentor and

dialysate circuits in such a system can be operated batchwise,



continuously, or in a combination of these modes (Schultz and
Gerhardt, 1969). For dialysis culture to be effective for the
production of cell mass or nondiffusible products, the volume of the
dialysate must be large compared to that of the culture fermentor, or
the dialysate must be replenishable. The permeability and area of the
membrane must be sufficient to permit useful diffusion. The system
can be designed for nutrients to diffuse from the reservoir to the
culture and for metabolites to diffuse from the culture to the
reservoir.

The advantages of using dialysis for fermentation processes are
the prolongation of cell growth and the extension of the stationary
phase of the growth cycle, permitting increased production of cells
and their metabolites. Fermentative uses of dialysis have included,
principally, the production and recovery of cells and of both
diffusible and nondiffusible compounds. Dialysis has also been useful
ecologically in examining interactions between microorganisms and
their environment. Dialysis can also facilitate the study of
medically important microbial and mammalian cells and their
metabolites.

This thesis begins with a general 1iterature review, which is the
third in a cumulative effort begun by Quarles (1973) and Stieber
(1979) to prepare a publishable comprehensive review article updating
progress in dialysis culture since the first review on the subject
published by Schultz and Gerhardt (1969). The format is the same as
that of Stieber (1979) and much of the text is essentially the same as
in his thesis (identified by quotation marks), with additions mainly
for the period from 1979 to 1983 and in the sections on ecological and
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fermentative applications. Articles published before 1969 were also
included if they were not referenced in the review by Schultz and
Gerhardt (1969).

The experimental parts of this thesis were undertaken with the
objective to further improve the yield and productivity of cells or
cell metabolites in two industrially important fermentations. Two
approaches were investigated.

In the first approach, glucose was fed into a continuous
dialysate circuit and thence into a fermentor circuit via the dialysis

membrane to convert glucose to ethanol by Saccharomyces cerevisiae.

The fermentor circuit was operated as a batch so that the cells were
essentially immobilized within the fermentor circuit. The product in
the fermentor circuit was continuously removed via dialysis into the
continuous dialysate circuit and out in the effluent. Such a system
had been designed, mathematically modelled, computer-simulated and
experimentally tested with the ammonium-lactate fermentation by
Stieber and Gerhardt (1981). In this process, substrate is converted
into product at a high rate without appreciable expenditure of
substrate for cell growth. The dialysis serves not only to yield a
cell-free product but also to sterilize the substrate entering the
fermentor.

In the second approach, an investigation was made of using a
lactate-consuming microorganism mutualistically with lactate-producing
S. lactis for the increased production of the bacterium. The lactate-
consuming organism growing on the opposite side of membranes served as

a biological sink to remove lactate, thus maximizing the concentration
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gradient across the membrane. Candida utilis was chosen as the second

microorganism because it utilizes lactate as a sole source of carbon
and does not utilize lactose, and because its biomass is useful as
single cell protein.

Dialysis fermentation processes in general were discussed
relative to other ways for alleviating end-product inhibition and to
other applications. Microfiltration was proposed as a new and
possibly better way to remove products during formation and thereby to
further 1improve industrial fermentation processes with high-value

products.
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1. MEDICAL APPLICATIONS

The dialysis culture technique has been used in many studies of a
medical nature to cultivate microbial and mammalian cells and to
produce their pathogenic metabolites. Purposes for which the
technique s useful include separation of cells from the
macromolecules of a complex medium, production and recovery of
compounds such as antigens and exotoxins, extension of the period of
cell growth and viability, and study of «cell and tissue
differentiation.

1.1 In vitro

1.1.1. Microbial cells

"Rightsel et al. (1978) used dialysis culture as a method for
avoiding the influence of a multiplicity of host factors in the in

vitro evaluation of anti-leprosy drugs. Mycobacterium lepraemurium

was grown within macrophage cultures in diffusion chambers maintained
on monolayer cultures of macrophages. The method was used to evaluate
the effects of three sulfone derivatives and of rifampin on the growth
of the bacterium. The study revealed the effects of these drugs on
the organism and demonstrated the usefulness of this method for
evaluating the chemotherapeutic effects of drugs or their analogs
outside the metabolic influence of the host."

In earlier studies, the bacterium had been 1inoculated into
diffusion chambers on a complex medium containing bovine serum and
mouse-brain extracts (Dhople and Hanks, 1972a, 1972b, 1973). During
17 days of incubation, with periodic renewal of the medium, both the
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cell count and the energetics of the bacterium declined. Renewal of
media three times a week did not sustain the energetics of this
obligate intracellular microbe.

In another investigation, a double-dialysis method was used to
produce antigenic material from the thermophilic actinomycete,

Micropolyspora faeni  that cause "farmer's lung disease" (Edwards,

1972). Nutrient medium within a dialysis tubing was equilibrated with
an aqueous solution of sodium chloride, and cells of M. faeni were
inoculated into the resulting dialysate. After bacterial growth, the
dialysate contained dialyzable nutrients from the original nutrient
medium, organisms, and products of microbial metabolism. The
dialysate was next placed in other dialysis tubing, and a second
dialysis was conducted against running water to remove dialyzable
molecules from the bacterial cell mass and the non-dialyzable
macromolecular products (e.g., M. faeni antigens).

“Neisseria gonorrhoeae of colony type Tp produced good cell

yields and maintained above 92% T2 colony type morphology for 12 h in
a modified Marbrook dialysis chamber (Ruezinsky, 1975). After
incubation, however, viable cell yields were not as high as those
obtained from a biphasic agar-liquid culture system (Gerhardt and
Heden, 1960; Hunter and McVeigh, 1970; LaScolea et al., 1975) or from
a liquid-flask culture (Ruezinsky, 1975)." The clumping and
aggultination of T2 gonococcal cells probably led to underestimation
of the population of T2 gonococcal cells.

“L-phase variants of Streptococcus faecium were inoculated on

membrane filters placed on solid agar. The organisms were found to

pass through filters with 0.22 um pores (Wyrick and Gooder, 1971).



The reversion of protoplasts was also studied, and it was learned that
the protoplasts could not pass through the filters and form colonies
under them. In some cases, however, covering the filters with solid L-
phase medium before inoculation of the protoplasts allowed colonies to
grow, indicating that the three-dimensional effect of the agar was
important. In similar studies, the reversion of protoplasts of

Bacillus subtilis was enhanced when cell walls of the organisms were

layered on membrane filters (Clive and Landman, 1970). The estimation
of reversion by wall material was non-specific, since the effect was
also obtained with wall preparations from other species, including

Escherichia coli, pseudomonads, and yeasts."

Harris and Powell (1951) studied the actions of penicillin and

lysozyme on Bacillus subtilis and Bacillus megaterium microscopically

while the organisms were grown on the surface of a cellophane membrane
overlying the culture medium.

The Powell microperfusion chamber was modified for the
observation and manipulation of growing bacteria (Issac et al., 1975).
Duxbury (1977) developed a microperfusion chamber for studying the
growth of bacterial cells with phase contrast microscopy. He
demonstrated use of the chamber with observations on the effect of

penicillin on Arthrobacter globiformis.

Collins and Richmond (1962) studied the rate of increase in cell

length of Vibrio cholerae cells between divisions wusing a

microperfusion chamber. Vibrio cholerae was cultured in dialysis

culture flasks to produce exotoxin (Bhattacharyya, 1973). Although
diffusion of nutrients from the medium reservoir into the culture
chamber was rate-l1imiting, cell density and toxin concentration were

increased more than twofold."
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Eight different strains of Clostridium perfringens and a portion

of substrate contained in dialysis tubing were introduced into food
(Willardsen et al., 1977). This method eliminated the problem of
retrieving a representative portion of the population after
incubation, and enabled containment of the microbe in a sample without
isolation from the environment.

“When a cellophane film was placed on an agar plate and

Pseudomonas aeruginosa was spread on the film (Goto et al., 1971), the

film enabled easy recovery of the bacteria and extracellular slime
after growth, so that the invasive role of the slime and its immune
reactions could be studied.”

The technique of growing bacteria on dialysis membranes spread

over agar medium provided a good selection of Staphylococcus aureus

strains with a satisfactory yield of essentially all the extracellular
products (Baman and Haque, 1970). Although not all of them were
present in concentrated form, the entire complement of products could
be detected.

"Masover and Hayflick (1974) used batch dialysis cultures of T-
strain mycoplasmas in observing growth and urea metabolism. This
would not be possible in non-dialysis cultures because of growth
inhibition caused by elevated pH and by increased ammonium 1ion
concentration. The authors also used a continuous dialysis process,
in which the reservoir medium was continuously fed and replaced. A
stable, viable culture of the organisms was maintained for 10 days.
Further extension of this work should vresult 1in better
characterization of the nutritional requirements of T-strain

mycoplasmas, which may be agents of human disease."
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“Ciccarelli et al. (1977) found that dialysis culture of
Clostridium botulinum yielded 30,000 mouse LDgp of the toxin per ml --

a yield 750 times greater than that of regular broth cultures."”

Untermann (1972a, 1972b) compared several dialysis techniques
(Donelly et al., 1967; Casman and Bennett, 1963; Hollander, 1965) for
the production of enterotoxins, and recommended the technique of
Donelly et al. (1967) for the production of enterotoxin A, which is
produced in very small amounts.

A diffusion chamber was used to determine the mutagenicity of
test compounds or their metabolites localized in the tissues and
organs of animals (Ficsor and Muthiana, 1971). A strain of Salmonella
typhimurium requiring histidine was enclosed in a chamber and was
exposed to blood, liver, and testes homogenates from mice previously
injected with the mutagen streptozotocin. After exposure, the
organism was plated in selective media to determine the frequencies of
histidine-independent mutations. These increased substantially as
compared to controls. This simple method should be suitable for
testing other chemicals suspected of being mutagenic.

Gue et al. (1973) wused dialysis to cultivate Mycoplasma
pneumoniae, M. gallisepticum, M. hominis, and T-strains of mycoplasma.

The primary result was a considerable increase in the final cell
population: the number of mycoplasma was 100 times the quantity
produced by the usual method, probably as a result of the removal of
inhibitory products.

A multi-compartment dialysis membrane fermentor was constructed
with vertical dialysis bags to study the growth characteristics and

the secreted macromolecular products of Pasteurella haemolytica
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(Himmel et. al., 1982). This type of system was preferred over a
plate-and-frame system because the researchers felt that conditions
approximating the growth site of bovine respiratory infections could
best be reproduced with a static, "sac-type" dialysis culture.

“Dialysis tubing was used for growing Leishmania mexicana to

produce antigen (Crook et al., 1969). Dialysis culture was considered
the method of choice for eliminating contamination of the antigen by
medium components, such as red blood cells."”

A variety of chick embryo tissues infected with exoerythrocytic

stages of an avian malarial parasite, Plasmodium fallax, were grown in

Rose multipurpose diffusion chambers (Jensen et al., 1964). In
addition, pre-erythrocytic infections were initiated in chick embryo

spleen cultures by introducing Plasmodium gallinaceum sporozoites.

Mature segmenters were seen within 48 h. The parasites and cells thus
cultivated were easily studied using phase contrast microscopy.

Trypanosoma lewisi was cultured in the 1iquid phase of a culture

medium containing blood agar components (protein, agar, and
defibrinated rabbit blood) inside of dialysis tubing (Dusanic, 1969).
Agar was necessary for cell multiplication; presumably, it acted as an
absorptive sink for inhibitory products from the medium.

1.1.2 Mammalian cells

"Rose and colleagues have developed and refined equipment for in
vitro dialysis growth of various types of tissue cultures (Rose, 1954;
Rose et al., 1958; Rose, 1967; Rose et al., 1968; Kumegawa et al.,
1968; Rose et al., 1969; Rose et al., 1970; Rose and Cattoni, 1974;
Rose and Yajima, 1977, 1978; Rose et al., 1981). Their system has

evolved from a single, multi-purpose chamber (Rose, 1954) to a 12-
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chamber circumfusion configuration which allows control of nutrient
and gas flow rates, pressure, agitation, and temperature (Rose, 1967),
and to a dual unit for the rotation of 24 culture chambers with
increased physical capabilities (Rose et al., 1970). The systems were
designed not only for growth of tissue cells but also for
differentiation. The 1970 system was tested by cultivating human
gingival explants in the chambers for 5 to 6 weeks (Rose and Cattoni,
1974). The system provided micro-environments that allowed the cells
to differentiate according to their genetic potential." '

Spleen cells from adult guinea pigs were cultured in the Rose-
type tissue culture chamber to obtain spleen cultures which retained
their cellular differentiation characteristics (Robineaux, 1963).
Phase contrast microscopy was used to record the evolution of the
cultures; thus, the experimenter followed in vitro growth and
differentiation of the cells involved in the immunological processes.

The Rose tissue culture chamber (Rose, 1954) was modified by
Batzdorf et al. (1969) into a double-chamber system that could be used
to study the interaction of different cells while they are physically
separated by the membrane.

“Marbrook (1967) studied the primary immune response of spleen
cells from unimmunized mice. Marbrook grew the cells on dialysis
membranes inserted together with horse or sheep erythrocytes as
antigen into a reservoir of medium. Significant numbers of antibody-
producing cells were detected within 3 to 5 days. The dialysis system
allowed the spleen cells to grow unshaken, so that any possible foci

of antibody-producing cells could be left undisturbed. Because of its
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simplicity and reproducibility, this system has been widely used and
modified. (It is commonly called the Marbrook chamber)."

"In suspensions of mouse spleen cells cultivated in the Marbrook
chamber, a primary immune response was obtained using a polymer of

Salmonella adelaide flagellin as antigen (Diener and Armstrong, 1967).

The antibody-forming cells increased in number, peaking at 4 days.
Experiments showed an induction of tolerance. The important effect of
this model system was that, for the first time, the primary immune

response was induced using a protein antigen in vitro."

"A modification of the Marbrook chamber was used to determine the
capacity of a given spleen-cell dose to produce a primary antibody
response (Halshall and Makinodan, 1974). The membrane area was
manipulated by changing the size of the small inner chambers."

"Mouse thoracic duct lymphocytes responded vigorously to several
mitogens in a dialysis culture system similar to the Marbrook chamber
(Kearney and Reade, 1974). The kinetics of activation caused by the
mitogens suggested that different populations of 1lymphocytes were
activated by different mitogens."

“A modified Marbrook chamber was used to prolong culture
condition in order to achieve in vitro cell responses parallel to in
vivo responses (Maizels and Dresser, 1977). Various advantages of the
Marbrook chamber, such as the time-consuming preparation process and
the cumbersome nature of the chamber itself, were corrected by the use
of an injection-molded chamber which fit in a plastic Petri dish used
as a medium reservoir. The system provided a means of cultivating
mouse lymphocytes in which resting memory cells could be stimulated by

antigen to differentiate into antibody-secreting cells. Cells which
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secreted IgG required 6 to 10 days to develop to their full potential
from the resting memory cell state."

"A minfaturized diffusion culture system holding 24 culture
chambers was developed by Eipert et al. (1978). Each chamber utilized
a cell suspension volume of 0.1 ml and a reservoir of 1.0 ml, one-
tenth the cell suspension and reservoir volme of the standard Marbrook
chamber. The anti-sheep erythrocyte response of mouse spleen cells
was studied to evaluate the system, which was found to yield reliable
and reproducible primary and secondary antibody responses. It was
also found that a membrane filter with a 0.2 um pore diameter
(Nucleopore) yielded up to twice the response of dialysis membrane."

"An artificial capillary device consisting of two types of hollow
fiber membranes in a bundle was used to perfuse both gas and medium
into tissue cultures (Knazek et al., 1972; Knazek et al., 1974)." The
high ratio of surface area to culture volume allowed large numbers of
cells to be cultured in the relatively simple apparatus, requiring
considerably less space and equipment than did existing commercial
cul ture techniques.

A dialysis culture system was also used to cultivate normal and
malignant human bone marrow cells in a 1iquid medium (Golde and Cline,
1973). In this in vitro diffusion chamber, cells grew in suspension
and on a dialysis membrane. This system provided a convenient means
for studying cell differentiation and function.

"L-strain mouse fibroblast cells were cultivated in a coil
dialyzer system which removed inhibitory metabolite products and thus
promoted cell growth for a limited period (Horng, 1971). Subsequent

dialysis, with intermittent renewal of the reservoir medium, did not
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promote growth, probably because of physical 1limitations of the
system."

Many mature organs were maintained in an entirely synthetic
medium and retained their nommal histological appearance for about a

week in an in vitro organ culture system (Trowell, 1959). Later, the

survival of rat lymphocytes was studied using the same system
(Trowell, 1963). Cells in a liquid medium were layered on a sheet of
agar, which supplied nutrients and absorbed metabolites.

"In a study of primary immune reactions, spleen fragments from
mice were explanted in the wall of a filter assembly placed in an
organ culture dish containing tissue culture medium (Globerson and
Auerback, 1965). The system permitted Ilymphoid maintenance,
differentiation, and proliferation, which together may be necessary
for the initation of immune reactions. Tissue from mice treated with
either phytohemagglutinin or adjunct were stimulated to form
hemagglutinins and hemolysins. Tissue from untreated mice was needed
to invoke a response leading to specific splenomegaly."

The effects of granulocyte extracts on the growth of bone-marrow
cells were studied in diffusion chambers by Lovhaug and Boyum (1977).
The 1Tow molecular weight fraction of the extract, reduced
granulopoiesis without affecting macrophage formation. The high
molecular weight fraction reduced the number of granulocytes and
increased the number of macrophages.

Gallicchio and Murphy (1981) pretreated a preparation of
erythropoietin, (the hormone which specifically regulates

erythropoiesis) by dialysis to remove non-erythropoietin small
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molecular contaminants. This dialysis procedure reduced contamination
by as-yet undefined substances without any loss of erythropoietin.

Madle and Obe (1977) used a dialysis bag to reduce the toxic
activity of the constituents of the S-9 medium on the lymphocytes, the
target cells for indirect mutagenesis. This process also made the
sterilization of the test substances unnecessary. The researchers
showed that cyclophosphamide caused human leukocyte chromosomes to
break after in vitro activation with liver microsomes.

Human colorectal adenocarcinoma tumor cell lines were grown in a
matrix perfusion culture system to determine the stability of the
technique for synthesis of carcinoembryonic antigen (Quarles et al.,
1980). High cell densities were achieved, making it possible to
routinely obtain continuous high yields of the antigen over an
extended period of time.

1.2 In vivo

1.2.1. Microbial cells

Dialysis culture techniques have been used with a variety of
hosts for the cultivation of many microorganisms. The technique
appears promising, especially for the culturing of fastidious,
pathogenic, or slow-growing parasitic microbes.

The exoerythrocytic stages of avian malaria parasites were
cultured in Algire-type diffusion chambers (Algire et al., 1954),
implanted intraperitoneally within chickens, turkeys, ducks, chick
embryos, and mice (Huff et al., 1960). Chickens readily encapsulated
the chambers, a major limitation of the technique.

In a later study mice were immunized to Trypanosoma gambiense via

growth in cellulose diffusion chambers (Petithory and Rousset, 1969).
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15 out of 58 mice immunized via the diffusion chamber technique
survived, while all 55 controls died.

“When Mycobacterium lepraemurium was cultured in cell-impermeable

chambers implanted intraperitoneally in mice, a relationship was found
between growth of the organism and susceptibility of the host
(Rightsel and Wiygul, 1971). Another important finding was that the
organism grew well in the chambers in the absence of other tissue
cells; that is, living cells were not essential, and multiplication
occurred in a cell-free environment." However, inclusion of
macrophages in the chamber seemed to lead to better results. The
organism had a generation time of 6 to 8 days (Ito and Kishi, 1972,
reported a generation time of 12 to 15 days) with macrophages, and 11
days in the cell-free environments.

Mycobacterium lepraemurium grew in diffusion chambers maintained

in mice, guinea pigs, and human skin cell-monolayered Petri dishes
(Wiygul and Rightsel, 1971). A 28.8-fold increase in final cell
number was obtained when chambers containing human embryonic skin
cells were incubated in mice for 50 days. The bacterium also grew in
implanted chambers containing cells from human embryonic skin -- a
species other than the natural host (mice); in fact, the human skin
cells enhanced growth. Chambers without skin cells gave greater
yields in mice than in guinea pigs. However, diffusion chambers
implanted in susceptible hosts produced greater yields of bacilli than
did chambers maintained in non-susceptible hosts, such as guinea pigs.

Later studies confirmed that M. lepraemurium could grow within

implanted chambers in the absence of host cells (Dhople and Hanks,
1972a, 1972b, 1973).
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On the other hand when M. lepraemurium, in cell-free diffusion

chambers was implanted in the abdominal cavity of the mouse, no
significant multiplication was seen during the 6-month observation
period (Ito and Kishi, 1972).

"This model system has also been used to study the growth of

Mycobacterium leprae (Rightsel and Hall, 1976). The organism was

inoculated into diffusion chambers containing different mammalian cell
lines. Primary suspensions of neutral elements were derived from the
cerebral ventricular walls, M. leprae increased 11.3-fold after 169
days, and was infectious when inoculated into the mouse foot-pad."

"Treponema pallidum, inoculated into subcutaneous polyethylene
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