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ABSTRACT

Pullulan is a natural biopolymer with many useful traits. It has been produced
commercially through fermentation with Aureobasidium pullulans at a fairly stable level
for decades. Yet, the use of pullulan has been largely limited to the food industry due to its
relatively high price. This research project was carried out in order to improve the cost
efficiency in the mass production of high molecular weight pullulan and hopefully render
it more economically available for many of its potential applications. One of the main
challenges in its production is the mixing of viscous non-Newtonian broth that is formed
gradually through fermentation. A new radial reciprocating plate impeller was designed
based on the axial reciprocating plate impeller, which was shown to be efficient when
dealing with highly viscous non-Newtonian media. The new design was focused on
making the mechanism of the axial reciprocation more adaptable to existing industrial
mixing devices. A prototype of this new impeller was built and tested to determine its
power requirement and mass transfer characteristics in a laboratory scale bioreactor.
Compared to a triple Rushton impeller and an axial reciprocating plate impeller, the new
impeller proved to be efficient in different media with a wide range of rheological
properties. Simulation using computational fluid dynamics also confirmed that mixing
using this new impeller was more uniform compared to the triple Rushton impeller.

Experimental designs were employed to optimize the mass production of high
molecular weight pullulan using this new impeller. An exopolysaccharide productivity of
0.30 gL 'h™! was obtained while maintaining the molecular weight of pullulan, which is
indicated by the broth viscosity, at a high level. The findings of this study provide a new
way to adequately mix viscous broth of aerobic fermentations. Also, this new radial
reciprocating plate impeller should be easily adapted to large scale industrial bioreactors

to achieve more uniform mixing in rheologically-evolving fermentation broths.
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RESUME

Le pullulan est biopolymere naturel possédant des caractéristiques tres intéressantes.
Il a été produit commercialement par fermentation en utilisant le microorganisme
Aureobasidium pullulans depuis de nombreuses années. Pourtant, 1'utilisation du pullulan
a été grandement limitée a l'industrie alimentaire en raison de son prix relativement élevé.
Ce projet de recherche avait pour objectif d'améliorer la production de pullulan a haut
poids moléculaire et le rendre plus économiquement acceptable pour favoriser une plus
grande utilisation dans un plus grand nombre d’applications. Un des principaux défis lors
de sa production est le mélange du milieu visqueux et non-Newtonien qui apparait
progressivement lors de la fermentation. Un nouveau mélangeur rotatif & plaques
perforées a été congu basé sur le mélangeur axial a plateaux perforés, qui a démontré de
bonnes performances pour le mélange de milieux visqueux non-Newtoniens. Les efforts
de la conception de ce mécanisme de mélange ont été mis afin de 1’adapter aux systémes
industriels actuels de mélange. Un prototype de ce nouveau mécanisme de mélange a été
construit et évalué pour déterminer sa consommation énergétique et sa performance pour
le transfert de matiere dans un bioréacteur a I’échelle de laboratoire. Comparé au
mécanisme de mélange utilisant trois turbines de Rushton et au mélangeur axial a plateaux
perforés, ce nouveau mécanisme de mélange s'est avéré étre particulicrement bien adapté
pour différents milieux montrant des changements importants de ses propriétés
rhéologiques. Les études de simulations numériques par volume de contrdle ont aussi
confirmé que le mélange résultant de ce nouveau mécanisme était plus uniforme comparé
aux trois turbines de Rushton.

Deux plans d'expérience ont été€ utilisés pour optimiser la production du pullulan a
haut poids moléculaire avec ce nouveau type de mélangeur. Une productivité d’exo
polysaccharide de 0.30 gL 'h™" a été obtenue tout en maintenant le poids moléculaire du
pullulan, indiqué par la viscosité élevée du bouillon de fermentation, & un niveau élevé.
Les résultats de cette étude suggerent que le nouveau mécanisme de mélange est adéquat
pour mélanger les bouillons visqueux de fermentations aérobies. Aussi, ce nouveau

mélangeur rotatif & plaques perforées pourrait €tre facilement adapté aux bioréacteurs

il



industriels de grand volume pour permettre un mélange plus uniforme des bouillons de

fermentation dont la rhéologie évolue grandement en fonction du temps.
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CHAPTER 1

INTRODUCTION

The polysaccharide production by Aureobasidium pullulans was first observed and
documented by Bauer (1938). This polysaccharide was first isolated and characterized by
Bernier (1958). It was named as “Pullulan” by Bender et al. (1959), who did more
investigation on this novel polysaccharide. The basic structure of pullulan was revealed
due to the discovery of the enzyme pullulanase, which converts pullulan almost
quantitatively into maltotriose (Bender and Wallenfels, 1961).

The industrialization of pullulan production was promoted not only by the oil crisis
in the 1970s but also by the public awareness on the pollution caused by the petrochemical
polymers (Sugimoto, 1978). Pullulan’s commercial production was pioneered by
Hayashibara Biochemical Laboratories, in Okayama, Japan since 1976 (Tsujisaka and
Mitsuhashi, 1993). However, application of pullulan had been limited to the food industry
for many years due to the relatively high price of pullulan. Few of its potential
applications have been widely adopted. Only until recently, the interest in pullulan has
been reignited mostly for higher value pharmaceutical and biomedical applications
(Leathers, 2003). In fact, this research project is a small part of a collaboration that
involved the University of Ottawa, the Biotechnology Research Institute in Montreal, the
University of Sherbrooke, Laval University, and Biomatera Inc in a NSERC strategic
project trying to develop 3-D scaffolds based on pullulan and polyhydroxyalkanoate (PHA)
as directional guides for engineering microvessel networks.

Pullulan is sold at three times the price of dextran and xanthan, two of the most
popular microbial gums produced by fermentation (Leathers, 2003). There are many
reasons for the higher price of pullulan, including economic factors such as production
scale, demand and supply, and profits. In addition to the economical issues, several
technical challenges also contribute to the higher price. Compared to dextran and xanthan
production, pullulan production requires longer fermentation time. A. pullulans, also
known as black yeasts, usually produce melanin during the later stage of the fermentation.

Removal of the melanin would increase the cost to pullulan production. The most critical



problem of all is probably the high viscosity of the fermentation broth. The highly viscous
non-Newtonian broth creates major difficulties in sampling, mass and heat transfer,
mixing, and product separation and recovery (Thibault and LeDuy, 1999). Usually, a
significant amount of energy is consumed to mix the fermentation broth. However,
homogenous broth is hardly achieved especially in large scale fermenters. Considerable
dead zones may exist. This would reduce the effective fermentation volume and thus
lower the overall efficiency of fermentation.

Higher molecular weight (MW) pullulan is more desirable for commercial use
(Gibson and Coughlin, 2002). Higher MW stands for higher quality in some of its
applications. In fact, the low MW of pullulan produced was one of the reasons why its
applications have been limited (Lee et al., 2001). Unfortunately, pullulan is subjected to
enzyme hydrolysis, known as pullulanolysis, in the later stage of fermentation. Due to this
effect, the MW of pullulan is usually decreasing at the late stage of fermentations.
Stopping the fermentation at early stages is clearly not practical because little pullulan
would have been produced by then. The MW of pullulan is also influenced by
fermentation conditions such as the concentration of K;HPO, in the medium and the
initial pH. However, the pullulan yield is lower when higher MW pullulan is produced
(Sugimoto, 1978).

There are two major contributing factors that would influence the viscosity of the
fermentation broth. One is the concentration of pullulan; the other one is its MW (Leduy
et al., 1974). When high concentration of high MW pullulan is produced, the fermentation
broth will be inevitably highly viscous. Providing adequate mixing to this medium
remains an engineering challenge that is encountered in many scientific and industrial
disciplines (Patel, 2008).

Microbial fermentation is recognized as a complex multiphase, multi-component
process. Both cell growth and product formation are influenced by a larger number of
factors, such as the medium composition, pH, temperature, agitation, aeration, and age of
inoculum. The approach to investigate one factor at a time has been proved to be
inefficient. Design of experiments has to be used when there are factor interactions. This
is usually the case in a complex system like microbial fermentation. However, nowadays,

there exist numerous experimental designs that can be selected. The challenge is to choose



the most appropriate design that would provide the desired information while keeping the
number of experiments and, as a result, the cost of performing experiments to a minimum.

And thus, comparison of different experimental designs is an important topic on its own.

1.1 Objectives

If the production cost of pullulan can be lowered, the price of pullulan should follow.
This would enhance the use of pullulan for a larger number of potential applications. So
the overall objective of this research project was to improve the mass production of high
MW pullulan efficiently and economically. In order to achieve this overall objective, the
following actions were taken:

(1) Perform a comprehensive review of pullulan production methods and identify possible
factors for improvement.

(2) Conduct experiments in Erlenmeyer flasks to screen out the important factors among
many potential factors that may influence the pullulan production.

(3) Investigate the efficiency of popular experimental designs using artificial neural
networks in an attempt to find the most appropriate combination of experimental
design and method of analysis in the case where only small experimental data sets can
be obtained.

(4) Design and build a new mixing mechanism, the radial reciprocating plate impeller
(RRPI), based on an axial reciprocating plate impeller (ARPI) in order to handle more
effectively viscous non-Newtonian fermentation broths.

(5) Determine the power requirement and mass transfer characteristics of the RRPI and
compare its performance to those of standard Rushton turbines and the ARPI.

(6) Model the RRPI using computational fluid dynamics (CFD) software Fluent® to gain
more insight into its mixing performances.

(7) Optimize the fermentation conditions for the production of high MW pullulan using

the RRPI in a laboratory scale bioreactor using experimental designs.



1.2 Structure of thesis

This thesis consists of three papers that have already been published (Chapters 2-4).
Three more papers will be submitted shortly (Chapters 5-7). All papers are presented
using the format of journal articles.

Chapter 2 is dedicated to the review of pullulan microbial production methods. It is
published as a chapter in the book of Encyclopedia of Industrial Biotechnology:
Bioprocess, Bioseparation, and Cell Technology (2010). It focuses mainly on the
industrial methods: the commercial production procedures, and the requirements for
technology improvement. In Chapter 3, six factors were investigated for their effects on
the production of pullulan by fermentation using the microorganism Aureobasidium
pullulans in Erlenmeyer flasks using 2-level fractional factorial design. Influential factors
were revealed together with recommended directions to follow for further investigation in
bioreactors. This paper is published in Process Biochemistry (2007). Chapter 4 presents
the comparison of several popular 3-level experimental designs and uniform designs
coupled with modeling using artificial neural networks. This paper is published in The
Canadian Journal of Chemical Engineering (2009). Chapter 5 reports on a new mixing
mechanism, the RRPI, that was designed based on the ARPI with the intention to make it
more compatible with existing industrial equipments that are designed to handle rotating
mixing devices. Its power requirement and mass transfer characteristics were compared to
those of the ARPI and a triple Rushton impeller (TRI) in model fluids with different
viscosities. Chapter 6 examines the uniformity of mixing when different impellers are
used. In order to assess the uniformity of mixing, three volume-averaged distributions
were determined: the liquid velocity, the shear rate and the viscosity. This information,
which is not easily measured experimentally, was obtained using CFD. Chapter 7 presents
the optimization of operating conditions when the RRPI is used in a laboratory scale
bioreactor by using a 6-run uniform design in the screening stage and a D-optimal design
in the optimization stage. Finally, a summary of the conclusions drawn from this research

together with a few recommendations are presented in Chapter 8.
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2.1 INTRODUCTION

Pullulan is a water-soluble extracellular polysaccharide, that is exopolysaccharide
(EPS), synthesized by the yeast-like fungus Aureobasidium pullulans (formerly named
Pullularia pullulans) from a variety of mono- and disaccharides (1). It is generally
accepted that pullulan is a neutral glucan that consists of a linear chain of D-
glucopyranosyl units that alternate regularly between one (1—6)-a-D and two (1—4)-a-D
linkages. Because it is almost quantitatively converted to maltotriose by pullulanase,
pullulan is usually described as a linear polymer of maltotriose connected by (1—6)-a-D
linkages (Figure 2.1). Among the reported minor structure abnormalities (2), only the
presence of random maltotetraose subunits is widely accepted (3,4). On the basis of the
proposed pullulan biosynthesis mechanism by Catley and McDowell (5), pullulan is
actually a polymer of panose or isopanose subunits, and the minor maltofetraose structure
is the result of occasional direct linkage of panosyl and isopanosyl moieties.

Although several strains other than A. pullulans, such as Tremella mesenterica (6,7),
Cyttaria harioti (8), and Cryphonectria parasitica (9), are able to produce pullulan under
certain conditions, A. pullulans remains the strain used to produce pullulan in both
industry and academia (2). However, the pullulan content in the product synthesized by A.
pullulans varies from 18% to 100% depending on the strain and fermentation conditions
(10-12). The Hayashibara Co. Ltd. claims that their commercial product contains more
than 90% pullulan. In fact, a group of strains of A. pullulans produce both pullulan and
aubasidan. Owing to their distinction of taxonomic entities, it is proposed to classify them
as Aureobasidium pullulans var. aubasidani (13). When some unusual carbon or nitrogen
source is supplied to A. pullulans, some pullulan-like structures of EPS have been
produced (14-18). Since these EPS have high content of mannose instead of glucose, they
are less susceptible to pullulanolysis, and thus, the molecular weight (MW) of this EPS is
much higher than that of pullulan. In addition, Teloschistes flavicans can produce a
different pullulan that have different ratios of (1—4)-a-D to (1—6)-a-D glycosidic
linkages (19).
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Figure 2.1 Generally accepted chemical structure of pullulan. (a) chemical formula;

(b) ball-and-stick model for one hypothetical conformation of three maltotriose units;
(c) space-filled model for one hypothetical conformation of three maltotriose units.
Source: The ball-and-stick and space-filled models were kindly provided by

Professor Josée Brisson from the Chemistry Department, Laval University.



Freeze-dried pullulan is white in color, tasteless, odorless, nonhygroscopic, nontoxic,
biodegradable, and edible. It is insoluble in many solvents including methanol, ethanol,
and acetone, but soluble in water to form a transparent, colorless, viscous, and adhesive
solution. Since the pullulan produced by A. pullulans has a weight-averaged MW on the
order of 10° Da, pullulan solution starts to show non-Newtonian and pseudoplastic
behavior at moderate concentrations, which creates tremendous challenges for its
fermentation process. Molded structures as well as very thin pullulan films, as thin as 0.01
mm, can be formed. Thin films of pullulan are colorless, transparent, tasteless, odorless,
tenacious, resistant to oil and grease, unaffected by small thermal variations, impermeable

to oxygen, nontoxic, biodegradable, and edible (20,21).
2.2 APPLICATIONS

Numerous applications of pullulan are claimed in a large number of patents.
Comprehensive reviews of the applications of pullulan in food and drugs, as well as on the
potential uses of pullulan in industrial and medical applications, were previously reported
(2,21-24). However, the major market for pullulan remains in specialty food applications.
This is probably because of the relatively high price of pullulan, which is about 3-5 times
the price of other microbial gums such as dextran and xanthan (25).

As a result, recent developments on pullulan are more focused on high value
biomedical applications. The use of pullulan for biomedical applications has been recently
reviewed (26). Many different drug delivery systems have been developed based on
pullulan micro- and nanoparticles. Owing to pullulan’s high liver affinity, interferon-p can
be delivered to liver more efficiently to treat chronic hepatitis (27-29). pH-sensitive
hydrogel nanoparticles are also a promising system to deliver drugs to the acidic sites such
as tumor, ischemia, and inflammation (30-32). Thermosensitive hydrogel nanoparticles
are constructed to achieve similar goals (33,34). In addition, pullulan was derivatized in a
variety of ways in order to stabilize the drug and control the drug release rate (35-37).
Heparin-conjugated pullulan promotes the attachment of endothelial cells and inhibits the
proliferation of smooth muscle cells (38). A pullulan-based hydrogel behaves in a similar

way (39). They both are suitable supports for vascular cell adhesion, which is a
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prerequisite for vascular tissue engineering. In fact, a novel 3D scaffold made of a
combination of pullulan and polyhydroxyalkanoate (PHA) is under development in order
to guide vascularization within a defined environment (40). Pullulan nanogels can assist
protein refolding in a manner similar to the mechanism of molecular chaperones. Owing
to this chaperone-like activity, several such protein folding aids have been developed
using pullulan (41-44).

In addition to these biomedical applications, several new applications have also been
reported. Ion-exchange membranes can be made from pullulan/polyelectrolyte blends (45).
Amphiphilic pullulans make a promising new class of polymeric surfactants for
membrane protein studies (46). Dichromated pullulan can be used as a novel

photosensitive holographic material (47).

2.3 PROCESS TECHNOLOGY FOR THE PRODUCTION OF
PULLULAN

The general process flowchart presented in Figure 2.2 illustrates the five main steps
in the production of pullulan by fermentation: culture medium preparation, inoculum
preparation, fermentation, produét separation and purification, and product modification.
This five-step general prbcess flowchart for the production of pullulan by fermentation
applies for small-scale laboratory experiments as well as for large-scale commercial
production of pullulan.

Step A. During the culture medium preparation step, appropriate quantities of raw
materials to be used as culture medium ingredients are formulated, weighed, and
dissolved in water. The ingredients are chosen and formulated in such a way to
provide the amounts of carbon, nitrogen, and mineral salts required for cell growth
and pullulan synthesis during the fermentation step. The pH of the solution is
adjusted to the desired value; the medium is then sterilized, either directly in a
fermenter or in a separate feed tank.

Step B. The inoculum preparation step consists of producing a sufficient quantity of
microorganism to seed or to inoculate the sterilized culture medium obtained at the

end of step A in order to start the fermentation (step C). The appropriate microbial
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strain of microorganism is selected, and then propagated by successive fermentations
from a small volume of a pure culture to obtain a large volume of microbial cell
suspension required for inoculum purposes. In the industrial production of pullulan,
the amount of inoculum required to seed the production fermenter may vary from
hundreds to thousands of liters of microbial cell suspension. The inoculum culture-to-
medium ratio used may also vary from 0.1% v/v to 10% v/v. Usually, larger
inoculum ratios are used for laboratory-scale fermentations, and smaller ratios are

more practical for industrial-scale productions.

Raw materials

Step A « Medium formulation ~N
Culture medium
preparation Microorganism
(Aureobasidium puliuians)
Step B mupmwmesss » Pigmentless strains > » Factor Interactions
Inoculum + Nonpullulanolytic strains
preparation
A 4 A J
Step C' » Fermentation kinetics _/
Fermentation * Fed-batch and continuous technologies
» Immobilized cells technology
1 » Mixing
+ Oxygen mass transfer
Produfttigpgration * Samplings ‘ .
and purification + Control of pigment formation
+ Control of pullulanolysis
+ Operation under nonsterile and nonaseptic
Product (pullulan) conditions
Y
PSrtoeguEt =+ Processing of highly viscous and non-Newtonian
S solutions
Modification

Modified products
{pullulan derivatives)

Figure 2.2 Five-step general process flowchart for the production of pullulan by
fermentation. Research and development requirements for technology improvement

are indicated for each step.
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Step C. The fermentation step is the biosynthesis of pullulan from a carbon source by
living and growing microbial cells in the fermenter under sterile and aseptic
conditions. The fermentation technology for pullulan production may be batch mode,
fed-batch mode, or continuous mode, using either free or immobilized cells. Batch
fermentation using free cells of A. pullulans is still the most popular technology used
in pullulan production in small as well as in large scales. The duration and the yield
of the fermentation step are determined by the kinetic behavior of the combined
system of microorganism-medium-fermentation conditions. This implies that each
specific strain of microorganism, in a specific culture medium (ingredients and
composition), and under a specific set of fermentation conditions will respond with a
specific fermentation kinetic behavior. Therefore, knowledge of fermentation kinetics
is important for choosing the best fermentation technology and conditions for each
specific strain of microorganism in a specific culture medium. During the
fermentation step, operating conditions such as pH, temperature, oxygenation (by
aeration), and mixing (by agitation) are either artificially controlled by maintaining
each one at a certain value for a specific time period, or simply uncontrolled.
Although no particular design is required for the fermenter, special considerations on
the capacity of the agitator is necessary to ensure adequate aeration and agitation of
the highly viscous culture (48).

Step D. When fermentation is completed, the resulting fermented broth is a mixture of
solids in suspension (which consists of microbial cells and cellular debris) together
with dissolved solids in the aqueous solution (which comprise water-soluble pullulan
synthesized during the fermentation, residual ingredients from the culture medium,
and extracellular metabolites produced and excreted during the fermentation). During
the subsequent steps (separation and purification), solids in suspension are first
separated from the culture medium by centrifugation or filtration. The resulting liquid
phase containing soluble pullulan is then decolorized using activated carbon to
remove the black pigmentation that is produced by A. pullulans during fermentation.
The decolorized liquid phase is further purified to remove small molecular
compounds (residual ingredients, extracellular metabolites), then dewatered and dried

to obtain pullulan as a final product in solid form. The dewatering operation usually
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consists of the precipitation of pullulan from the aqueous solution using acetone,

methanol, or ethanol as a solvent (Figure 2.3).

R R R

Figure 2.3 Solvent precipitation of pullulan: Pullulan, which is soluble in the
fermentation broth (yellow solution), becomes insoluble in methanol (clear liquid).
The fibrous texture appearance of the precipitated pullulan indicates that this

polysaccharide has very high molecular weight.

Step E. The product modification step is necessary only when modified pullulan or
pullulan derivatives are desired as final products. Technologies are available to
chemically modify pullulan in order to improve its existing properties and/or to
impart newly desired properties to pullulan. Examples of such pullulan derivatives

are presented in Table 2.1 (21,49-57).

14



LS JuBISUOD OINXJRIPp YSiy  ue[nynd pajelAe[AxoIpAyIp[Ayiaouei)
96 J0UR)SISal 183y YSIH uenynd pajeus3oIpAy
GS JUBISUOD JIIIOJ[AIP Y3IY ‘Idjem UT AJI[IqN[OSUI $Q0URISISAI 1By YSIH uenjnd pajejAylaoues))
S 938 pasdreyD 98 uenynd oruog
€S 1owAjod sruone) I9U)2 [A[eourwie uenjng
rés JOURISISAI IAB M uemnnd spAyaprerq
1S A31[1qeqIOSqE 19JBM JO $92139p snotrea ([98 orrydoipAH ue[nynd payuIj-sso1)
0S 191eMm PIoOd Ul ANpIqnios YSIy uepny[nd pajejAxoqre)
6y uone[ngeodnue poojq o] 1on drpndad-nuy sj[es S)I pue 9jeJns uenng
12 ANpIqnosur 19jem JO $99139p SNOUIBA uenqnd parjuoyrg
12 AJIqnosur 19Jem JO S92139p SNOLIBA uenynd parjuRIsy
SOOUQIRJY son1adoid payoduy uenynd patJIpON

SIATEALId(] Ue[n[Ing ['T J[qe],

15



2.4 COMMERCIAL PRODUCTION OF PULLULAN

At the present time, the only known commercial producer of pullulan through a
fermentation process is the Hayashibara Co., Ltd. in Japan. Figure 2.4 shows the flowchart
for the commercial production of pullulan used by this particular company (58). Note that
it matches very well the five-step general process flowchart for the production of pullulan
by fermentation shown in Figure 2.2. In fact, the pullulan production, recovery and

purification operations remain almost identical to those that prevailed 30 years ago (48).
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Figure 2.4 Process flowchart for the commercial production of pullulan by

Hayashibara Co., Ltd. Source: Adapted from Ref. 58, reproduced with permission.
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The culture medium used consists of a carbon source (partial starch hydrolyzate with
dextrose equivalent [DE] around 50% at a concentration from 10 to 20%), a nitrogen
source (formulated from corn gluten, soybean protein, peptone, nitrate salts, and
ammonium salts), and other mineral salts. The initial pH is between 5 and 6.8 (48).

The inoculum is prepared from mutated strains. A. pullulans AHU 9553, Dematium
pullulans IFO 4464, and Pullularia fermentans var. fermentans IFO 6401 were mutated in
order to achieve the lowest level of black pigmentation, the shortest duration of
fermentation, and the highest yield of pullulan (48).

The fermentation is carried on in batch mode for approximately 4 days in a
conventional fermenter, with special consideration to ensure adequate aeration and
agitation of the highly viscous fermentation broth. The temperature is maintained at 30°C
and aeration at 0.5 VVM (volume of air per volume of culture medium per minute). The
kinetic behavior of commercial pullulan fermentation corresponds very well with some of
the results reported in the scientific literature (59-62). Since it is left uncontrolled, the pH
- of the culture medium decreases sharply during the first day and remains constant at
around pH 3.5 to the end of the fermentation. Most cell growth and pullulan synthesis
occur during this low and constant pH period. The concentrations of cell mass and
pullulan continue to increase in the fermentation broth until the end of the fermentation.
However, the MW of pullulan in the fermentation broth increases to a maximum value of
around 2,000,000-3,000,000 Da in the early stage of fermentation, then drastically
decreases to a relatively low MW toward the end of the fermentation. This decrease is
presumably caused by the action of a-amylase on maltotetrase residues (63). Consequently,
the apparent viscosity of the fermentation broth, which results from pullulan concentration
and pullulan MW, increases rapidly in the early stage of fermentation to over 0.3 Pa-s (300
cP), then reduces to less than 0.1 Pa-s (100 cP) at the end of the fermentation. By
controlling the fermentation conditions (phosphate content and initial pH), Hayashibara
Co., Ltd. obtains a pullulan product whose MW ranges from 50,000 to 500,000 Da (48).

Initially, Hayashibara Co., Ltd. had three different pullulan grades on the market (48).
Currently, only the highly purified pullulan, (PI-20), is available for sale, which is
intended to be used as the standard for food, pharmaceutical, biomedical and other

industrial applications. The annual production of pullulan by Hayashibara Co., Ltd. is
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approximately 800 metric tons and the ex-factory sale price is approximately US $25 per
kilogram (58).

2.5 RESEARCH AND DEVELOPMENT REQUIREMENTS
FOR TECHNOLOGY IMPROVEMENT

Pullulan fermentation, like numerous other extracellular polysaccharide
fermentations, is one of the most challenging bioprocesses for engineers and scientists
seeking ways to improve fermentation technology. Five groups of problems associated
with pullulan fermentation still require better solutions in order to increase the

performance of the fermentation process and lower product recovery costs.
2.5.1 Factor Interactions

Numerous contradictions exist in the literature. The production of pullulan was
assumed to be growth associated, nongrowth associated, or partially growth associated
based on the cell growth and pullulan production profiles obtained by different research
groups (17,64-67). The optimal pH for pullulan production varies in the range between 4.0
and 7.5 (2,64,68). Lee et al. reported that high MW pullulan was produced when initial pH
was 6.5 (14). However, Lee and Yoo showed that high MW pullulan is produced when
initial pH was 3, while high concentration of pullulan was obtained when initial pH was 6
(69). Although A. pullulans ATCC 42023 usually produces melanin under several
different conditions (70), pigment-free pullulan is also produced by this strain in two-stage
fermentation (71). Since A. pullulans are polymorphic, and it is admitted that pullulan
elaboration is associated with specific cell morphology, thus, it is desired to retain certain
morphology in order to promote high productivity. However, which morphological forms
of A. pullulans are responsible for pullulan production is still open for debate (13,72-74).

The idea that a certain microorganism-medium-fermentation condition system has a
specific fermentation kinetic behavior explains at least some of the discrepancies. This is
actually the result of factor interactions, which makes the optimization process even more

complex. Much attention must be paid to make sure the majority of the EPS produced
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under different conditions is still pullulan. The one factor at a time approach is time-
consuming and the results are usually unsatisfactory. The most efficient approach is
probably using design of experiments methodology. Using this approach, information on
the main effects of each factor and factor interactions can be obtained with a relatively
small number of experiments. This method has been used successfully in pullulan
fermentation (70,75,76). The results of this methodology may not be applied, however,
directly to another strain or for different operating conditions. Thus, it is necessary for
scientists and engineers to define their own experimental domain and carry out the

investigation using a similar experimental design approach.
2.5.2 Viscosity of the Fermentation Broth

The evolution of rheological properties of the fermentation broth during batch
fermentation of A. pullulans has been studied in detail (59). In batch fermentation, the
culture medium initially exhibits Newtonian behavior, and then the rheology of the broth
progressively changes to a highly viscous and non-Newtonian behavior. The apparent
viscosity of the fermentation broth, v, is dictated by two parameters: the consistency index,

K, and the non-Newtonian flow behavior index, n, according to power-law model:
n=Ky" 2.1)
where 7 is the shear rate. Equation 2.1 shows that, in non-Newtonian fluids, the value of

viscosity obtained depends on the rate of shear at which the viscosity is measured. The
viscosity of a non-Newtonian fermentation broth is commonly standardized by its field
value, which is the value measured at the unit rate of shear. Such values of the field
apparent viscosity are independent of either rotational speed or geometrical configuration
of the viscometer used.

It would be logical to assume that the viscosity of the fermentation broth increases
steadily throughout the fermentation to follow the increase in pullulan concentration.
However, in the case of pullulan, the field apparent viscosity of the fermentation broth
increases slowly during the initial phase of fermentation, then rises rapidly to its
maximum value, and finally decreases toward its initial value. The maximum values of the

apparent field viscosity, as well as the time when these maximum values occur, depend on
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fermentation conditions such as initial pH of the culture medium and age of inoculum (59).
The decrease in the field apparent viscosity during later stages of each fermentation, when
the polysaccharide concentration has leveled off, is called pullulanolysis, which relates to
the depolymerase secreted by A. pullulans. The evolution of the field apparent viscosity of
the fermentation broth depends also on other factors such as the aeration rate and the level
of dissolved oxygen concentration during pullulan fermentation (77).

The flow behavior index characterizes very well the average length of the pullulan
chain (78). It is therefore interesting to monitor this rheological parameter during the
course of fermentation to observe changes in pullulan average MW. At the beginning of a
typical pullulan fermentation, the culture medium is Newtonian (n = 1). The non-
Newtonian index of the fermentation broth decreases slowly during the initial phase of
fermentation, then drops rapidly to its minimum value, and finally rises toward its initial
value. Therefore, throughout the fermentation the broth becomes increasingly
pseudoplastic (n <1), then returns toward its initial Newtonian behavior. The minimum
values of the non-Newtonian index as well as the time when these minimum values occur
also depend on fermentation conditions such as initial pH of the culture medium and the
age of inoculum (59). The rheological behavior of such non-Newtonian solutions has a
profound impact on the flow characteristics within the fermenter. The apparent viscosity
decreases when the fluid is in motion. This reduction in apparent viscosity with the
velocity of the fluid is more pronounced as the flow behavior index is reduced.

The observed rheological properties of the fermentation broth result from many
factors including the pullulan concentration and the average length of the pullulan chain.
Both pullulan concentration and pullulan average chain length in the fermentation broth
are continuously changing during batch fermentation. LeDuy et al. (59) have recovered
pullulan from fermentation broths at 1, 3, 5, and 8 days of batch fermentation, freeze-dried
the precipitated pullulan, and then dissolved the recovered pullulan in water to form
solutions having a pullulan concentration varying from 0.125 to 2.0 g/L. The field
apparent viscosities and the non-Newtonian indices of these solutions were measured and
are presented in Figure 2.5. At the same concentration of pullulan, the field apparent
viscosity of pullulan solution recovered from the early stage of fermentation is higher than

that recovered from the later stage, indicating that the pullulan recovered in the first days
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of fermentation has higher MW than in subsequent days. The opposite phenomenon is
observed for the non-Newtonian index. At the same concentration of pullulan, the non-
Newtonian index of pullulan solution recovered from the early stage of fermentation is
lower than that recovered from the later stage, indicating that the pseudoplasticity of
pullulan solutions is directly related to the high MW of pullulan. Each set of curves
prepared with pullulan recovered after the same fermentation time in Figure 2.5 shows the
very important contribution of pullulan concentration on the field apparent viscosity as
well as on the non-Newtonian index of the pullulan solution. Higher pullulan

concentration leads to higher field apparent viscosity and larger pseudoplasticity.
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Figure 2.5 Variations of field apparent viscosity and non-Newtonian index as a
function of the concentration of pullulan in a solution and the pullulan chain length.
Pullulan molecules have longest chain lengths after one day and shortest chain
lengths after eight days of batch fermentation. Source: From Ref. 59, reproduced
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:
Figure 2.6 Highly viscous fermentation broth of A. pullulans in a sucrose medium:

the broth slowly flowing out of a fully opened large-size sampling tube under the
compressed air inside the fermenter.

Thus, any fermentation process aiming to achieve high yield production of high MW
pullulan still provides tremendous engineering challenges in mixing, oxygenation, and
sampling during the fermentation, as well as the major challenge of removal of microbial
cells from the highly viscous fermentation broth in the product separation and purification
step. To clearly illustrate the difficulties involved in dealing with a highly viscous
fermentation broth, Figure 2.6 shows a typical fermentation broth flowing out of a fully
opened large-size sampling tube under the compression of the aeration gas inside the
fermenter. During pullulan fermentation, the nonhomogeneous mixing problem is always
observed, even in a laboratory-scale fermenter. The fermentation broth inside the
fermenter tank segregates into two regions having different characteristics, with an active

core around the impeller where the culture medium is well mixed and properly aerated.
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This core is separated from the innermost zone by a fictitious boundary, a stagnant fluid
region characterized by a total lack of agitation and aeration (Figure 2.7). Some authors
even discuss the formation of three distinct mixing regions: a small central region (often
referred to as a cavern) in the vicinity of the impellers where the turbulence is important,
an annular section characterized by slow fluid motion, and finally, a stagnant outer region
where the fluid is motionless and the apparent viscosity is very high (79). The energy
imparted to the fluid by the rotating impellers is dissipated in a restricted region of the
total volume of the fermentation broth. The high viscosity combined with the non-
Newtonian behavior creates major difficulties in sampling, oxygen mass transfer, mixing,

and downstream processing. These are briefly analyzed in turn.
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Process Monitoring and Sampling. With the absence of homogeneous conditions
throughout the fermentation vessel, it is only possible to monitor locally the dissolved
oxygen concentration and the pH. This also applies to any novel sensor for monitoring
other fermentation process variables such as the A. pullulans population (81). These
values will therefore depend greatly on the position of the various probes. The same
phenomenon applies also to the fermentation broth sampling port. The geometry and the
location of the conventional sampling tube, as provided in fermenters by manufacturers
(Figure 2.7), shows that the samples are taken very frequently from the stagnant zone,
where the data are not representative for the entire culture medium content. A newly
improved sampling device was designed and tested in a 7-L fermenter (80) and enables
one to obtain a more representative sample because it draws a sample from different
locations within the culture vessel (Figure 2.7). Nevertheless, because of the evolving and
shear-dependent viscosity, it is not guaranteed that a uniform sampling in all branches of
the sampling tube will be achieved. Thus, the sampling of representative samples and
process monitoring of highly viscous fermentation broth in larger-scale fermenters having
nonhomogeneous mixing remains a challenge that should not be overlooked.

Oxygen Transfer and Mixing. Pullulan synthesis is an aerobic process. It was
demonstrated that oxygen is essential for the biosynthesis of pullulan by A. pullulans. In a
growth medium, pullulan yield and synthesis rates are proportional to the oxygen
availability. However, under a controlled oxygen environment in a non-growth (nitrogen-
free) medium, pullulan yield and synthesis rates are inversely proportional to the oxygen
concentration in the culture medium (82). During the fermentation, air is continuously
provided to the culture medium to supply oxygen to the microbial cells. However, oxygen
molecules in the air bubbles have to move into the fermentation broth and then diffuse
through the liquid phase to reach the microbial cells in order to be used for the growth and
biosynthesis of pullulan. With the highly viscous fermentation broth normally encountered
in pullulan fermentation, the oxygen mass transfer process is very difficult and remains a
major engineering challenge for the future. Indeed, as the fermentation broth becomes
increasingly viscous, the gas bubbles in the peripheral stagnant zone of the fermenter
remain trapped in the motionless fluid and are progressively depleted from their oxygen

content. Figure 2.8 shows a photograph taken during a typical pullu