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INTRYCK FRÄ,N BIOTECHNICA' 85 I HANNOVER 8-10 OKTOBER

Uppskattningsvis var 600-900 personer samlade till en tredagars mässa, konferens
och seminarier. Cirka 170 företag var representerade. Till konferensen var talare
inbjudna för översiktspresentationer. De tre dagarna var koncentrerade till
följande temma: l) Mätteknik, modellbygge och reglering. ll) Biokatalysatorer
preparation, användning och förbättringar. m) Djur och växtcellodlingar,
genteknik. Där fanns också en del seminarier kring finansiering och ekonomi som
pågick parallellt. Avsikten är att starta en serie med årliga bioteknik mässor i
Hannover. EG står bakom och stöttar ekonomiskt. Nästa mässa är 23-2519 1986.

Nedan intryck jag fått med speciell tonvikt på det som intresserar oss och
speciellt mig. I appendix finns konferensprogram samt abstrakt till några föredrag.

Korta intrvek från siälva mässan

Det formligen drällde av mikrodatorer och persondatorer kopplade till
analysinstrument och demonstrationsprocesser. Det var IBM-PC, ^A,pple och Digital
som man såg mest. Där fanns en hel del tillämpningar av grafik. Det mest
spektakulära var representationen av en antibiotikamolekyl. Den kunde vändas
och vridas och man kunde dels fâ se en streckfigur, och dels molekylen med 'van
der Waals-molnen' och då var atomer som ligger bakom varandra skymda. Indata
var resultat från röntgenundersökningar. Beräkningarna var gjorda på stor dator
och all data var överförd till persondator för presentation.

Etanolgivaren hade en grupp i Braunschweig arbetat vidare pâ. Stommen var
fortfarande en Figaro sensor men bärgasen var borta. Givaren var mer linjär
över intressant mätområde. Företaget TNGOLD i Schweiz kommer att sälja den.

Instrument för samtidig cellräkning, storleksbestämning, fluoroscensmätning
utvecklas vidare. Fluorocensdelen innebär att molekyler inne i cellen, befintliga
eller speciella märkmolekyler, exciteras med laser, och emitterat ljus ger mått på
cellinnehållet. Till exempel kan DNA och RNA innehållet i populationen följas. Pris
ca 200 000 kr.

Mätteknik baserad på ultraljud och Doppler shift fanns representerad och även
något byggt på opto-akustisk teknik. Ett av föredragen tog upp potentialen i
optiska biosensorer. Man tänkte sig enzymer eller antikroppar i ändan på optiska
fibrer. Med laserteknik kan förändringar på optiska fiberns ända fötjas. Se

[Aizawa, Tsukuba].

Rintekno

Jag pratade en del med Andrea Holmberg och hon visade deras data system för
processr€glering. Ett sådant system har installerats på Jästbolaget och Andrea
har speciellt varit involverad i detta. Detta system bygger på PDP11/73. (Man har
också enklare system för IBM-PC.) En hel del arbete var nedlagt på smidig
hantering och presentation av loggade data. Färggrafik användes. Vidare var det
förberett för att lätt kunna koda sin egen regulator och stoppa in i systemet.
Koden skall skrivas i FORTRAN av något slag.

Programvaran är utvecklad i samarbete med konsultföretag. På vilket sett man
löst realtidsproblemen framgick inte. Jag träffade också Aulis Rajala, Manager,
section Pharmaceuticals and Biochemicals. Han berättade om ett utvecklingsprojekt
med Pharmacia. Rintekno expanderar.
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Tips till vårt iästproiekt

Shioya såg fedbatchreglerproblemet så att man under första halvan styr på
tillväxthastigheten för att få högt 'Meissel-tal', vilket är relaterat till RBC (ratio of
budding celts). Senare delen styir man på att hâlla etanolkonc nere. För att reglera
tillväxthastigheten använde han någon form av Kalmanfilter utgående från
mätningar av OD (optical density). Vid låga celltätheter Fungerar OD mätningar
bra. Etanol signal användes inte i detta Kalmanfilter (!). Resultat från körning
visade att tillväxthastigheten höll sig på börvärdet, men styrsignalen visade
våldsamma fluktuationer. Shioya erkände att han inte var riktigt nöjd med detta,
når jag frågade. MRAS hade använts här. Se artikel i: Chem. Eng. Vol. 40, No. 3,
499-507, 1985.

Bellgardt pratade jag lite med, men fick inte ut så mycket. Han talar mycket i
black-box termer och har (får) för lite fysikalisk/biologisk insikt. Se [Bellgardt].
Han arbetade numera med modellbygge av process med animalieceller i en
hollow-fiber reaktor. Han kommer till IFAC.

Någon i Purdue-gruppen med prof. H.C. Lim tittar också på Fiechters data på jäst.
Detta var bara något som sas i förbifarten i hans föredrag, då han talade om
multiple-steady state i CSTR. För övrigt ett bra föredrag. Se [Lim].

Etanol produktion

Där var en man, dr Maeda, som berättade om pilot anläggningen i Japan för
kontinuerlig etanol produktion med immobiserad jäst. Speciella studier hade gjorts
av immobiliseringstekniken. Två metoder var patenterade (?). Den ena var i
Ca-alginat likt vâr medtod och den andara benämndes 'photo-cross linking'. Vidare
var det viktigt att tillföra lite syre för cellens maintenance funktion och det var
också viktigt att tillföra steroler. Se nedan under Stephanopoulus. Några siffror:
residence time 5 h (ftuidized bed); packing ratio 33.7/¡; pH=5.3%; Socker in 20
g/d/ melass (? jag är osäker); Cellerna hâller 6 månader. Se [Maeda, Tsukuba].

Träffade i förbifarten en ung engelsman, dr Mitchell, som doktorerat på
etanolproduktion med immobiliserad jäst. Nu jobbade han i industrin. Han nämnde
problemen med gasutvecklingen. Gasflödet var enligt honom ca 10 ggr större än
vätskeflödet. Jag uppfattade det hela som ett scale-up problem.

Många jobbar istället med en bakterie Zvomona Mobilis. Den har högre utbyte
men i gengäld är den sämre i andra avseende. I Hannover var det en ung
doktorand i reglerteknik som påbörjat modellbygge och diskuterade det vid en av
montrarna. Clemens Poster heter han. Han menade att glukos till etanol var
enkelt modellerat, men det var mycket viktigt med inverkan av extra näringsmedel
samt biprodukter vid jäsningen. Vidare var inhibering pga hög etanolkonc viktigt
men svårt att modellera. Han hade viss biologisk insikt men det var inte testat
tillräckligt mot labdata. Han kommer till IF^AC i december.

Där var en stor paneldiskussion anordnat av 'Landwirtschaftliche Arbeitsgruppe
Bioethanol und Biogas, Bonn'. Ekonomin diskuterades och man talade om
spannmålsöverskottet i EG och om metanol, etanol och bilmotorer in på 9O-talet.
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lntressanta reglerproblem - SteDhanopoulos svnpunkter i svnnerhet

Lim från Purdue University i USA höll ett intressant föredrag om modellbygge
och reglering av bioprocesser. Han talade speciellt om: processer med multipla
jämviktslägen; karaktäristik hos fedbatch profiler baserade på tillväxt- och
produktbildning som funktion av substratkoncentration; reglering av processer
där organismer med plasmider ingår. Vidare berättade han kort om optimering av
en bioprocess, baserad på gradientmedtod. Se [Liml.

Stephanopoulos menade att där finns en del reglerproblern som folk tiger om för
att man inte får det hela att fungera. Hans föredrag byggde på mer pâ
erfarenheter från informella samtal än på det som är publicerat. Typiskt tog han
upp exempel på multipel steady-state i CSTR. Det är i några generella fall
intressant att ligga kring en instabil jämviktspunkt. Ett exempel är odling av
'recombinant E_.9!!' där avvägningen gäller tillväxt gentemot produktbildning.
Vanlig PID duger ej. Vidare är där exemepel på oscillationer i syreupptagnings-
förmåga inducerade av skift i utspädningshastighet - Zvomona Mobilis.
Oscillationer i tillväxten har också observerats för 'methylothrophs', (SCP) då de
växer på methanol. Jag uppfattade något som liknar icke minfas beteende. Butanol
processen innehåller också knepig dynamik. I vissa lägen produceras Acetoin
istället för Butandiol. Grupp på ETH kring Dunn jobbar med detta. Till sist
berättade Stephanopoulus om vikten av syresättning till jäst vid etanol produktion.
Syrenivå skall ligga kring 20-30 ppb. Ej mätbart. Hur reglera detta?
Etanolproduktiviteten går upp drastiskt, stationärt sett, vid rätt syrenivå. Sterol
innehållet i cellmembranet påverkar börvärdet på DO. Statiska experiment hade
gjorts i CSTR och cellkoncentration hade rnätts som funktion av syresättning vid
konstant vätske flöde. Hysteres i denna kurva hade iakttagits och vidare var
vidden på hysteresen en funktion av sterolkonc. Just kring hysterespunkten var
etanolproduktiviteten som högst. Se [Stephanopoulosl.

Nva möiliqheter på det molekvlära olanet

Det talades om möjligheterna att göra egna enzymer. Bland annat hade man
lyckats att göra ett enzym som binder till IRNA. En stor potential ser man i
förståelsen av hur antigener bildas. Eventuellt tänker man sig utnyttja antigenens
flexibla struktur för att göra egna katalysatorer. Se [Winterl.

Ett område som man jobbar på, på MIT, är möjligheten att låta enzymer arbeta i
organiskt lösningsmedel istället för vatten. Lösningsmedlet påverkar starkt i vilken
konformation ett enzym antar och bestämmer därmed i hög grad dess funktion.
En upptäckt man gjort är, att det räcker med ett monolayer av vatten molekyler
runt enzymet för att det ska fungera. Resultaten gäller enzym som bryter ner
lignin. Ett dussintal enzym har fåtts att funger i organiska lösningsmedel. Lignin
är en stor outnyttjad råvara, om Jag förstod det hela rått. Se [Klibanov].
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ABSTRACT OF

POSITION PAPER ON BIOPROCESS MODELLING AND CONTROL

Henry C. Lim
School of Chemical Engineering

Purdue University
West Lafayette, Indiana 47907

A living cell is an expanding biochemical re¿ctor in which perhaps thousand(s) of
biocatalytic reactions take place unde¡ a highly sophisticated "master" control system

which has evolved through eons of adaptation and survival. It is this built-in metabolic
regulâtion system which provides the cell the ability to alter its biocatalytic re¿ctions
to a changing environment in sorne optimal fashion. These thousand(s) of reactions
and the complexity of self-regulation make the task of modeling bioreactors extremely
difficult and challenging. Knowledge of numerous metabolic control mechanisms and

met¿bolic responses to intra- and ext¡a-cellular environment would ¿llow us to pur-
posely manipulate the environmental facto¡s to force the cell to function to our advan-
tage. The extracellular environmental factors one can control includes pH, tempera-
ture, ionic strength, dissolved oxygen, growth rate, subst¡¿te nutrients, growth factors,
¿nd trace elements.

Sinee it is impossible and mathematically intractable to model the living cell in all
intricaeies, it is important to consider the ultimate purpose(s) of modeling and consider

only those aspects of cellular behavior needed for the application of the model. Once

various purposes of modeling are exåmined then one cân look at complexity and level
of sophistication required for individu¿l purpose. There are numerous reasons for want-
ing to model a bioreactor, some of which are i) for bioreactor development and design,

ii) for bioreactor control, iii) for bioreactor optimization, iv) to obtain basic aDd fundâ'
mental understanding of dynamic behavior of cells, v) for simulatioû purpose in place of
expensive and time consuming experimentâl work, and vi) for use as potentiâl tools for
testing hypotheses conceÌning cellular mech¿nisrns and provide guideline inform¿tion

ueeded to develop more efrective strains particularly through recombinant technology.

For the last three purposes s model of considerable complexity and sophistication is

required. One approach would be to develop ¿ structured segregated model from the
population-balance point of view and the other would be to develop ¿ structured non-
segregated model for a single cell incorporating major pathways and regulation and

then use s finite representation technique in which the beh¡vior of the population is

represented by a ûnite number of single compùter cells. The population bal¿nce models

ffimm
Technica'&5
Hannover

have predictive capabilities 
-of 

considerabre significance, but the resulting equations aredifficult to solve. The.singre celr model ."quì;, extensive knowredge of reguration ofgrowth, metabolism and product formation.

For preriminary design carcurations and regulator type control perhaps the simplestmodels' unstructed and nonsegregated may ,uå.". Ho*"ver, for the purpose of optimi_z¿tion the model to be deveroped must reflect the effects of those manipurated va¡iabrewith which the reactor is to be optimized, for example, the environmentar variablessuch as pH, temperature, dissorveã o"yg"o and chemical variables ;.;-r" nutrients,growth factors, trace and erements. Aìthãugh various models of varying complexity areavailable in the literature, invariabry most Jf them do not reflect the effects of envr¡on-mental factors. considering that a celr contains many potentialry rate limiting stepsand the actual contror steps depends upon the history and natu¡e of environmentalchanges, it is a fo¡midabre task to modeì these effect. Thus, an 
"lt.*rt" approach issuggested' one can begin with a crude model with adjustabre parameters, which isthen updated frequently using responses caused by perturbations of environment¿r fac_to¡s ¿nd optimization is repeated based on the updated model.

Reacto¡s containing recombinant celrs with prasmid instabirity resurt in mixed cur_tures of plasmid-containing and plasmid-free cells. Modeling of mixed cultures ofrecombinant ceils will ¡eceive mo¡e attention in the future. Mimmarian and plant tis_sue culture technorogy is deveroping rapidry and yet there is very littre mJeüng effortsin this area. In view of expensive media and timã consuming experimentation involved,models can play particularly important roles in assessing at least qualitative treuds andcircumventing the need to carry out tim+consuming and expensive experiments.
controls of biore¿ctors can be broadly classified into two; dynamic (set point) con-trol in which the parameter, 

"." "hrog"ã dynamica'y and reguratory contror in whichthe parameters ¿re mainteined at desired constant values. In batch and fed batch fer_mentation the state of system changes dynamicaly and it is *ti.iprt.a that theenvironmental factors need to be varied oitimatty, while for continuous reactors theenvironmentar factors need to be controlleá at constant but unknown optimal varues.The optimal profiles and optimal constant varues may change due to vari¿tions in thefeed and adaptation by the organisms. Thus, there are two tyþes of probrems; determi-nation of optimal operation conditions and frequent reassessment of these conditions.once again one faces the probrem of adequate ,no¿"L *ri.r reflect the effects of ¡ectoroperating conditions. It appears that on-rine rearning schemes can play an importantand essential role in the absence of adequate model. The idea is to learn about thebioreactor from the responses caused by intentional perturbation ,nd tben imprementan optimal control based on this information. This typ" or oo-ri* 
"a"ftive contror

ffimm
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approach may be used to determine quickly the optimal continuous bioreactor opera-

tion conditions and keep track of the optimum as changes take place.

Kinetic models of growth and product formation can be used to quickly determine a

priori whether a fed-batch operation c¿n be advantâgeous. At least one nonmonotonic

rate expression is necessary. When no adequate models are available, b¿tch and semi-

batch bioreactors måy be optimized on-line using ¿n on-line adaptive control scheme or
off-line using the result of one run to optimize the next run. In fact, modeling, optimi-
zation and control must be interactive.

Many bioreactor parameters ¿re either difficult-teor impossible.tcmeasure on-line.

Realization of feedback control requires on-line measurement of these parameters.

Thus, there is an urgent need to develop sensors for on-line measu¡ements. In the

absence of sensom, estimation schemes are needed, which allows estimation of parame-

te¡s which can not be monito¡ed on-line.

With av¿ilability of fact and extensive computing facilities with moderate cost, it is

expected th¿t more extensive efforts be forthcoming in the areas of sophisticated struc-

tured models, optimization and control of bioreactors. Integration of molecular models

of plasmid replication and segregation kinetics and host-plasmid interaction into a
sophisticated single cell model may some day provide guidelines to improve indust¡ial
strains by recombinant technology. However, development of adequate models for
optimization ¿nd control is expècted to be unrealistically time consuming and exten-

sive. Therefore, adaptive optimization and control along with on-line estimation

schemes appear to be a solution for immedi¿te future. When adequate models become

available they can be incorporated into the adaptive control system. Application of

artiûcial intelligence and expert system is expected to make an important contribution
in the near future.
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The Recent Stute and Future Developments on Biosensors

Masuo Àizawa

Institute of Materials Science, University of Tsukuba
Sakura-mura, Ibaraki 305, Japan

Departnent of Chenical Engineering,Tokyo Institute of Technology
Ookayana, Meguro-ku, Tokyo 152, Japan

Adavances in sensor technolgy have opened the way for new

and sophisticaÈed neasurenent technniques and instrumenÈation for

biotechnol-ogical process control. Ânong various sensors a bio-

sensor can offer high selectivity for a speclfic substance, which

has not been atÈained by syntheÈic sensor naterials. The new

breed of biosensors vill present a unique narriage of i¡nnobilized

biochenical, transducer and microelectronic conponents to allov

almost instantaneous deÈerninstion of substrate, analyte or ligand

concentration.l'2)

Matrix-bound enzyne has been analgamated vith the folloving

electronic devices to forn an enzyÍ¡e sensor:

(l) Electrochenical. devices: AnperomeÈric and potentionetric

enzyBe sensorg.

(2) Thermistor: Bnzyne thernistor.

(3) Ion sensitive fieLd effect Èransistor (ISFET): Enzyne FET.

(4) Pd MOSFET.

(5) Surface acoustic wave (SAtJ) devices.

(6) Photodiode: Enzyne photodioale.

(7) Fiber optic devices.

Electrochenical enzyne aensors (electrode type of enzJrne sensor)

L

-
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have found promissing appLications in especially clinical and

process measurenents. Many a bench-top type of analyser equipped

riÈh an enzyne sensor are commercially available nostly for serum

component neasurement. The sanple is injected on to matrix-bound

enzyme and the concentration of serun component read out vhithin
l0-60 s. The instrument is automatically flushed and calibrated
at the push of a button. The instrumenÈ has recently been modi-

fied for use in process measurement. A full automaÈic analyser

for glucose, alcoho1, lactate and glycerol may be suppi.ied by a

Japanese producer, although it is a bench top type.

Matrix-bound microbial whole cells have successfuLIy been used

to make biosensors for acetate, ethanol, glutanate, ammonia gas,

and BOD. An analysef with an auto sampler has been used for on-

line neasurenenÈ of gluÈanate in a glutanaÈe fermentation processl)
Further development of sensor naÈerials is strongly required to

improve Èhe long tern stability and durability of Èhese biosensors.

Many novel enzyne sensors have been proposed these several

ye.i". An enzyne FET, in which an enzyne layer is fixed on the

gate insulator, has gained keen inÈerest j.n the field of electronica,
which j-ndicates a possible cross-over of biotechnology and electro-
nics, namely "bioelectronics". NoÈ only single but nu1Èi-enzyne

FETis have been fabricated on a chip. IÈ is noted that senicon-

ductor process technology has been applied to a biochemicaL proessing.

Án optical biosensor, which Ís a device to generate optical

si.gnal due to molecul-ar recognition, can offer new possibilities

relative Èo electrochenical biosensors. The nost exciting possibl-

lity offered by optical" biosensors is the use of nultlwavelengtn unA

tenporal infornation. The author proposed an ènzyoe photodiode
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which involved a light emi.tting enzymes on the top of pnotoaioaJ.)

Another type of optical- biosensor is a fiberoptic-based biosensor

whi.ch invol,ves an enzyme phase on Èhe end of a fiber opÈic. Although

research and developnent of opÈica1 biosensors is onLy begining,

Èhe wide variety of approaches and systens Ehat are possible are

certain to emerge j-n the next few years.

Single enzymes,howeverrrepresent only one class of biological

måterials that can be used for molecular recognj-Èion in a biosensor.

There have been several attempts to consÈruct an innunosensor

ranging from measurement of Èransnenbrane potential of a bound ânÈi-

body, to a shift in potential of anti.body-bound electrodes. In

attempt.s Èo consÈruc an innunosensor based on enzyne-Iinked innuno-

assay, not only el-ectrochemical but. bloluninescence,elecÈrochemical
lumines q ìcence and fluorescence prÍnci.p1es are being explored-./ This is in

Èhe line of opÈical biosensors.

The author has recenÈly reported a new concept of a bioaffinity

sensor using biot.in-avidin systen.6)The concept may be applied in

general to detêrmine the concentrations of hornones and pharnaceuÈi-

cal- drugs, vhich are apÈ to lose their activities by the usual

Labeling with nacronolecular biocatalysÈs.

Research into inmunosensors and bioaffinity sensors i.s still

in j.Ès early stage. These phophisticated sensorsrhoweverrhave enor-

nous potential due to the sensitiviÈy which can. be achieved.

1) S.Suzuki,ed."Biosensorstt Kodansha (1984)
2) M.Aizava in "Chemical Sensors"(T.Seivan.et al. eds.)(Proc.lst Intl.- Meeting on Chèmical Sensors) Kòdanshá,Elsevier (I983)
3 ) M.Hikuma,T.Yasuda, I.Karube,S. Suzuki, Ann.N. Y. Acad.Sci- .,369 3O7

(1981)
4) M.Aizawa,Y.Ikariyana,H.Kuno,Anal.LetE.,fT(B) 555 (1984)
5 ) Y. Ikariyama,H.Kuno,M.Aizawa, Biochen.Biophys.Res.Connun .,W 987

( 198s )
6) Y.IkarfyanarM.Furuki,M.Àizawa, Anal.Chen.,57 496 (I985)
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PRINCIPLES OF MODELLINC

J.A. ROÈLS. GIST-BROCADES R&D. ?.O.BOX I. DELEI. TBE NEIITERLA¡{DS

httry are models, particularLy oatheuatical models, used?

The answer is tha¿ Èhey are usêd to ge! a better grasp on reality.
Real chings, eve[ the nost simple ones, are far too cooplex to undelsÈaod

in detail. Yet, especially i¡ engineering, one has to work with cmplex
real things and so, if one wants to *plaiu, to describe or ro Eake use

of even cmparatively simple real things, models have to be used, be it
inpliciceLy or explicirely.
The foregoing is indicative for an inportanr principle of ¡ûodelling: the

cæplexicy of realicy is Èo be reduced in such a say Èhat it can be han-

dled by e.g, DathemaÈical meÈhods. The author has the iupressioo, ia vie¡¡
of nuch of the literature on Eatheûatical nodelling iu the last decade

thaÈ Èhis seäns to have been frequenÈly overlooked. May publications

6eea to add cooplexity and contribute liÈEle to Èhe h¿ndling of a reality
outside maÈhematics, coüputer simulations or scien¡ific publicatione per ae.

lû contenporary chemical engiueeriug, maÈhe¡aricaL uodels are vital to the

raÈioual desigu, operatioD and op¿iEizatiou of cheuical platrts and a well
ileveloped process techrology has evolved as a result of the esorEous growÈh

of particularly Èhe fossils based chemical iadustry atrd Èhe large aDoutts

of research and developueut invested therein. Âlso in microbiolog¡r a¡d bio-
chemi.stry and their cmercial exploitacion in biotechaology, the quanti-
tative uaÈhe¡atical analysis of processes has becme e more and ûore ec-

cepted tool. IÈ is û¡ch less developed in thaÈ eecÈor and tbe feasibility
of applying rigorous matheEatical EeÈhods to the iDtraciee of, Èhe liviog
world has ofteû bee!. questioued.

In the engineeriug scieuces the bssic language of Èhe descriPEiotr of
Ìeality is the continuu approach. Ic leads Èo Èhe fomlalion of eo-called

nacroscopie models. Itr Èhese uodels the o.icroecopic atrucÈure of Èhe syst€o

í.e. the facÈ chet Èhe eleoeDÈary uirs of leality ¿re of a corpuscular

naÈure, e.g. molecules or uicroorganisos, ia ignored aûd roacrogcoPic vari-
ables like pressure, reDiperaÈure aad concenÈraÈion are used.

The basic tool of Èhe conÈinuuE theory is Èhe bal8Dce equaÈion and it caa

be corstructed for each exteasive quentityri.e. I qu¿neily r¡hich i¡ addi¡ivc
uiÈh respecÈ Èo Èbe parts of the systeú.

A special class of extensive quanriries is then recognised to be conservative
i.e. in lhe balance equations for Èhese quantities a tem accounting for
conversion, which in addition to the one representing ÈraDsporÈ processes

appears in the general case, does not occur.

l(nom and useful exæples of consewed quantities ere Èhe æoutrts of chem-

ical elements, balances for the 1aÈÈer quantities are of great use in the

reduction of the complexity of a sysÈeurs description.

Further lefinenenÈ of the use of balance equaÈions in biotechnology is
obtained if so-called biochenically structured models are used. In these

DeÈhods some details of the biochæical strucÈure of the reacÈion paÈterns

in microorganisæ are considered.

The descripcion of the dynæics of biotechnological processes becoues

possible if kinecic models are introduced. H.owever, a sigaificant problea

to overcoæ is Èhåt the corplexiÈy of reality needs Èo be reduced to ob-

tain models which are useful. As has already been stated nodelling of the

intricacies of reality leads to models which are far too coûiPlex to be

useful, certaiol,y if useful is ínÈerpreted in Èhe engineering sense. A

strategy lowards the sinplifications of realicy can be based on the coùPar-

ison of the rel*aÈion Èimes of enviromenta)- changes æd Èhose of ¡he

mechauisms relevant tn ttre descriPÈl'on ol rhe syscmts oenaviour.

In Èhis way mechanisms can be identifi.ed whieh does ûoE conÈlíbute Èo the

dyu¡mic behaviou¡ of Èhe sysÈeE on Èhe time scales relevanÈ Èo the aPPIi-

ceÈion under consideration.

T:he Bost rigorous sinplification of reality in the kioetic descripciou of

bioengineeri.ng sysÈems is obtained if so-called udersÈrucÈured models are

used. In Èhese models the proPer|ies of the biomass PresenÈ in the culture

are assumd sufficiently specified by one number' the cotal amount of bio-

nass presenÈ in the culture.
AlÈhough the couplexity of reality is greacly reduced in these Bodels they

are of great use in quite a nuber of applications and are widely accepced

in bo¡h industrial and academic circles.

A nuber of cases exisÈ' hovever, in shich unsÈrucÈured nodels fail ¡o be

adequate, in that case a sÈrucÈured model, in which a liniced irnber of

coupoaitional aspects of the biouss ale also considered, has Èo be con-

sÈrucÈed.

Çl
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SÈructured models are not as well developed as unstructured nodels,
although quiÈe a nr:nber of accounts coucerning the subjecÈ have appeared.

iu the literature in the last decades. Ic is questionable if succesful
applicatíons of such models have been developed yet. Certainly in industry
such models have noÈ becone uidely accepÈed.

This is due to at leest Èro probleas: iD¡ricacies in the theory of the
construcÈioD of sÈructured models and ¿he l¿ck of experimenÈal testing
of such models.

For the future developEents of useful structured mdels Èhere certainly
ale prospects; the theory seeEs to be vell developed. Probleæ are asso-
ciated with the experinental verificatioo of such nodels; Èhis oft6
calls for quite sophisticated experimenÈal Eethods.

Some of the considerations vhich are presented sil1 be illustrated sith
respect Èo mdels of the fed-batch process for Èhe large scale productioû
of peuicilliu aud Èhe produc!íon of eÈhanol by yeast and bacÈeria.

Adaptlve Cont¡ol princlples
and Appllcatlons to Blotechnical p¡oceeses

Axel Munack, Unlversltät Hannover .)

AImost ten years ago, tsdaptive cont¡ol concepts Lrere consldered
more as an art than a sciencp. Slnce that tlme, great Frog!ess
has been achleved ln theoretlcal resea¡eh on these methods, snd
the tecent development of cheap and por,lerful mlcrocomputers For
process contror h83 enabled appllcations 1n many different area3.
Hoù,eve!' there rs still (and certarnry u¡lrl remarn ln the futu¡e)
a certain aspect of a¡t in thls control philosophy, since it ls
applled to plants or processes uhtch are not entirely knoun and
often do not mEet the theoretlcally necessary assumptlons. Juet
thls 1s the situation rn contror of biotechnlcar processes, Blnce
there the behaviou¡ of the curture cannot be ßodelrpd entlrery
end the adaptatlon of the mrcroorganrsns to changtng envlronmen-
tal condltlons may change the behavrour of the process drËsticsr-
1y. This fact has to be reallzed partlcularly during fed_batch
cultlvation, uhlch 1s the nlost rmportsnt type of curtlvatron con-
dltlons fo! blochemlcal processes.

rn appllcatlons of adaptlve cont¡or one hes to dlvlde lnto tb,o
dlfferent concepts' one of these may be characterrzed by the
self-tunlng controller, uslng formal models of the process or of
parts of lt, and the other by the predlctlve control conceFts,
uslng detalled process models. Both concepts may be apÊ11ed to
control ol'blotechnlcal plants, lf thelr dlfferent features are
uaed tn an adequate ùrãy each. SeIf-tuntng controllers may be
Êpplled ln a loue¡ leveI in the control hle¡6rchy, I'or example
ln aubstrate feedlng o¡ aeratlon, the latter belng atrongly ln_
fluenced by the medlum compoBltlon and e.9. antl-foam agent.
The¡e ls ln Fsct a certaln number of furthe¡ control loope uhoee
ayBtem dynamtce and dlEturbancea vary ln a u,lde range durlng fed-

.) preeent add¡ess: Technlsche lJnlve!Bltät Hamburg-Harburg,
Arbeltaberelch RegelungBtechnlk und Systemdynamik.
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batch cultLvations. In the presentatlon' some concepts of adap-

tlve controlle¡s r¡1ll be brlefly considered and the prerequlsltee
for applicatlons ulll be dlscu33ed.

Houever, these baslc control loops have to be p¡ovlded ÙJlth col-

rpct set polnts in o!der to lead the uhole process to an economi-

ca1 optimum and to take lnto account mutual dependenclea betueen

sevelal control loops. Fo¡ these htgher-level contlol tasks'
adaptive optlmlzing strategles based on detalled p!ocess models

Ere strongly !ecommended. 0ne of these prlnclPles' the eo-called
0pen Loop Feedback uptimal (0LF0-) Cont!ol' r'rtll be dlscussed

uslng the appllcatlon to an SÉP plocess performed ln an EtrIlft

torrrer loop bloreacto!. The 0LF0 strategy l3 hased on the heu!1-

eticalconceptofsepa!ati.onofldentificatlonandcont¡oI.The
r¡hoIe (batch-) fellmentatton Interval 1s divlded lnto eublnteavals

of constant Iength. Durlng each intetval, en ldentlflcatlon of

the unknourn or tlme-varylng aystem parameters le performed' based

on meÉsurement data oP the preceding lnterval' The courae of the

ldentlfled parameters 1s predtcted fo¡ the futu!e ( if no other

lnformstlon 1s avBiIabIe, the actual' parameter values a!e conal-

dered to be valid). This enables to optimtze lnput functlone for

cont¡ol of the process ln order to mlnlmlze a glven cost functlo-

nal. This functlonal thould be based on econornlc data' uhlch

means the cost of substrate, aeratlon, coollng' dounat!eam plo-

cesslng, and the gross proceeds of the process products' Durlng

opttmizatlon' the complete time lnterval.f¡om the present tlme to

the end of the cultlvatlon 1s consldered, and optimal lnput con-

trol functlone are computed fo¡ thls lnte¡va1. Houever, only the

control durlnq the next t!me lnterval ls actually used each'

Elnceaftertheendofthtstlmelnterval,neulestlmategfolthe
parameters may be computed f¡om recent measurement data' uhlch

lead to lmproved control functlons for the rest of the cultlva-

tlon tlme. In this rrray the procedure Ûrorks durlng the complete

batch fermentation tlme and perlorme adaPtatlonB to varlatlons of

proceas paremeters Bnd determlnlstlc dletu¡bencea' Houevet' the

computation of the pBrametet eatlmates 6nd the optlmBl lnput

functlons may be rather tlme-conguming for complex p!ocesaeE'

ThiB ¡esuItB 1n qulte long adaptatlon lnterval lengths durlng

rdhlch the procees actually 1B d!1ven 1n open loop' Therefole the

control functions are not dlrectly applled to the Ploceaa but act

a9 setpolnts !esp. ¡efe¡ence functlons
trollers. Thus the system may ¡espond
and advantages oF long-term plannlng on
qulck ¡esponses to dlsturbances on the
1n thls hiera¡chlcal control st¡ucture.

for some i.or¡-Ieve1 con-
qulckly to dlsturbances,

the upper Ievel and oF
Ior¡er Ievel are eomblned
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It should be polnted out that system modellng ls a strong prere_qulslte for apprlcatton of arr these ideas: rn batch o¡ fed-Þatch
cultures, the state of the process Ls drlven through E great vË_riety of drfferent comblnatrons, in contrast to contrnuous curtr-vatlons, ù,here the Btate le kept almost constant. ThereFore,
optlmlzatlon trannot be based on models urhich are obtalned byldentlflcation of coefflcients ln linea¡ and formal system Equa_tlons. ûn the cont!ary, the baslc structure oF the process andthe most lmportant nonllnearltles must be knou,n and must Þe 1n_cotporated 1n the modeI, in order to obtain meanlngful predic_
tlons for the future, and consequently meanlngful opilrnal control
functlons. - At the aame time, process sl.muIÊtlon technlques arestrongly lnvolved in the oLFB procedure, slnce e great nunber oFslmuLatlon runs are needed to compute estlnates of the unknoun
pa¡ameters and to optimize the control functions. In contrast to
other process slmuretron apprlcatlons, these simuratrons he¡e are
needed on Iine, uhlch requi¡es extlemely fast and ¡ellable algo_
¡ithms.

The cornplete procpdure of modellng and 0LF0-control ls demonstra_
ted by means oF an SCp process in an BtrllFt tor¡¡er loop reactor.
A reduced model ls used for the cont¡ol, conslstlng of a quasllt_
near parabollc partlal dlfferentlal equatlon describlng the dls_
solved oxygen concentratlon ln the llquld phase of the reactor,
an lmpllclt algebralc equatlon for modellng the correspondlng
equatlon ln the looF, Bnd Bn ordinary dtfferentlal equation
descrlblng the 6err concentratl0n. Results of parameter ldentlft-
catlons uBlng procesB dEta snd results 0f Elmulated cont¡or. ¡uns
t¡1lI be dlecussed.
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Ab¿t:¿ct

Proceg-= model,= ånõ thÊi:. eu¿luaricn

Karl-Heinz Betlgårdt

The aim of mêthemàticèl optimizetion methods end of modern
ê]90ri thms of åutomåtic control in biotechnoLogy is high
productivity and reproducåbility of the proceEses. The þ.ernel
of åll these theoreticsl procedures is formed by ffråthemåticËr
procees models. One problem of model building iå the Iårge
model complexity - åe a consequence of the lårge cornplexity of
the pyoceg;E;e3 - ené the leckirrg krrowledge ir¡ r¡i.je areas of
meteboJ,ism.

To fulfil âlI requiremerrts of model åcÊurecy in the most
importent opereting points of the procesg, Etructured gro,¡th
models are often required. These can degcriÞe the dynårÎic: of
metðbolic regulations during trãnsi tions between different
types of metåþslism, For modeling of these effecrB ¿ suffi-
cient knodLedge of the mieroorganism,s growth is needed. This
compri ses importtsnt biochemicãl reêctionB and euperimpoeed
Þiological control loops.

One problem of model building ie, thät the extensivÈ knowledge
of the stoichiometry of metêboliEm is opposed by an insuffi-
cient knowledge of the regulation. But a suitðbl,e choosen
gtructurê of the entire moCeL cån ensure, thet sn inaccurête
model of the regulation hås only a roir¡or effect on the
Étoichiometric model.

The development of ã Êtructured måthemåtiêål rnodel censisting
of three suhmodel-= is demc,n=trated for the yeast Saccbaromycer
cerevisiae. ln cc,ntråst to the dynsrîic modele of the reËctor
ênd of metsÞolic regulåtion by induction end repressisn , the
bioJ,ogica} modeJ. of the metåbol,isms stoichiometry csn be
for¡nuleted as e nan-Lineer algeÞrèic system of equatione. The
fåtter i¡ c¿lled queËt-stätionåry reàctton mode.l,.
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Tl¡e distinct di'¿ieion af tl¡te ouer-åII nodel into åLrroËt irde-

FÊncjÊnt EUEmodei3 - the quasi-ståtionårtr reactisn rnodeL år'd

d,y'nãrr,ic rnúdel3 rLf rnetsbolic regu¡'åtion and ßf thÉ rPãctor -

re3ultE in a 3ood understanding and iderrtifiãbiiit'J of thÉ

r.'o,lrl.' The pèrårnetÉrs of thÉ gttstionåry ånd dyrarric¡I sut'-

r¡o,lelg ean then bÉ indePendently identified from cher¡ogt¿t and

E€tch exFerirnents.

For develspment t verificåtlon ånd gusntificÉtion c'f the rsåc-

tion model chemostat exPeriments are Éuited very well' It will

be demonEtrated r hc'w the most impor tarr t typez of metèt¡tl i:rn

cän be investigated by special experiments ånd how å mêthe-

mãtical nrodel carr be c,htained, that i5 ålEo vãlid ufrder 3rÛwth

limitationEioymultip].esubgtrêtes.Thepossibtetypesof
yeeÊ.t meteboliç.nr åre ãnaerobic ôr åerobie Srowth on å vårity

of gubstrèteg. The påråmeters of'the reãction suÞmodel cån be

identified' independentLy frorn dynamic effectst l^'ith a speciåI

procedure, which wês developed îot chemQståt experimentg'

Using thiE method å eignificènt reduction of the dimen-

s.iansli ty of the Pa,.aÍneter ider'tificåtiÕn ie obtairred'

The prcposed pårËmÉter identification proeedure consigtE of

twc atep9. The first step ie dåt3 reducticn ar¡d extraetion cf

eignificånt þiol'ogicål charêcteristic PårameterE by Iißeår

regression of sPecific reãction rãtes meåËured in the

experirrentE. In the secorrd Etep the real parameter identificã-

tion is perforrned Þy å simple minimization of the rûeËn squãre

devietion 4f chårãcterietic PårårneterÉ oÞtãined lYoît the

experimentE ènd the msdel. Using this rnethodt data of Ëeverel

experirn€ntË Êårt lre usÈd ãt the e-eÍfre tirñ€ f ¡r tl're

identific€ticn. Thie enEures uniquenes'- of the identified

paråmeter values. The simulåtion reËultE with the madel are

presented fcv =o¡¡e chÉrrogtåt experirôents' These 3re ¿nåerobic

ånd aerobic cultures of Saccheromyces cerevisiae on different

EubEtråte nixturÉE of glueose and ethåno]'

]-¡hen the quåsi-Etåtionåry regction rnodel and i ts growth

paråmeters are knoun, the dynãmic regulation model cån be

deueloped ånd ite Pãrãtreters cån beidentified' Far thist bãtêh

ånd chemoståt-ehi f t-exPer imen ts are useful ¡ whi ch allow a

dire-rtÉd Êtirnulêtisn cf re.lulstary adaption 6f thË ¡.,iet-!¡i¡=nr.
BuiJ.ding thÊ reåction rnodei, the ånãIysi: ãnd dÉsÈriFt¡,on of
råtr- Iirni, tirrg =tÊú._ (rntsãtËr reåÊticns) of the Src,uth iå ,/er_y
irnFortar¡t. The mùrf,er ot- metaÞor.ic regurstiún cån be f ormurãted
i n a einrple ¡(tanner åE å sy"tÊrfi of eor¡ trol lc,ope, whi ch Ère
acti\re or inèctiue. depending on the actuå.¡. operative rnåster
reåCt1on. In thege terrnsr rneny dynamic effects guch 3s unç.ym_
rnetric responseã of organisms to shift_up or shift_down
exFer imÉn ts cån Ee explai ned. To show thi s Þehåv i cur , ::inrula_
tion resul.ts of å bðtch-Ehift-Êxperiment êr¡d è fed_batch_
exFeriment åre preseBted, where the sut,strtste and oxygen
supply to the êul.ture were changed severel t¡mes.

An applieation sf the rfiodel which solves the controL problems
of on-line eell mass ãnd pãrêmeter eEtimåtion for å yeãst
cultivètionr ie presented finatry. To serve e:. a bêsis of an
Exter'ded-KåImên-Filter the complex structured growth model wàs
simplified. Besides the estimõtian of dry celL mass concentrã_
tion, two strongJ.y vèrièb.¡.e biological pèrèmters åre
estimåted. Using the ¡ôodÊl, sFeÊific reäctior¡ råtes for eub_
strates and products cèn then be cåIcul,åted on_j,ine, which
give a good sight into the running procesE. This example
demonstrates the strèightforwèrd use of the proposed model
structure. Hêthefr'êticêl ¡noders rike this cån Þe èn effectiuÈ
tool for process control

!
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fenmenLaLlons tnvolvlnS methylotrophs for sj.ngle cel1 proieln productlon'

zymomonas mobil.ls on saccharomyces cerevi.siae for ethanol productlon' and

Otherg, have been Observed ¡o osclllate. The presence of t,hese osclllations ln

a productlon environment 1s generall,y undeslred and attenpts to stablllze them

by conventlonal COntrOl,lers were unsuccessful. In ethanol fernenta¿lons or

anino acid fermentaLlons (our results) produciivlty lncreases of the order

of 5o-loof can be reallzed by conlrolllng the oxygen concentraLlon at bhe ap-

propriate leveÌ3. Hoceveì., lcng Lerm adaptaticn effeet,s prevent Lhe use of

knolrn controls for thls Punpoge. Ano¿her exanple 19 provlded by the anlaSonism

belween grow¿h and forelgn protej.n expression ln recombinant mlcroorSanlsms.

Changes by lacÈors of 50-1OO ln product formablon are possible by propenly

conlrolllngtheenvlroillenLsotha!snoHthandproduc|forma¿ionarewell

balanced. other control appltcatlons lnvolve lhe early detectlon or a fermenton

fallure due to cullure mu¡atlon on conLantnatton' (such fall'ures accounL for

?5-3)tr of all batch fermentatlons), the stablllzaÈi'on of mixed culLwes ln

contlnuous fl.oH fernentors for Lar8e volume appllcatlons such a9 ethanol pro-

ducLlon from blomass, scP producllon, e¡c.' and the op¿inal proftllnS or fed

batch neacLors for anttbloblc fermentaLlons.

Theseexa¡îpleswllldemonstrate¡hemanyraysbyHhlchblo¿echnologlcal

processegcanbebenefltedbyLheappllcatlonorpropercon¿rols.TheyHlllalso

serve as vehlctes for lllustratlng lhe brro bâslc e.lements of the conteßplated

conlrol strucLureg' nanely, (a) the ablllty Lo detenmine, on-llne' the state

of the culture ancl, (b) the ablttLy to predlct the response of a blologlcal

system to varlous lnposed envlnonmental changês' A new methodology fon the

on-llne estlmatlon of the statè of the culture Hlll be presented, Thls netho-

dolo8y 13 unlque ln lts ablllty go produce very Sood estlmates under boLh

CONTROL STBÂTEGIES FOR BIOI¡GICAL PROCESSES

Gregory Stephanopoulos

ABSTRACl

Congnol systen of blologleal processes can be classlfled ln tHo general

caLegorles. Those prlnarlly deslgned for the conLrol of the culLure envlronnent

and those almlng at ¡he eltnlnallon of culture tnstebtltlles and process op!l-

olzatlon. the flrs¿ category lncludes nether standard controls currenbly

presene ln all bloreactors, guch as teoperature, pH end dlssolved oxygen con-

irols. these controls.¡rlll be revler,ed along ¡{1th bhe control pollcles eûployed

and sensors lnvol,ved. In the same ca¿egpry also lncLuded ls the Eanlpulatlon of

the flov of subs¿rates or other groHth factor ln fed-batch fermentatlons lntro-

duced ln recent years. The appllcatlon of optlnal control theory ln the context

of opt,lnal proflllng of lhe feed floH rate of fed-bebch fermenLatlons as HeIl

as optlnal proflllng of ot,her environnengal pareneters of bo¿h feroentatlons nlll

be dlscussed.

The second category lncludes controls rrhleh are tn general systeû speclflc

and have varylng obJecglves. The need and potenllal beneflts fron auch controls

slll be lllustrabed by a yarlety of exanples eoverlng a broåd specgruü of

blotechnologleal appllcaclons, both tradlttonal and ner{. For exanpl€, lnportant,
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ter icat in the chnical dussteady stale and translent conditlons and Hlthou! maklng use of any nodels for

the processes of groHth and product formatlon. The methodotogy nakes use

of avalLabLe mlcroscoptc and elemental balances and esLination-ftlt,erlng lheorles

and produces a varlety of addltlonal lnforma¿lon lhnough the Lngense nanlpu-

Iation of aLl presently avallable on-Ilne neasurements. The lnterfaclng of

such "lnte.Lllgen¿ sensorsrr Hi.th system behavlor predlciors ln an lntegraLed

control struclure Hlll also be addressed.

I9lgra A. Falch, Fermentation Technology R & D.NOVO fndustri À/S, DK 2gg0 Bagsvaerd, öenmark

Numerous methods for_ the application of computers formonitoring and control of biôiechnological pro.""""" n..,r"been published in the last ZO years. During most of thisner jo!, however, l-ittIe r^¡as Ërror., about whether thesemethods were actuaLly appJ_ied in industry. This situationhas changed. Since 19gl several reports have beenpublished which clearly demonstrate thãt computers u."basic elements of most ðontemporary control_ systems.
The acceptance of computers in the biotechnical industryhas been supported by the significant progress which hasbeen mad.e during the l-ast fãw years in õeveral- fierãs,system configuration-, hard.ware-, sensors, programminglanguages, control modeLs ana atgåritims.
The_ early computer-based systems appl_ied supervisorycontrol schemes, an-d the sy.le.s ,..Ë ^ b_.k"d- ;ï-;;;i;sconl-rol"ìers and hard-wire<t sequence co¡¡troLl_ers. -À 

modernsystem uses direct digitat ðontrol- and is conposed. byseveraL computers in a hierarchy. The tu"L" -""ã- tñ"process units are distributed on èontrol computers whichcan perform most fu.nctions independently. A high a"jrã"of redundancy is buitt 
. 
into the -"y"f.* 

Ëoth witÉ ."=i-"tto computers and communication finfs. Such a configuraiionfulfiJ.s the demand to reliability which is the decisivedemand to an industria.L control sylstem.

The hardware has not only impròved with respect to speedand memory size. Tociay Uãtfr the computer and theperipherals are constructed to perform very reliable ina pLant environment. In addition, the etexiU-itity ãt-._ãi,conponent has been extended.

À new generation of contro_l languages has replaced themachine-code programming of the -eaity systems and alsothe -high-level languages of the 1970is. -The progr"*Ãingis done through a iitf-in-the-blanks procedure in ageneral sequence language covering al1 aspects of processcontr.ol. The programs are easily undersCood and ãppliedby the- plant personnel. The ,ðqr:".,"" controLLer whichis used for batch and continuous contro]. as r.rerr as forcalculations is combined with program packages eo. ,".ifå
l:t1t_t:n:^j_.,p^o-r_ting, and data äoliectión. rhe programrniig
9: tne complete system is done on one centrãl õomputeithrough the use of advanced editing facilities 

""d-;ia;the ability to load new and modified programs on_Line.
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There is still a great demand for the development of
reliable on-line sensors for the key variables of
fermentation processes. The most important advance in
the last decade has been the improvement in off-gas
analysis. The application of mass spectrometers h.:
incrãaseil the speed, the accuracy, and the stabitity of
these measurements. This is today the most valuable tool
for determining the state of growth and product formation
in a fermentation process. The measurement forms the basis
for the control of nutríent feeding and aeration/
agitation.

Much work is being d.one now to adapt automated chemical
analysis equipment to act as on-li-ne process sensors'
Progiess haè been made, but industrial applications are
few because of the lack of reliability under plant
conditions. However. automated analysis with a response
time of 10-30 minutes may serve as a valuable aid for
control in an open-foop scheme if a suitable process model
exits. several examples of such applications have been
indicated.

In a case story from a production plant
made above about system design and
systems htí1l be documented.

some of the points
about programming

Trro trends for the future of control of bioprocesses are
seen. Tire first trend is an extensron of the development
from the control of single process units to an engineering
optirnization and further to an economic optimization of
t-he process. vlork is in progress to develop plant tttq
businLss management systems covering multiple pLants and
observing several months or even years.

A second trend in the application of computers is tt¡e
use of self-tuning control].ers and expert systems to
replace or to compensate for the lack of detailed Process
anã plant models. Both of these trends hold promise for
future applications in the biotechnical industry.
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SCÌ.{E TOPICS ON COMPUTER,-ÀIDED OPERÀTION OF BIOCHEMICAL REACTION PROCESSES

Suteaki SHIOYA and Takeichiro TAKAMATSU, Department of Chenci.al
Engineering, kyoto University, Kyoto, 606 JAPÀN

The usê of computef control of femenÈers has increased significantly
in recent years. computer control makes it possible to ¡chieve advanced
operation not only in plants where the economic advantages üe more
obious, but also in research laboratories. Ttre computer provj-des fast
an¿l efficient data aquisition, ability to monitor æd control experimental
conditions, and flexibility in the operation of the fermenter.

In the presentation, sonre of aspects of computer-aided operation of
biochenical reaction processes wiLl be shom. Especially. topics will
be focussed on the controL of the specific arowth rate in the baker,s
yeast fed-batch culture.

FirsÈ, an advanced æntrol systen which util-izes a simple mathematical
nodel and a PID feedback contloller, including autqnatic parametet
tuning, was devêloped for a bakerrs yeast fed-batch culture. If the
sugar feed is low, thè volmetric productivity of a cell nass wiII not
become maimun. On the other hand, if there is excess sugar feed, the
sugar accwulation in the mediun will pemit ethanol production even in
the presence of sufficient oxygen. The objective of the control systêm
is to maintain a maxi:¡m feed rate of sugar without ethanol production.

If there is no ethanol production, the ethanol concentration does
not chenge. Then, the ultimatê 9oa1 of the control system is to maintain
the ethanol concentraiton at a constant value in order to attain maxi¡u
volrmetric productivity anal cetl yietd.

The cel-] concentration increases renârkably during the cultivation
process. Then, the problen of parameter adjustment of a pID controller
with an íncrease in the cell concentration Ðd a sudden change in feeding
condì-tions, such as pwp capacity an¿l input glucose concentration, ¡nust
be considered when constructing a successfuL controÌ systern for fed-
batch cultures. Ttre developed control syste¡n was given as a combination
of the exponential feèding an¿l the PID control of the ethanol concentration
The paraneter of the PID controller should be changeal folldring the
increase in cell concentration. finally, the parameter of the pIÞ
controller was tuned autonatically based on the given function of the
cell concentration in the feealing nedium. The adva¡ced control algorithn
proposed here .IÍas shown to be valitl experinentally.

Second, the results obtained here was extended to a practical and
useful computer control scheme so that a state variable or a key parametet
will as accurately as possible follow a desired profile specified in
advance. For example, by the control scheme the specific Arorr¡th rate
can be followecl not onLy the maxinr¡m consta¡t value but also a given

by
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æbitrary profile. Ihe control scheme called "Progrme-controller/
Feedback-æmpensator(PF) systm", was proposed, Tt¡is control systm
consists of a programed controller which shoultl follow the ¿lesired
profile unlesss there is noise o¡ disturbance, and a feedlback compensator
which shoulcl compensate the disturbance and the noise. As the fee¿lback
compensator, the l.lodel Rêference Adaptive ContloI(MRÀC) algorithm was
also proposed. The PF systãn with I'IRÀC v¡as narned PF-MRAC in which the
second terlll, MRÀC means that the MRAC was used for the feedback ccnE)ensator.
A classical PI feedback controller was also adopteal as the feedback
compensator, anal the whole control scheme lrith PI was næed PF-PI. PF-
MRÀC and Pr-PI wêre appl-ietl to the profile control of the specific
growth rate.

Nwerous conputer sinulations verified the usefulness of the
proposed control system using an experimentauy identified nathenatical
model. PF-MRÀC was better than PF-PI for controlling the ertor of the
specific Aro\rth rate deviateCl form the desired profile.

Finally, the proposêal profile control of the specific growth rate
was realized experinentally in a bakeris yeast fed-batch culture. For
this, the specific growth rate itself must be observed or estimate¿l.
For the range of 1ow ceLl concentratiÕn, the cell concentraÈion can be
heasured by a type of turbidity meters, such as lJv-photospectrometê!,
which was usecl in our speriment. Ànd the specific Arowth rate can be
estjrateal using the obsewed ceII concentration. !.or the range of high
cell concentratiori, there is no practically available senso! for cel-1
concentration wit¡out silpLing and tliluting. Then, a¡rother technique,
e.g., the nacrosc.opic balance based on the off-gas analysis r¡as used for
the on-Iine estjration of the overall growth rate. Using the !ate, the
specific Ar.owth rate was esti:nated by the extended Ka1man filter.

The e:çerirnents were perfomed using a microconputer couplêd laboraÈory
scale fernenter. And the results showed that the esti¡at.ion and control
scheme were suffíciently useful forthe profile clntrol of the specific
grosÈh rate.

COMPUTER BASED MANAGÊMENT OF BIOTECHNICAL PROCESSES

Àndrea Holmberg, Rintekno Oy, P.O. Box 146, SF-02101 Espoo, FinlanC

Technica'85
Hannover

Fermentation processes have cerrain specific fearures, which also
influence the requirements on computer conrrol sysrems. ln some
respects these differ from standard automation s\srems applicibte
to chemical processes in general.

The following features, which are typical tor all types of bio-
technical processes, strongly influence the properries required by a
computer system.

- Batchwise production

- Comparatively slow process dynamics

- Recipe based operation with different sraBes such as charging,
sterilization, inoculation, fermenlation, harr.esting etc. which all
have their own control protrams.

- Important to store historical data for later use.

- Laboratory analyses also to be stored are received with big
delays sometimes when on-line operation is terminated.

- Lack of on-line sensors limits control possibilities, puts require-
ments on estimation algorithms.

- Production of pharmaceutical products se:s srricl requirements
(GMP) on documentation and logging functions.

- Contaminations appear easily, may spoil whole batches.

- Reproducibility is difficult under manual condirions. small devia-
tions in environmental conditions inlluence resul¡,

The products and raw materials are often very valuable.

The differences between laboratory, pilot and production plants
are often diffuse.

The whole range of fermenlors may eiist in the same unit and it
is an advantage if all types of fermentors and also down stream
units can be connected to the same computer slstem.



ffiilm
Technica'85
Hannover

ffimm

-)

)

Technica'85
Hannover

The importance of certain features is, however, dependent on

whether the system is to be used in laboratory' pilot or production
scale plants.

It is, however, often difficult to clearly distinguish the different
plant types as production of certain products may take place in l0 I

iaboratory fermentors. ft is therefore an ideal situation if the same

basic computer system can handle all types of fermentation pro-
cesses and differences only are considered by choice of subsystenr
consisting of process interface and controllers.

The following table gives a rough classification of cerrain features
in research þlants on the one hand and production plants on the
other hand.

Research Produc¡ion

The overall comþuter-based management of biotechnical processes
requires a flexible system which can handle several different
process units running experiments with different recipes at the
same time.

Figure I shows a scheme of the different stages of fermentation
processes from the point of view of data file processing. The
on-line operation stage includes all the different iermeñtation
staSes.
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Figure l:Scheme of file treatment during a fermentation cycle.

By utilizing a computer system with a clear data f.ile s¡rucrure and
sufficient mass storage, extensive documentation in accordance
with CMP-requirements, but also suitable for scientific purposes,
can easily be obtained.
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RECOVERY OF BIOLOGICALLY ACTIVE PROTTINS

Maria-Regina Kula

GBF,6esellschaft für Biotechnoìogische Forschung mbH., Mascheroder I'leg 1,

3300 Braunschweig

proteins are linear polymers composed of 20 different amino acids. The

exact and unique sequence of the constituent amino acids determines the

foìding of the poìypeptide chain to a more or less globuìar form with a

defined surface and also the specific interaction of such subunits to a

functional ent.ity, which may contain several identical or nonidentical

polypeptide chains.

The physiological or catalytic activity of a protein depends on the integrity

of such complex structures since the specific interactions with receptors or

substrates occur ln molecular dinensions. This fact has two consequences:

1. The biosynthetic machinery of living cells is needed for the industriaì

production of proteins, since a chemical synthesis lacks the necessary

precision and economy.

2.-The native structure of biologically active proteins must under all cir-
cumstances be preserved (or restored) during isolation and purification.

This makes the task to separate one desired protein from a conplex mix-

ture in general quite difficult and limits applicable environmental con-

ditions and exposure time.

The degree of purification required for a given protein will depend on its
ultimate application. t{hile technical catalysts require only certain en-

richment and absence of few interfering enzymatic activities, a considerably

higher purity is requested for enzymes employed for analytical or genetic

engìneering purposes. The highest specifications have to be met with pro-

teins for therapeutical use, especially those which are lntravenuously

appl i ed.

The general scheme foììowed in the downstream processing of proteins is
shown in the fig. The methods utilized will depend on the scaìe .of
operation. l'lhile in the laboratory methods of protein purificâtìon are
developed to a high degree of sophistìcation and perfection, there are con-
siderable gaps in biochemicaì engineering studies of the unit operatìons
involved and probìems encountered in the processing of large amounts and/or
volumes in industrial scale.

In general, the isolation of a single protein from a complex mixture of
essentially simiìar molecuìes requires more than one step. In order to
achieve high yietds the number of steps has to be reduced and the efficiency
of the single steps improved. Modern developments lead to an integration
of process steps. Advances in membrane application, ììquid-liquid extrac-
tion, continuous processing and automation of various unit operations are
fields of active research and increasing importance in downstream proces-
sing of bioiogicalìy active proteins.

precl pì -
hnol. 26
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Figure 28.1. Florv diagram and common operations in downstream processing of proteins.

M.-R. KULA¡ Recovery operations in Biotechnotogy, Vol, 2, p. 728 (H. J. Rehm and G. Reed, eds.)
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ENZYME ENGINEERING

Greg l{lntet

lledical Reeearch counctl Laboratory of üolecular Blology' llllls Road,

Cambrldge, CB2 2QH' England

Enzynes end other Protelns such as antibodles, can ûorJ be altered

to ordef at the level of the gene. T'trls pemlt6 structure-functfon

Btudfes of the roles of indlvldual ¡esidues ln the catalytfc mechanl'so'

substrate btndlng and large nolecular interactions' For example, Ln

Èhe enzyue tyrosyl tRNÀ synthetase, mutetfon of varl"oue eurface lyelne

anil arglnLne residues hae allo¡¡ed the EaPpfng of the path of the tRNÀ

acroaa the aurface of the aynthetaee. Ilortever, ae well as euch

acåd.erLc appllcatlone, thtð technology Day pernLt the taflorlng of

enzynea for lndustrial or nedLcal use. Already lt hes been Po881b1e to

construct an enzltme wLth inproved afffnlÈy for aubatrate, and an

lnproved catêlytlc rate, to desfgn an oxidatlon reafatent proteaae

lnhlbftorandtoJolnanenz)¡'metothevarlabledooalnofanautlbody.

The rationale deslgn of Lmproved enz)mes ¡¡f1l be revfe¡¡ed'

Reference

c. lllnter anil A.R. Fersht (1984) rrEngLneerlng Enzymesr" Trende Ín

Btotechoology 2, 115-119.
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Ethanol ProducÈ1on by Imobllized Ce1ls

I{ldekatsu I'AEDA, Fernentation Research rnstítute, Agency of rndttstt [aL seience
& Teehnology' Ministng of rnteznationaL ?z,ade & rndtßtrv, Hígashí L-L-3, ïatabe,
Tsukuba, fbatakí 3e5, Jøpøt

Goroh oDA¡ Research Assoaiation for pet?oLeLîn ALternat¿Ðes DeÐeLopñent(RlcÞÐ),
Uchikanda L-4-2, Chiyocla, Iol<go l.:OL, Japant

I'tLth respect to ethanol fermenÈation, the baÈchwj.se feræntaÈion process ls
still" do''nanÈ Èoday. However' ln older to produce fuel arcohol more economicarly,

't 
ls necessary to atÈaln much lnproved productr.vr.Èy and reduced nanufac.uring

côst ln cooparlson wtth the conventionar process. For these requrrements, severar
processes such as an yeast cell recycring systen and a fl0ceulaÈed celr sysÈem

have been proposed. RApaÐ organlzed under the ausprces of Hinistry of rnternatlon-
al Trade & rndustry of the Japanese Govern'ent decided to deverop 2 klnds of con_
tfnuous fermentaÈion processea uslng lmobillzed growrng yeast cerrs accordlng to
the recenÈ deveropmenÈ of fmobillzed. cell cechnorogy. one is the process using
the lmobllLzed yeasÈ gel prepared by calciun alginate. Another ls the process

uslng Èhe lmobiltzed yeast ge1 prepared by a photo-crossllnkåble resin. The baslc
research had been already done and the research on the pflot prant scare has been

carrled ouÈ now. For large-scale productron, the following shourd be satrsffed:
1) good conversfou yleld by contaalnation preventlon, 2) prolonged vlablllty of
the lmoblllzed carrler, and 3) pracclcaL operablltty during the innobillzatlon
å!d fernentaÈfon sÈeps. Those results are descrlbed ln thls paper.

(1) lhe proceaa equiped wrth fmobrltzed yeasr cerls eùtraped by carclun argr.nate
gel

Saeeharornyeee ceyeuísiae was used as the

yeast. The contlnuous preparation of lmobl_

llzed cel1 beade sas carrled ouÈ by Bhowerlng

drops of sodlun algfnate aolutlon containlng

live yeast celle frou the Èop nozzLe lnto

calclu chlorlde aoluËfoû Ío Èhe reactors(Ffe.1).

B2o
YeâsÈ
culture
broth

CàCI2

soJ.uÈion
Mixture

Cells

Flu I Prepætion c¡{ ¡mmbilized ycd ells.
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lhecontentofsodlumalglnatelnthenlxtgrewasflnallyadjustedt.a3-4z.The

preparaÈlon of cell beads was conpleted wÍthln several hours' No special equlp-

ment was needed for Èhe preParation of the beads'

ASaresulÈoflnvestlgatlonstoprevefiÈmicroblalconÈamlnatlon'itwasfound

thåtcontaElnatloncouldbeeffectlvelyPreventedwhenthefnl.tla].PHofthelnlet

subsÈrate solution sas kept at 4.0 wfth sul-furlc acld. Tlìe addltlon of sooe bâcÈerl-

clda!- substances was also foud effectfve. so, the Process became operable w1Èhout

aterlltzatlon of the lnlet redlm. sterol
Na-A19inate

The process flow as shosn ln !19' 2 was

enployetl 1n pllot operaLlons. Thfs pllot plant

was composed of two reactor charmels' One

chamel conslsÈed of Èl;o colums(each L kL) ln

serlea, and the other channel consisted of

three colums(O.8 kL for one and 0'ó kL for

the other two). The total colum volure wae

4 kL and lhe total Productlvlty was 2.4 kl,
Ft@ 2 Præ6flosd¡¡8ffi of thepibt phntolEr¡tbn'

ethanol/day. As a ¡esu¡-È of the pllot Plant

opeÌatlon' 8.5-9.0 Z(v/v) ethanol waa consÈantly produced froú dlluÈed caoe molae-

ses for over 4000 h (ca. stx mnths) as shom ln Ftg'3' T1re ProducÈ1vlty of e-

rha¡ol rrås calculated as -ca. 20 8/L ÈoÈal volue/h(33 EIL geLllr.) ' rh18 Deans Èhst

600 L pure eÈhæo1 le produced each day by uelng a l-kl, collJm resctor'

Technica'85
Hannover

(2) The process equlped with imobtlized yeasÈ cells entraped by photo_cross_

lfnkable resln

sacchaxorngcee epeciee was used as the yeast. The photo-crosslinkabre resln
as shoçn fn Fig. 4 was abouÈ 310 Å long and the chain pollmer was composed of 65

z polyethyleneglycol nolety and 35 z polypropyleneglycol noleÈy, ïhe lmobilized
yeast gel was prepared as follows.

The mlxÈure of 40 g photo-ctossllnk-

able resin , 60 g yeast suspenslon and

very snall amount of benzoyl peroxlde

wae spread on the plastlc aheet and

was exposed. by 1lghÈ of 300 to 400 nn 
Ffgure 4 structure of photo-crossl'lnkable

resln
Èo produce Èhe yeast sheeÈ of 0.8 to 1.0 m thfckness. The yeast 6heet was praced

parallel to the flow dtrectton of the substrate solutlon. The process flow dra-
gran of the pllot planÈ ls shosn ln Flg. 5. F1g. 6 shows Ehe record of the p110È

Yeast

l{o lasse s

Ait
WaÈer

Fementor planÈ operaÈlon, coverlng about 3000

hrs. Thls flgure verlftes Èhat the

lmobl"1lzed yeast used Ln this pro*
cøth@llrlffiú

Figure 5 proceaa f1"" d;;;;lr""or,ar.r"o'" 
cess Yas able to Ealntå'n stable a-

ethanol fer¡nentatÍon cÈ1v1ty for long perl"od and thaÈ

coutaElnatÍon was able to be almoat coupletely controled by very low concentration

of eodfuo netablsulflÈe under non-

sterlllzed fer¡nentaÈlon. The cell con-

centrâtl"on, flna1 ethanol concentration

, yLeld on 6ugar, ferænÈatl.on tlne and

the productlvlty were 4O glL, 8.5 g/fOO

ûL, gS Z,5 hr and 11 kg eÈhanol/r3.hr,

reepect{.vely. ñ tm rm
th t{.1

Ffgure 6 Pl1ot plant Èest wlthout ater-
l1lzatlon of the lnlet redluD
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ANTMAL CELL CULTURE tnctudfng HoNocLoNAL ANT¡BoDY pRoDucrroN

R. E. Splêr,
Pro.f.ssor o+ Mlcroblology,
Unlverslty of Surr.y, U.K.

-' Animel cerr curtures are o+ten regarded es being dinficult to
achieve eñd expensive to produce. The reåsons given.for such vtews
include:-

,. anina¡ cel¡s are +ragite and breek down when exposed to the
technologies o+ the fe¡menter or other pnocessfng equipmentr

2, it is dif+icult, if not impossibte to run lage scåte cultures of
aninal cells +ree fron exogènous contamlnatlon,

3. the cost of the serun Hhich is necessary for the growth medlum
for animal celts prohiblts the more generat exploltation of such
systems,

4. the ¡åck of e chemicålty defined medlu¡n means thåt lt is
di+flcult to reproduce the ef+ects achieved tn one run on the next¡
supposedly identlcat, run,

5. naterials produced +ron enlrnal cel¡s in culture nay be
cãrclnogenic because the Fropertfes of ruch cells fs Buch that ln
order to flourish tn culture those genes trhtch Froduce transfornlng
factors ere ectlvated which means th¡t product3 +ron Buch cal13 ney bê
contaminated wtth putative tensforntng egents.

while nost of the coñtentfons outlrned àbov€ may håve Eeened to be
importent in the L9éO,s and even lnto the Lg?O,s, the preBênt
s¡tuåtion of{ers evldence to reverse the tradttlonat vfews, tt f¡
now relatlvely comnonplace for ånlnet cGll culturê3 to bG run rt
scal€s of C}rooo lltres ln stirrcd tank reartorË. such systens are ln
use +or the production of alphå-lynphobtastold inter+eron +rom Nama¡r{å,
celts and for the productfon of Foot-rad-Írtouth dlrease vaccfnes. Thcra
f3.n active progran for the devclopr¡ènt of ¿rlr-llft farncntar ¡yrtelrrr
for the productton and cxp¡oltâtton o+ hybrtdoloa ccll ltnÈ¡ prðduclng
nonoclonal antlbodles .t th? trOOO l¡trG ¡crl.¡ r drvctopmeñt ãhtch
could lead to slnller typee of ra¡ctor3 opanatlng rt ¡ca¡.¡ of lorooo

I itres or nore' such activities, in the stringent environment of the
:;li"::::1,"::il:=".,", 

demonstrate with c¡arity thåt the conrention
For eàch of the =":::,:":; ::::.-::,':.:":::;:=":::=, :":^:, îll]""o0,".reàctors have been'hardened' to the environnent of the oro""Jìao" o"å pnogram of se¡ection and phenotyptc adepation ahd weaning.

Less demanding cett ådapation processes have been used to obtàince¡l.culturBs which requine soLid surf.
the techno¡osy for =".;----r-::':-:"tl"tts 

ro¡ thetr srowth' Asain'
nadicatly trans+on 

such systems haE' during the last 10 yeers, beenmed. lalhereås the tnåditiona¡ system of choice fonscale-up hes been to increase the muttipl icity of units, (normal tystatic or ro¡lin9 bott¡esl, the àvaitebility of e number ofaltennative technol
¡areer sized unit j:::::=':;=::::. "":;':;::::: ::".::;::^i;."::: _.the ttooo litre scete for the production of porio vaccine +nom veroce¡ls gFown on the Eunface of microcarriers held in suspension in astirred tank reactc
printed, that in 

"J.:":":::;,"ï,::ï:':"::ï:::,'::';:":::lo,n "simllar system at scates of bet¡{een S,OoO to ZOTOOO ¡itres.

The langè systems referred to abovè would be unecononic Here thèyto rety on the use o+ foetal cåt+ serun (costing about fgo to flOO perlltre) to e concentratton of up to tot of the medtum. Retherelternatfv? serå càn be used Hhich åre more thån en orden of magnitudetèss expensfve. (Adult bovine senum can cost as ¡ittle as f3_to perlltre whtle newbonn cetf serum is more expensive, A +urther featureof the use of adu¡t sera ls thet the pnobabltlty of a viralogtcå¡ ormycop¡esmic contami nat ion due to improperty .or".a"o-o. 
-=;":ì 

r r."oserum is dècreasèd conglderàb¡y. Serum contåinlng medte are not anecessery prerequisite for fully transforhed cells. lìlonoclonalåntibody producing ce¡ls are ñedè from etther the fusion o+ e ful¡ytrån.fo¡hed cerr Hith an uñtrans+ormed åntibody producing ce¡t o. theycan be +ormed by the Epstêln_Bar virus ceused trens+o.metton of ã,nånttbody pr.oduc¡n9 ce¡t. tn Þoth cases it is Þossiblè to grow suchcelrs in rîedrå whfch are not suÞplemented H{th HhO¡e eninå¡ serum butHhlch are nade up fron a def¡nab¡e basal
s r np r e and senera¡ r, ;;, ;." ;,';"; 

", ;;:."',ï: ;::"::: 
t:i:;.:= 

ï::: ; ;;:,trân3+errtnr sctenturn å,nd c.rtatn un¡alurrtcd free f¡tty actds.
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It is not unusual +or the technology which hes been used for thecultivation of eniñåt cetls to be somewhat åheåd of lts counterpart
technology in other areas o+ microbial biotechnotogy. lhe use of emicnoprocessor in the authors raboratory for the interactive set point
control of analogue contro¡lers may be cited ès e case in point. Itwould also seem that present developments in the wey in which
concentnated cell systems ere handled in the enima¡ cell aree mäyprove heuristic to microbial biotechno¡ogists in othen årees. Whi lethene ane many exåmptes the use o+ gels to provide a matrfx lor theimnobilisation of a Eide renge o+ cetl types (yeast ã.nd a¡gae as wel¡ås animål cel¡st there åre re¡atively feH reportE of thê use of
tråpped cetr systems rrom arees other than those of the aninå¡ ce¡tbiotechnorogists. such trapped celr systems have been used for theproduction o+ monoclonal antibodies and at present there is â fiercecompetition between the proponeñts of microsphere entrappment systènswith the alternatives of entreppemt on the.shell side. o+ e capÍltary
bundre or between the decks of prenår membrenes herd in a stacked orcessetted +orm.

From the considerations descnibêd åbove, it ls reasonabte to
conclude that much o+ the mytho¡ogy of cutttvating ånimar celrs hå,5been nisrounded. The technorogicer probtems have been suFrnountêd andconttue to provide opportunities for exctting new concepts anddevelopnents. lrledia problens are atso succunbing to systemattc
effortg at årrlvtng at en tnexpenstve and retfèbte ftuld tn Hhtch togrow anirnal cel¡s. One cån even report progress on the ¡{ey in Hhichthe products of animal cet¡s are vtewed by the regu¡etory agenct.es.
understending hte mechånism of cerr transformation and the rêrations
of thrs phenomenon with oncogenest retrovtruses and growth factors andtheir reccptors Hitl in the future tead to an incrcðEe tn ouF åbi¡ttyto use åntma¡ cetts for the beneftt of alt.
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