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Abstract - Educating students about industrial
biotechnology processes is resource and time intéves
when practical experiments are used to convey
knowledge and build skills. Fermentation, the commn
biotechnology process, involves growing microorgasims
in a stirred tank to mass-produce a protein, enzymeor
chemical compound from a substrate. Fermentations
typically run over several days or weeks, after with the
product is purified through a series of expensive
downstream processing steps. The long time involde
makes it very difficult for students to gain experence in
fermentation principles and process optimization. We
report a trial evaluating third year biotechnology student
learning using “FermOpt”, a simulation of an industrial
fermentation. Student understanding of fermentatio
was ascertained using pre-test and post-test
questionnaires and their perceptions of FermOpt
obtained through a survey.

Index Terms— Biotechnology, fermentation, simulation.
INTRODUCTION

Fermentation is a well-established process thas usiero-
organisms to produce products from feedstocks.difioaal
fermentations include beer, wine and ginger bemmgugeast
to ferment sugars into alcohol
Examples of industrial fermentations include awtiioi fuel
alcohol and enzyme production. Modern fermentatiomay
use genetically-modified organisms such Bs coli to
produce specific proteins or chemical compounds #ne
recovered and purified for domestic, industrial, dimanal
and pharmaceutical use. Examples include endamese
from Bacillus for adding to laundry detergents, penicillin
from Penicillium chrysogenum for antibiotics, and insulin
precursors fronk. coli to produce insulin for humans.

A typical fermenter has a stainless steel tank aip t

30,000 L in volume, agitators to keep the solutioall
mixed, aeration to maintain dissolved oxygen cotredion,
pH and foam monitoring, dosing equipment to mamtai
constant pH and reduce foaming, and heating antingoim
maintain a constant temperature. The feedstock Ineagp
sugar solution, with added minerals and growthdiacto
help the organism grow. To prevent cross contatiasinathe
fermenter and feedstock are sterilized before apdhe
microorganism. The microorganism progresses throag
lag phase, and then grows exponentially beforeriegtea
stationary phase. The product may be the celimsbbes,
or biochemicals produced by the cells. These l@ptbals
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may be within the cells, or excreted as secondatabolites
during the stationary phase. Fermentations mayauuap to
30 days before the desired product is removed ffanbroth
using processing steps such as filtration, cemafion, and
chromatography. These downstream processing si@ps
contribute up to 50% of the capital cost and 80%thaf
operating cost of the entire process to obtain dfipd
product.

Fermentations are notoriously difficult to optimite
achieve maximum product yield at minimum cost. dd
‘factors’ that increase cell growth and productidgienay
increase downstream processing to purify the priodiice
microbes may be delicate or difficult to grow besauhey
are being forced to produce proteins they mightmoomally
produce. Thus, careful control of fermentationdibans is
required. Obtaining optimal feedstock and growth
conditions for an organism may take many monthsnadll-
scale, trial-and-error experimentation and may Iveraising
statistical packages and neural network software.
Translating this to a learning experience can Hedit.

In the Department of Engineering at the University
Waikato, we have attempted to teach fermentatiangus
small-scale experiments by growing baker's yeastain
sterilized yeast extract solution in a 4-L vessellhe
experiment was prepared two to three days befoee th
laboratory and the yeast inoculum added. Studdms

and carbon dioxideinvestigated the effects of air flow-rate and agita speed

on dissolved oxygen levels in the vessel. Studenkg had
three to four hours to run the experiments so theye
unable to investigate the effects of differing cibinds such
as feedstock, pH and temperature. Sometimes thst ye
would not grow or the feedstock became contaminated
other micro-organisms that grew more successfullyhe
demonstrators and students were frustrated whea wias
wasted with unsuccessful fermentations. Hencedatation
was only addressed in lectures with no practicpeernce.
Software simulations are often used as a teachioigas
substitute for practical experiments. A literatusearch
identified several packages, which were either egjpe and
process oriented [1,2] or for specific experimectatditions
and equipment [3,4]. We wanted a simple, genend a
inexpensive tool that could be easily used by sitslevith
minimum training. “FermOpt”, an industrial fermetitan
simulation program, was developed by Professor Gdree
(a collegue who is now at the University of Canteyh New
Zealand). This program allows students to expltre
effects of aeration, feed and growth factor coneion, pH,
temperature and agitation on cell growth, produigidy
downstream processing and process economics. Aleten
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simulation can be run in two minutes and studeatssee, in
real time, the cell, product and by-product conesitns,
dissolved oxygen levels, pH and foaming. This paoy
allows students to gain experience optimizing ausited
fermentation within four hours rather than, for exde, six
months to a year for a real fermentation.

FERMOPT

FermOpt (Figure 1) simulates growth of a hypottatic
genetically engineered microbe in a stirred taninénter
containing a known starting concentration of swdistr The
microbe has an optimum growth temperature and pid, a
has a gene for producing a protein that is actilate42C.
Dissolved oxygen levels can be controlled by adjgst
aeration rate and/or agitation speed. Aeratioitatgn, and
adding ‘factors’ causes foaming, which can be cdled by
adding antifoam. As the microbe grows and metabsliit
consumes substrate and requires dissolved oxy@owth
factors can be continuously added throughout
fermentation to enhance the bacteria’s growth angiotein
production. The bacteria can also be poisonedbyntuch
growth factors or substrate.

Throughout the fermentation, the bacteria produmes
products. After the fermentation is complete, thquired
protein (product) is separated from the bacterialls¢
impurities (by-products), unused substrate, gro¥etttors
and antifoam in a series of downstream processiegss

The number of purification steps is affected by the
concentration of the impurities.

Once the fermentation is complete (250 hours sitadla
time but 2 minutes real time), FermOpt calculatbe t
fermentation cost, based on starting substrateestration,
factor and antifoam addition, and operating pareamset It
also calculates the cost of separating the proésid the
protein vyield, based on the number of downstream
processing steps required. It then calculates pteeess
economics in terms of total product produced, pestmg of
product and production cost ratio.

FermOpt was programmed and run using Stella/Ithink
(ISEE Systems). Stella uses a visual interfacespwesent
inputs, outputs and processes in a model. Compledels
can be shown simply on a computer screen (Figurerg)
clicking on a process on the screen shows the Uyncigr
equations governing the process. The fermentatiodel
developed mimics microbial growth using Monod kiogt
oxygen transfer with simple mass balance equatians,

théactor addition, substrate concentration, pH, aatifi and

temperature effects using Arrhenius equations. [jduial
differential equations for microbial, growth factsubstrate,
dissolved oxygen, product and by-product conceptratare
solved by Stella using the Runge-Kutter methode Trtodel
and equations are hidden behind an interface, wirichides
user controls and graphs model outputs.
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FERMOPT INTERFACE
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UNDERLYING PROGRAM FORFERMOPT.
RESEARCH OBJECTIVES METHODOLOGY

We wished to evaluate FermOpt as a teaching tool to

introduce third year biotechnology students to femtation
and optimization principles and to identify how the
simulation software could be improved.

RESEARCHER BACKGROUNDS

Both authors are from the Department of Engineeaing
the University of Waikato.

Ethics approval for this study was obtained frore th
Science & Engineering School Ethics Committee.

Eleven third year biotechnology students, as plttheir
advanced biotechnology course run by the Deparsneht
Biological Sciences and Engineering, were asked to
participate in trialing the FermOpt software foreth
fermentation laboratory.

The students completed a questionnaire before tkang

biochemical

engineering (Waikato),

Mark Lay has a PhD in FermOpt simulation, where they:
teaches advanced Scored the effects of process factors (aeration, pH

biotechnology to third year students, and enviromiale
technology; he also has a half time position in the
Cooperative Education Unit at the University. 3aBwan is
the Associate Dean and Chair of Engineering, hB&[a in
chemical engineering (Waterloo); she teaches
processing and biochemical engineering.
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temperature, agitation, foam, substrate, growthofac
antifoam) on process outcomes (cell yield, cellwgh
product yield, difficulty of downstream, processstjoon
a scale of 1 (not important) to 5 (very important).
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Ranked the order of the parameters students woul
investigate to optimize the fermentation to inceeas
product yield and lower cost.
The students were then introduced to FermOpt, the
fermentation scenario was outlined, and they wémvs
how to operate the software. Students were askquah
and run a series of experiments using FermOpt.y Tvere
allowed to work together and discuss ideas fornoigttion,
while we were available to answer questions. Stigleere
encouraged to be competitive, and after two hofirsiads,
the students were asked to report their resultse Students
with the three best results were asked to demdastheir
optimized fermentation process to the rest of tassc

They then completed a post-simulation questionnaire
which was the same as the pre-simulation questimnso
we could assess their increase in knowledge. Tdisy
completed a simulation evaluation questionnaire.
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Results were analyzed for differences between the p
and post-simulation questionnaires and student camsron
the software. Key areas of the FermOpt softwaaé ¢buld

FIGURE 3

PERCEPTIONS OF THE EFFECT OF PROCESS PARAMETERS ON CEIELD

BEFORE AND AFTER THE SIMULATION

be improved were then identified.
RESULTS AND DISCUSSION

Students had a very clear understanding from clas
lectures of how process parameters would affedtyoeld
and growth rate. This was demonstrated by the Isma
difference in responses to these two questionsarpte- and
post-simulation questionnaires (Figure 3 and 4).he T
exception was for the effect of growth factors. eTre-
simulation response ranked this factor fourth equih pH,
on cell yield. After completing the laboratory,shfactor
became first in importance for effect on cell growate and
second in importance for cell yield (Figure 3). isTtvas due
to their findings from the simulation exercise. \Al@mise
that while microbial growth principles are covenezty well
in microbiology courses, growth factors may notasewell
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covered due to the complexity of the subject.

FIGURE 4

Pre- and pOSt-SImUIatlon responses for the efféct o PERCEPTIONS OF THE EFFECT OF PROCESS PARAMETERS ON CERO®/TH

process parameters on product yield and downstream
processing cost were significantly different (Figmr5 and

RATE BEFORE AND AFTER THE SIMULATION

6). This can be attributed to limited knowledgethwi
downstream processing principles (a subject taughhe
fourth year) and the nature of this fermentatiddubstrate,
aeration, pH and temperature were rated (in desognd
order) as very important for product yield (Figik In the
simulation scenario, the microbe only began pratyiche
desired product when the operating temperature wa
switched from the growth temperature of’GQto 42C, so
temperature played a fundamental role in produeidyi
Before carrying out the simulation exercise, stusi¢mought
agitation, antifoam and growth factors had similar
importance to other processing factors on downstrea
processing. After the exercise, they decreased th
importance of agitation and gave antifoam and gnowt
factors much higher importance (Figure 6). Theglized
that adding antifoam and growth factors increashd t
‘contaminants’ in the broth, so more downstreantessing
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steps would be required to obtain a pure product.

FIGURE 5

PERCEPTIONS OF THE EFFECT OF PROCESS PARAMETERS ON PRODYIELD
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FIGURE 6
PERCEPTIONS OF THE EFFECT OF PROCESS PARAMETERS ON DOTREAM
PROCESSING BEFORE AND AFTER THE SIMULATION
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PERCEPTIONS OF THE EFFECT OF PROCESS PARAMETERS ON PROGESST
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FIGURE 8
PERCEPTIONS OF MOST IMPORTANT PARAMETERS THAT STUDENT$OULD
OPTIMISE FIRST
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After the simulation, students ranked aeration and
agitation as having less importance and antifoanremo
importance on process cost (Figure 7). Aeratiom an
agitation are cheap operations and have little cefign
process cost but adding antifoam is very expensive.

Students chose temperature, substrate, pH, aeration
agitation and growth factors (in descending ordes)the
most important factors to investigate first to optie the
fermentation (Figure 8). Foam and antifoam wereraoked
highly as they had little effect on cell growth. hig
demonstrated that students had a good understarafing
microbial growth and were able to choose a sensdiiane
to optimize the fermentation.

Data from the simulation were evaluated using a
production cost ratio (total product produced daddoy the
cost of producing that product). Students gaverahreport
at the end of the class. Those that had high ptamucost
ratios (20 to 30 compared with initial values oddethan 1)
were asked to demonstrate their fermentation systethe
class. Interestingly, students who obtained loadpction
cost ratios during the class repeated the labgratotheir
own time and achieved much higher ratios (30-53his
demonstrated to us that the exercise had cauglstuldents’
interest and stimulated their competitive naturbeyl were
prepared to spend additional personal time to ohpaiter
results.

On a scale of 1 = very effective, 2 = effective aéhd
average, students gave the simulation an averadgngaof
1.6. Most thought the laboratory would be usefiigaching
general optimization principles to students. Feettlon the
laboratory showed students enjoyed the competésfect.
They found the visual interface easy to use andghbthe
laboratory was very practical and quickly demortettadeas
behind fermentation and downstream processing. y The
preferred to work individually as this allowed theémlearn
and understand the principles behind fermentation a
process cost at their own pace. FermOpt allowedntto
develop and test their different theories to trg aptimize
the fermentation, compared with typical laboratenehere
they follow a method but may not understand whay tare
doing.

Several students wanted the simulation to be more
complex by introducing more controls and have ritidate
different fermentations with thermophilic and arad®c
microorganisms. One student suggested learningdwoe
increased if pop-ups explained why different fasttiave
different effects. An example would be a pop-uplaixing
why increased foaming reduces product yield. Aaoth
suggested that the lab could be developed further b
allowing them to trial different downstream prodegs
options.

We found FermOpt an easy way to engage student
interest and enthusiasm. The male students plantigu
enjoyed the computer game aspect of FermOpt. Wikl co
discuss with individuals their understanding ofrfentation
and downstream processing. It was an easy waylitkly
investigate and observe the effect of many facttnig)
theories, make improvements, and get immediatebesd

For a successful simulation of a complex process th
developer needs a sound understanding of fermentatid
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processing principles and be able to mathematickdcribe
each operation (Figure 2). But once created, ittneilation REFERENCES
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CONCLUSIONS

FermOpt was found to be effective teaching tool for
fermentation laboratories. We found that studdmd a 4]
good understanding of the general microbial grovvtil
principles behind fermentation but a poor undextan of
downstream processing before carrying out the ktboy.

Their understanding of downstream processing after 2007.

completing the laboratory was much improved. FeptinO BIBLIOGRAPHY

allows principles behind optimization to be rapidaught,
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time consuming and expensive to run. Overall, estitsl P.M._Doran, Bioprocess Engineering  Principles.

London: Elsevier Academic Press, 1995.

C. Ratledge and B. KristianseBasic Biotechnology.
Cambridge: University Press, 2001.

M. R. Ladisch Bioseparations Engineering. New York:
Wiley-Interscience, 2001.

thought the fermentation laboratory was effectived a
enjoyable. An added bonus was that students witially
did badly in the laboratory came back and repettiectheir
own time.
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