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Figure 91121 Catalyzed resolunon of amino acids. fErom £ Tova, T More N Fuse, and 1. Shibata,
Enczvimologia, 1ol 31, p. 225, 1906}

9.12 Optically pure amine acids The process developed by Tosa o al (“Studics on Continuous
Ineyme Reacters 11 Preparation of DEAE-Cellulose Aminoacylase Columns and Continuous Opu-
cal Resolution of Acetyl-dJ-methiomne,” Enzvmologia. 31, 225, 1966) can be represented schemati
cally by Fig. OP12.01. Assume for the moment that 1, is independent of pll. The nitial racenic
amme aad solutton s acetylated by reaction with aceuc anhydride. the 1-aminoacylase column
reverses (he acetylation reaction for the -amino acid, which is then crystallized in alcohol solutions

() Assume that the initial amine acid concentration is - K. develop an expression for the
fractional [-amine adid conversion achieved by the enzyme column n plug flow Repeat including
axtal dispersion,

() The racemization reaction may be taken to be dirst order reversible, so that the rate 15
PrOPORLIONal 10 ¢4y soqm0 § - Where e i cquilibrium 1 acid level for the solution. [T 90 percent of
the 1 aad and 1 percent of the » acid is removed in the wet-crystal stream. along with 10 pereent of
the enterng aqueous phase, what racemization CSTR volume s needed (o achieve 95 percent ap-
proach to equilibrium?

(¢} The enzymatic deacetylation siep releases acetic acid into the solution. if the pAs Ieading o
enzvme deactivation are phy,  5Sand ph. 8, what entering pll would give maximum conversion
fora 10 3L 10 * A or 100 ° 3 feed midure? (Assume plug low ) State vour assumptions clearly
9.13 Digestion of insoluble substrates As an example of processes involved with digestion of particu
Jate substrites. the following unmit-operation sequence for yeast growth on newsprint has besn sug
eested muchanical erinding. acid hvdrolysis. medium neutralization. addition of addinonal minor
nutrients for veast growth, yeast fermentor (acrobic) vacuum filtration o separate hywid from cell
sy

(1) Sketch the flow scheme above, dicating by arrows points of addinion and by circles cach
unit operation. Indude solids conveyers and liguid-pump locanons where needed

() Trom any human physiology test, sketeh the human food-digestion progess e a simlar
[HEHTS

(e} Wionics s the study of natural systems with an cye toward development of syntheuc analogs
Discuss similarities and dilferences between proceszes (@) and (0 Thow might you design o solids
handling scheme Tor part () using e “conveyer” type in past {hy”

904 Cell maintenance: washout st small $ For some populiations. i mimmum lesel of substrate may
e needed to achieve a pontrisial steady state. As an exsample, consider the syatem with Kinetics of the
lorm

e BN [ IFTICAN
i k.v r

Kot L ALt
Assuming that the design basis underlying Prob. 910 is vahd

(a1} Show that at substrate level below &, K, (., &) the only steady state in a CSTR system
w0
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Gy, 050 LA, 02eL k. 01bh ‘land ¥, 06y cell ¢ substrae, plot ¢ didy
i« and prove by direct solution of the above equations that dx dt 0 for low s and for D >
D {washout).

(¢} Determine the stability of each steady state to small pertuchations,

9.15 Whey fermentation The fermentation of whey Lictose to lactic acid by Lactobaciliom bulyaricus
atd4 :l;llj pH 50 has been observed o it the model of Luedeking and Piret [Fq (793)] provided
the followmg modificatons are made:

Jl
1. The maximal growth rate s n,m,(l . l

P gt OB L pg BUaaep s 3BT,
fiee  LIN 'open, 430 atp 2 387,
1. Parameters for continuous fermentation are: « - 2.2
b 02h !
Y OBK g product g substrate
A, S0mgl

() Write down the cquations for s, o and p in contmuous fermentation

by Assunting steady-state behavior. show that at a total reteation time of 15 h, two cqual stages
are better than one, but theee produce essentially no further mprovement in the reducton of sub-
strate lesel. Ts the same result true for biomass 7 (€ onsider the cise s, SO0%, v, po B

() Keller and Gerhardt (*Continvous Lactic Acd Fermentation of Whey to Produce 4 Rumi-
nant 1 eed Supplemient High m Crude Protein®™ Biotec I Bioeny . 17. 997, 1975) note that when 5,
is Jess than § percent. product nhibition is not particularly strong. thus argumg that “from a
practical standpoint...., cheddar cheese whey 9, lactose, 0.27, lactic acid) might be fcr}uculgc.l
adequately in a single stage fermentor, whereas cottage cheese whey (58°. lactose, 0.7 7, lactic acid)
henetits from an additonal stage”™ Mustrate the magnitude of this benelit by repeating part (h) de-
sign using v, 3ETLop, 077

(h) Lhese authors also pomt out that addition of sugar would reduce (the amount of water
which 1t would be necessary (o remove o get 2 fived mass of product. How would sugar addition
affeet i reactor design striegy?
9.16 Staged fermentations: hydrocarbons Lt us suppose that you have the baich growih cune for
the hydrecarbon fermentation described so vividly by Mimwra et al. i Sce, 88 In Prob. .11, sou
idcmi'liul the probuble controlling resistinees of each of the fermentation phases ohscr\:cd. Your
company has decided (- your abseneed 1o seale up (s fermentation by o tanks e series, \\'Ilcrv
n number of tanks  number of distinet cell-bubble-subsirate configurational phases reported in
Fie. 8 14 For cach phase. write down the controling resmstaneets) and discuss quantitatively how you
would scale the reactor volume, power inputs, ele. to obtan 4 scale factor of 3000 from laboratory 1o
Process units.
9,17 Penicillin fermentation Fhe results shown in Fig. OP17.0 were obtained frony a Penicillivn ('f]:l"l
soegennim fermentation for peniallin production. Phe cxperiment was run ina well-stiered ten-liter fed-
batch Fermentor. acrated at 02 VYA (gas volumes per fermentar volume per mmute). The growth
and produgtion medivgn contained nitiadly (n grams per hter)

K11 PO, 300 Na SO, 09: Mgk 025 MeSO,-H 0. D05, Glucose: 100 NIHLCL2 '
2 Iy addition, glucose was fed continuowsly and NI, OH was used for pt control Benal pemathin
has the Tollowmg formulia. C 1, 0N Oy5, )

() Txplain the profiles for cell mass, penicillin. plucose and INEL, i this fed-batch fermentation.

(h) Notice that very unespectedly. the biosynthesis of pemcillin came to  rapid balt cven
though (his organism has the capabiluy for synthesizing live umes the amount of penicillin actumu-
lated ot the poant its syathesis ceased. As chiel trouble shooter for Antibiotics Unlimiited. 11d . you are
requested 1o solve the mystery of why penicillin synthesis stopped.
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Figure 9P17.1 Time course of a batch penicillin fermentation.

9.18 Cyclic batch aperations [t is difficult to administer continuously tow, controlled fiquid feed rates,
whercas the comparable perjodic stepwise addition of substrate feed removal of fermentor NMuid is
casier, Suppose microorganism growth is limited by a single substrate in a Monod fashion, and that
cell growth is proportional to the time rate of substrate change. At time = 0, the fermentation is
begun (negligible lag). At time ¢, a volume V| is removed from the fermentor of liquid volume ¥, it is
replaced by an identical volume of fresh feed at concentrations,.

(a) Show that at time t (before volume removal), the substrate concentratien s is given by

P Ty [ E S B gl
- n = n| — | = pat
{xg/ Y)Y+ 5, Xo/(Yso) | (x0/Y)+35, |sg U

(b) At time 1, the volume V, is removed, now feed is added, and the process repeats. Evaluate
Sg, Xy in terms of 5, x, from this volume operation.
(¢) Then establish that the substrate utilization cfficicncy

=G, =55 =1~

1 f"; (enll’rnl’|’l;¢fl.[l oo ¢]a,‘x. — I)—l

where ¢ = V, V.
(¢} As ¢ —~ 0, show lhat this cfficiency becomes identical with the continuous culture result
K,
=l ————
selpaV/IV )~ 1]

where ¥1/17, is the reciprocal dilution rate.
(¢} Show graphically that at 5, /K, = 1.0, finite values of ¢ (discrete operation) give higher g
vilues than the continuous rezctor il {u, Vi/V ) > 4.

9.19 Fluidized bed tissue culture It is proposed to produce lissue cullure biomass continuously on
nonporous beads in a fluidized bed (Fig. 9P19.1). The proposed Nuidizing nutrient liquid moves
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Figure 9P19.1 Fluidized bed microcareict bioreactor for tssue culture.
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Figure 9P19.2 Production of celi number and viral titer vs. time. {(a) ¢, (cells attached at ti.rnc t)fecq
(cells inoculated at time ¢ = Q) vs. time ( 75%, O, saturation; ------ 54 O;: sra.lurallon)..(h)
TCID,, (= virus dose yickling 50 percent tissue culture infection dose pul:rjmih.hl_c.r) vs. time
( 13 x 10* cells/millikiter initial ccll concentration; —-—---3.5 x 10° Ccﬂs;ml"l]llcrTnllAlill‘ cell con-
centration). [ Reprinted from A. L. van Wezel, Microcarrier Cultures of Animal Cells, in * Tissue Culs
wire: Methods and Applications,” p. 372, Academic Press, Inc., New York, 1973.}
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upward, passing out of the reacter through a screen to retain beads, and then through a pump. The
choice of beads with (py.s — fi.0) small allows operation at a low fluidizing volume rate and usc of a
pump which does not damage the macromolecules i the nutrient medivm. For liquid fuidized
reactors, assume that the liquid moves in plug flow while the beads are perfectly mixed and distri-
buted throughout the reactor. Beads passing over the exit funnel settle into it and are continuously
removed; the exit fluid being returned by a subsequent filter.

(a) Assuming the data of Fig, 9P19.2 to typify cell growth kinetics on cach bead with g =0 lor
t > 160 h [due to achievement of a complete monolayer (contact inhibition)], develop o steady state
expression for the exit biomass concentration per bead in terms of the fluid bed void volume ¢, the
feed rate of inoculated beads (Z per hour), the reactor volume ¥, and the appropriale growth rate
law. The entering beads have ¢, cells/bead.

(b) Repeat (a) for the situation where the cells per entering bead have a distribution given by

Prob of () cells/bead = Ae 7=

where A = normalizing factor
(¢) How would you design a “continuous,” sterile transport system for adding new beads and
for recovenng the exit liquid volume as assumed?

9.20 Tissue culture support inhibition It has been obscrved that high concentrations (cm?/cm?) of
solid supports for tissue culture may be deleterious 1o growth because of adsorption on these surfaces
of growth enhancing factors and serum protein from the support medium, adsorption rendering these
factors inaccessible (C. B. Horng and W. McLimens, Biotech. Bioeng., 17: 713, 1975). Consider a
well-stirred microcarrier tissuc culture reactor employing nearly neutrally bouyant beads as the cell
supports.

(@) Assuming that the cells grow logarithmically (all nutrients present in excess) until the avail-
able surfzce arca is covered (see Figure 9P19.2), develop an expression for the total biomass in the
system versus time.

() Now assume that the growth rate also depends in & Moned function fashion upon the
concentration of a growih-enhancing factor, S,, which is not consumed. Derive the analogous result
for biomass versus time when the growth enhancing factor S, reversibly adsorbs on the solid in an
inactive form following a lincar partition law:

3,() = Ks(adsorbed)

{c) For a baich system, assuming that growth exhaustion results from lack of further bead
surface, show that for a finite culture time (say 6 days) there is an optimal initial loading of beads into
the tissue culture inoculum. Develop an expression for this value

(d) Since the beads act in some sense as an inhibitor, it would secm logical to consider several
stirred tanks in serics rather thap one tank. What problems would face the experimenter searching 1o
set up such a system?

9.21 Penicillin-V deacylation: multiple reactions Enzymatic deacylation of penicillin-Y to produce the

desired 6-aminopenicillanic acid (Chap. 12) for production of scrmsynthetic penicillins invelves a
reaction network represented below:

A“(pen-V) —LL P-(6-APA) + QOH(phenoxyucetic acid)

A" —Zi— R?" (inactive product) + H*

P 2, HS" (inactive ring cleavage product)
K,
QOH ,—— QO~ +H"'

K
P" +H* —=—= HP (stable penicillin-V)

An optimal pH exists because protonation of P~ gives stable HP, but too acidic conditions inhibit
the reaction rate r,.
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(@) Assuming r, given by Michaclis-Menten kinetics with noncompetitive H* inhibition, and r;
and ry given by simple first-order irrevessible forms, write down the equations governing these three
rales and two (assumed) equilibria.

(b) For a steady-state CSTR sysiem with perfect enzyme recycle, derive an expression giving the
feed level of A~ which maximizes fractional conversion to P

{c) For very high conversion of an expensive starting material, use of several CSTR's in series
appears appropriate. Discuss tactically the advantages and disadvantages attending such a series
arrangetment, Assume r,, ry are about 2-5 percent of the rate ry in the first tank.

(L. G. Karlsen and 1. Villadsen, “Optimization of & Reactor Assembly for the Production of
6-APA from Penicillin-V,” Biotech. Bioeng., 26: 1485, 1984).

9.22 Hollow fiber reactor preductivity Different reactor types can yicld profoundly different microbial
densities and productivities. For example, f-lactamase specific production activity is less in hollow
fiber systems (han in continuous culture by a factor of five:
Productivity
Reactor (units E/celi-h)

Shaker flask 1x10°1°
Hollow fiber 2x 1071

(@) If the biomass level in the hollow fiber reactor is {iypically) 1000 times greater than in
suspension culture, calculate the productivity of each reactor in units/(reactor volume — h), assuming
a shake flask biomass level of x = 10% cells/mL.

(B} Cell lysis in the hollow fiber, as well as proiein expors, accounted for some increases in fi-

lactamase release. Describe a program by which you would determine celt lysis kinetics, which could
then be used to describe S-laclamase production by excretion and lytic release. {Sec D. S. Inloes et al,
“Hollow Fiber Membrane Bioreactors Using Immobilized E. coli for Protein Synthesis,” Biotech.
Bioeng., 25: 2653, 1983).
9.23 Baich production of non-growih associated product Baich production typically involves biomass
production and preduct formation, with substrate being consumed by each process. Suppose that
batch growth is modelled by the logistic equation, where X, is set by the initial value of a second
substrate &, (not used in product formation). Then for a nongrowth associated product (cg.
L-glutamate from Microccocus gluiamicus), we may write;

dxfdt = px(l = X/Xpe)
dp/dt = nx
ds/dt = —{dp/de)/Y , — (dx/dr)/ Y ¢

(@) Integrate each equation to obtain x(£), p(1), s(t).

(b) Discuss your strategy in setting x,,, i your objective is (i) to maximize p(f) or (ii) to
maximize p(0)/As(0), where @ is a fixed, end-of-fermentation ime.

(¢) Under what circumstances would you choose objective (i) or (ii) in part (b)?
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goals, if not requirements, of bioreactor data analysis is estimation of cell proper-
ties based on the available physiochemical measurements of the gas streams and
the medium. In this section we will concentrate on instrumentation for on-line
physical and chemical monitoring of bioreactors.

10.1.1 Sensors of the Physical Environment

The major physical process parameters that influence cellular function and pro-
cess economics and which can be monitored conlinuously are temperature, pres-
sure, agitator shaft power, impeliler speed, broth viscosity, gas and liquid flow
rates, foaming, and reactor contents volume or mass. Tn small laboratory reac-
tors, only temperatures and air-feed flow rates are commonly measured. Pressure
measurement and regulation is common on larger fermentors.

The most widely used temperature sensor is the thermistor, a semiconductor
device which exhibits changing resistance as a function of temperature. Although
the temperature-resistance relationship is nonlinear, this is not a serious difficuliy
over the narrow temperature range ol interest for most fermentations (25-45°C).
Other possible lemperature sensors are the platinum resistance sensor, ther-
mometer bulbs (Hg in stainless steel), and thermocouples.

Pressure monitoring is important during sterilization, and maintaining a
positive reactor head pressure (around 1.2 atm absolute) can aid in preserving
asepsis. Pressure also Influences gas solubility. In fermentation reaclors, dia-
phragm gauges are usually used to monitor pressure. These produce a pneumatic
signal which may be transduced il necessary to an electrical signai.

Several different types of measurements can be made to monitor power input
in mechanically agitated vessels. A Hall effect wattmeter measures at the drive
motor armature the total energy consumed by the agitator. A torsion dyna-
mometer may also be used to measure shaft power input. A disadvantage of both
ol these measurement methods is inclusion of frictional losses in shaft bearings
and seals, For exampie, in a study of mixing in a 270-liter fermentor with 200
liters working volume, it was found that 30", of the energy used by the motor
was lost between the motor and the internal impeller shaft. This loss factor was
also observed to be an increasing lunction of agitator speed. Direcl measurement
of impeller power input to the reactor fluid may be achieved using balunced
strain gauges mounted on the impelier shaft inside the reactor.

On-line devices for measuring broth viscosity and other rheological proper-
ties are not well developed. One possible strategy is measurement of power con-
sumption at several different impeller speeds. Also, a dynamic method has been
proposed in which shaft power input is monitored during and after a briel (less
than 30s) shutofl in agitator drive power. As skeiched in Fig. 10.1, Newtonian
and non-Newtonian broths have been observed to respond diflerently during
such a brief agitation transient.

Several different instruments are available for measuring flow rates of gases
(air feed, exhaust gas). The simplest, a variable area flowmeter such as a rota-
meter, provides visual readout or may be fitted with a transducer to give an
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multiple paralicl capillary Dows. Gas low rale measurements are important since
these quantities are used frequendy in material balancing calculations (Sec. 10.3),

Liquid flow rates can be monitored with clectromagnetic owmeters, but
these are not used widely due to their cost. Occasionally, especially in laboratory
scade studies. one relies on a metering or other well-caiibrated pump o provide
the desired liguid fow rate. Alternatively, liguid can be added o the reactor in
discrete doses of well-defined volume or mass. Long-term monitering of net low
nto the vessel may be achieved by continuous weighing of the reactor and its
liquid contents vsing & strain gauge (vessels - 230 1) or seale (smaller vessels),
Alternatively, a liquid level sensor based on a capacitance probe may be used 1o
monitor reactor liguid content. Such capacitance probes or a conductance probe
may also be used o detect buildup of foam on the 1op surface of the reactor
coatents. In some situations an externat loop of circulating broth is used for
measurements (see below). (o ellfect product removal and cell recycle. or for heat
and or gas exchange as discussed in Chaps. 9 and 14, Here the presence of
suspended particulates and changing broth rheology severely complicate liguid
flow rate measurement,

10.1.2 Medium Chemical Sensors

Flectrodes which can be repeatedly steam-sterilized in place are now available for
pH. redox potential (£,) and dissolved oxygen and CO, partial pressures, The
most widely used and reliable probe among these is the pIl electrode, which is
generally a single unit glass-reference clectrode design. A schematic diagram of a
pH clectrode designed for autoclave sterilization is shown in Fig. 102, Flectrodes
for in sit sterilization must inelude a housing to provide pressure bulance during
sterilization or pressurized bioreactor operation. Measurement of medium redox
potential is possible using a combined platinum and reference electrode. Com-
bined pH-redox probes are available. While the influcnee of pll on biochemical
kinetics is elearty established and the physical significance of a pH measurement
15 straightforward. interpretation of redox potential measurements and under-
standing the relationship between redox potential and cell activity can be difli-
cult. One promising application of redox measurements 15 in monitoring low
contents of dissolved oxygen (< | ppm) m anacrobic processes (450 mV -

Ly « [50-mV) where product formation may be quite sensitive to b,

The various types of dissolved oxygen probes now avaitable are of galvanic
(potentiometric) or polaregraphic (amperometric or Clarky types. These clec-
trodes measure the partial pressure (or activity) of the dissolved oxygen and not
the dissolved oxygen concentration, In both designs, an oxygen-permeable mem-
branc usually separates the clectrode internals from the medium Muid (1g. 10.3).
Also. both designs share the common feature of reduction of oxyaen at the
cathode surlace

Cathode i
10, + H,0 4 2 » 20H (10.1)
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Fig.ure 10.2 Schematic diagram of a combination pH clectrode
designed for autoclave steam sterilization, {Ingold type 465, Ifius-

fration courtesy of Ingold Electrodes Ine, 3
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Figure 10.3 Schematic diagram
of major components of an elec-
trochemical probe for measure-
ment of dissolved oxygen partial
pressure. { Reprinted by permis-
sion from N. S. Wang and
O-ring G. Stephanopoulos, *Computer
Applications 1o Fermentation
Processes,” CRC Critical Reviews
in Blotechnology, vol. 2, p. 1. ©
CRC Press, Inc., 1974. Used by
perniission of CRC Press, Inc.)
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The reaction at the anode in a galvanic elecirode

Anode (galvanic)
Pb —— Pb2* + 2¢° (10.2)

completes the cell from which a small amount of current is drawn to provide a
voltage measurement which in turn is correlated to the oxygen flux reaching the
cathode surface. In a polarographic type of oxygen electrode, a constant voltage
is applied across the cathode [Eq. (10.1)] and anode

Anode (polarographic)
Ag +ClI° —— ApCl 4+ ¢ (10.3)

and the resulting current, which depends on the oxygen flux to the cathode, is
measured. Drift caused by accumulation of hydroxyl or metal ions or chloride
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depletion is a common drawback of both clectrode types. External fouling of (he
membrane surface may also contribuie to drift.

In steady state. the oxygen {flux at the cathode depends wpon a series of
transport steps in which oxypen moves from the bulk liguid to the outer mem-
branc surface, diffuses through the membrane, and finally difTuses through the
elkectrolyte solution 1o the cathode surface where reaction oceurs cllectively in-
Stantancously. To the extent that the firse step limits the overall transport rale,
and thus the oxygen flux to the cathode, the clectrode output will depend on
fluid properties (e.g.. viscosity) and logal hydrodynamic conditions near the clec-
trode. For this reason it has been fecommended, for example, that the fuid
velocity at the tip of a polarographic clectrode should be at least 0.55 m's. Sensi-
tivity of the clectrode output to external boundary layer transport can also be
reduced by using a less permeable membrane. (Why?) This approach has the
disadvantage of introducing additional time delay in the instantancous electrode
fesponse 1o transients in dissolved oxygen partial pressures. The characieristic
response time of membrane-covered dissolved oxygen sensors is quite long
(10 100 5). However, as shown in the following example, transient probe mea-
surements may still be applicd (o characterize mass-iransfer propertics of bio-
feactors provided the influence of diffusion through the probe membrane is
included in the analysis,

Example ML1: Flectrochemical determination of &,a An onygen clectrode s inseried into o steadsly
derated baich or continuous Now retctor After a sweady clecirode response has been achicved, (he
oxyeen-carrsing flow iy suddenly replaced by an cquivalent nitrogen Now, w
oxygen from solvtion in a transient manner. Under these
the probe s given by |11

hich then strips the
drcumstanees, the voltage response of

12 i [T =
. rexpl fin L0 1)exp [ SO B
ook i 2y : (ol
sip et - R I gy
wherer fif - For
Fay o probe voltage an tme s
Ly probe voltage i timg 0
P gas low rate
I Tiguid volutie in ank
A Henry's Taw constant
£ tinckness of probe membrane
‘oo onygen dillusivity in probe membrape P, L
permeability membrane thick ness. and
| : ) | R 1o
W constant o s¥siom (reactor -3 { o
B A © kAL

1T the svstem has a large thine constant (small A the silue of f iy determined from cleciroden ollage
values for times much greater than the clectrode response itself, in which case the serics contribution
above s neghgible. 1 or larger values of ka (50 500 ) Wernan and Wilke [ 1] suggest usmg the
slope ol the electrode response at the mflection pomt (where the secandd dervative of £ with respect
w ovamshes). This method was found o ive results as accurate as compuier-aided curve fiting
using the entire voeltage-time response 1or vanous cledirode relasation times, the value of the myverse
relaxation time s read from 4 graph of this paramcter vs, the slope of & vs, ¢ at the inflecuon paint
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10.1.3 Gas Analysis

The concentration of CO, in the exhaust gas from a cell reactor is indicative of
respiratory or fermentative activity of the organisms and hence is one of the most
useful and widely applied measurements in monitoring and controlling a cell
bioreactor. CO, content in bioreactor gas streams is most commonly monitored
using an infrared spectrophotometer, The gas sample stream must be dessicated
carefully before entering the instrument to avoid damage to the sample cell win-
dows, Gas stream CO, concentration may also be measured using thermal con-
ductivity, gas chromatography, or mass spectrometry.

Gas stream oxygen partial pressure is usually measured using a paramag-
netic analyzer. Here too, elimination of water vapor in the sample stream is
essential to minimize drift, and the sample stream flow rate must be controlled
carefully for consistent measurements. Paramagnetic analyzers are also quite sen-
sitive to small changes in total atmospheric pressure, requiring simultaneous
monitoring of barometric pressure for compensation in oxygen analysis. Drilt in
readings which necessitate on-line recalibration is a frequent occurrence with
paramagnetic analyzers when applied to fermentations.

Gas chromatography (GC) can be applied to analyze several components of
the exhaust gas stream including O,, CO,, CH, (eg., in anaerobic methane
generation), and H, (from Hydrogenomonas cultures, for example). Also, by de-
termining the gas phase partial pressure of volatile components such as ethanol,
acetaldehyde, and carboxylic acids, GC measurements provide useful information
on the status of the fermentation and on the liquid phase concentrations of these
compounds. The requirement of intermittent injection of samples (ca. 15 min
apart) limits the utility of GC measurements for monitoring process transients.

Mass spectrometry (MS) is enjoying increasing popularity for monitoring
gas stream composition. Lower-priced instruments are making MS more accessi-
ble for research applications, and reliable, robust process instruments have
made mass spectrometry more practical for industrial application. MS instru-
ments offer rapid response times (<1 min), high sensitivity (around 1075 M
detection limit), capability to analyze several components essentially simulta-
neously, linear response over a broad concentration range, and negligible ealibra-
tion drift. Because of the expense of MS instruments, it is often desirable to
interface the analyzer to several bioreactors and use a computer-controlled
switching manifold to cycle sample streams from different reactors into the MS
(Fig. 10.4). As indicated in this schematic diagram (only three lermentors are
shown, but a single mass spec can support up to 30), the same computer may
also be used for process control.

Often, standard values (20.91 % 0,, 0.037% CO,) are assumed for the feed air
composition, but it is sometimes more reliable to measure feed gas composition
directly by including a feed gas sample stream in the manifolding arrangement as
indicated in Fig. 104. Of course, the merits of sharing analyzer instrumentation
by use of such muitiplexing and manifold arrangements are not limited to cases
in which mass spectrometry analyzers are applied.
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Figure 10.5 Schematic diagram of a flow-through cuvette with internal effective dilution by means of
an inserted tube containing distilled water. With d = 8 mm, D = 12 mm, this device provides a linear |
Mass ODygq-cell density relationship for cell densities exceeding 1.8 g/L. ( Adapted from C, Lee and H. Lim,
{ "New Device for Comtinuousty Monitoring the Optical Density af Concentrated Microbial Culiures,”
Biotech. Bioeng., vol. 22, b 636, 1980.)
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| The only continuous monitoring strategy so far developed that provides in-
Co, I {formation on the biochemical or metaboliic state of the cell population is in situ
[ Dk fluorometry. Ultraviolet light (366 nm wavelength) is directed into the culture. |
storage Excited by this incident UV radiation, reduced pyridine nucleotides (NADH and
NADPH) fluoresce with a maximum intensity at approximately 460 nm. The
fluorescence emitted from the culture is measured with a suitable detector such as
a photodiode or photomultiplier. Originally, these measurements were made
through quartz windows instailed in the walls of laboratory fermentors. The
advent of fluorescence probes which can be used in standard electrode ports in {
fermentation vessels should increase investigations and application of cuiture
fluorescence measurements (Fig. 10.6). ‘
Culture fluorescence intensity depends on cell density, average cell metabolic [
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ments in particulate-frec media have shown that culture fluorescence measure-
ments provide useful information on biomass concentration, oxygen transfer and

10.2 ON-LINE SENSORS FOR CELL PROPERTIES
Unfortunately, there are few instrum

o g ents for continuous monine: rBioreactor f
f::tes na blOreactor, The most basic measurement neededoir:t[z?a];gb?r cell pop- M —_— Fluorescent
Or conce i . . 2 tomass cop- light
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X ;
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. ght
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ce (s .
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A potential difficulty here js the n
mass concentration above O.D,
Stream dilution o 5 shorter Iig
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natively, probe ell]s iroved VEry convenient in g number of laboratories, Ajte ot A omputex i
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density I"neasure ch can be Iserted into the Process fluid for optical cel] Figure 10.6 Internal components in one design for an in sitw Nuorescence probe. [ Reprinted by per-
ments have been developed, e niission from W, Beyeler, A. Eisele and A. Fiechier, “ On-Line Megsurements of Culture Fluorescence »

Method and Application” Evropean J. Appl. Microbial. Biotechnol,, vol. 13, p. 10, 198].)
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feactor mixing times, substrate exhaustion, and metabolic transienis, For exam.
pie, Einscle ang coworkers compared (he dynamics for liquid mixing in a 40-liter
working volume lermentor agitated mechanicaily ag 200 Pm with the dynamics
of mixing plus glucose uptake by yeast cells. For the first measurement, fluores-
cenee of quinine pulsed into 0.05 pf H,80, in the feactor was monitored (this
solute has approximately the same ftuorescent Properties as NADH), The results,
shown in part 4 of Fig. 10.7. exhibig oscillati
circulation pattern in the vessel ang provide clear evidence of sipnificant dynamic
Flclays in achieving new steady-s1aie conditions in the reactor. Part b of | g 107
15 the reduced pyridine nucleotide fluorescence from & yeast culture fullowing i
pulse of glucose added 10 (he feactor at time zero, Here the response time 15
longer, indiculing significant dynamic delay in glucose upiake by the eells, The

implications of (hege features in (he roniext of scale-up were mentioned earlier iy
Scction 9.3 4,

Ons representitive of g periodic

Another illustration of an aliernatjve application of culiyure fMluorescence s
monitoring of celjulur metabolic state 1o control the fermentation, In an experi-
mental study of Condida utilis grown on cthanol in fed-batch process, culture
Nuorescence was used (0 estimate (he time of substrage ethanol exhausiion and to
control pulse feeding of ¢thunol into the process, Shown in Fig. 108 are some
cyeles of culture Muoreseence, respiratory quotient, and cthanol concentration
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Figure 108 Relionshup among culture Muorescence (1. nl'\"]A clh.lmnl‘ Lt;ll{tcl:l:‘;::}:d( :\f”.”? :t:;drl:.(;l
piratory quotiemt (0 ) and acetite concentration (Dopl)ina Lll.lll.rtnﬂ N ,v‘ Pl o
pulses. - Repraneed by permnssion frong ¢, M. llur.'zt‘-uu. n. 8 llmm[u} P.- :-‘\\-“ ,-;,-::“;,, il
Humpheey " Production of Sugle Coll Protem from Ethanof bv i Fod- Batclt Process, 3

tol 2 p 1221, 1970,

during this fed-batch operation. The circles are used to ukenfyllhcl tillllil::.;()lllllz-r
fescence curve  the measurements are obtained commuou.t:ly. Z '11:]. plt ot
the experiment shown here, ethanol pulses of .85 /L w&,rci ;l' u.l .1‘r I{lc.‘- o
24.5h inte the bateh. while the palse at 26.15 b uddc.d Jget mnu‘)[pf. )
culture. Reduction in culture fluorescence accompanying ethanol exhaustion js
LILdrlln all applications of direct optical .mcasurcmgnl:\‘_in cell .C.Lll-l“m\,‘[u“::",:],t:[_
of potential problems arise which can mlcrfcn‘: with 1nlcrp~rul.|llm‘n ¢ L
surements. for example. the optical surfaces in conluc} \bwthl ll ;L [?r( (],L. :,,-(i(_-u-
miy become fouled with cells or medium components, (1;|h ‘h‘u 1 )&sl.n:[(] ‘p(‘lc“iwd
lates in the muliiphase reaction fiuid may interrupi or lnlclf_m, \\.Ill ¢ Jonired
measurement and. in the case ol Nuorescence. ccrlaun_nlcdnm} u‘nn‘|).0|u.'|1'.c“(u.
products may fluoresce at the same wuyclcnglhs uselul '()l“ll'lﬂl]ll.()‘l"ll‘];__ _ml:;%“- b
tar state. complicating intchrclulioq of the I'I]Cil!illl'(.‘l'll.clll.‘.'. “U?thhi-r- |'1:wl:b0hc
the importance of determining the hmnw:ss concentration .md\ ce 'u‘ tl‘r' ]‘mhc,»
state for monitoring. control. and optimization (‘xf the process. -[TLM} ll-nf(.[urc
optical methods can be expected to enjoy c\'pundmg uppllg;nmns :;']]l IL: .l,-.| "‘.cq
The followmg section is devoted to some of ll‘n: intermittent. ofi- mlt. 'l _\,w.c
of cell andl medium propertics which are useful in b’mproccss uj'clf{}o m__u.:;mm
should recognize that the dividing line between “cunlanuou:ﬁ.-of1-hn§. In‘lom “ =
and ..;nlcrn;illcnl. ofl-line™ measurements is somewhat dlﬂll_.\.c.. ‘li.l u: (l‘l.ill\.‘ ['(:r
tween suceessive ofl-line analyses is less than ;Ilc Cl]fll’ilClCl'l.‘\(lL ‘“:l]“-L SL;I‘I('. o
changes in the measured quantity. then the mtermittent, somewhat delay
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n"fcusurcmc'nt is practically as useful as a continuous, real-timec measurcment
SmcF the time scales for changes in enzyme, cell culture, and reaction fluid pro-.
Pcmes may range from minutes to hours to days, certain off-line assays provide
important information for process monitoring and control. P

10.3 OFF-LINE ANALYTICAL METHODS

in ttus section we consider some of the measurement principles and methods
applied to o_:letermine the properties of process fluids, biocatalysts, and biosor-
bants. Possible methods span the entire spectrum of analytical cht;mistry spec-
troscopy, ill"ld biochemistry, making anything approaching a co;n lete
presentation impossible in this context. Here, we emphasize certain new mctgads
!'ciuung to cell property measurements which have potential for process monitor-
ing and control applications and also provide an overview of other t f
commonly applied analyses. e

10.3.1 Measurements of Medium Properties

After w'nhd‘rawing a sample from a bioreactor or separation unit, a solid-liquid
separation is accomplished by centrifugation or filtration in order Eo remove ?:ells
and any other particulate matter from the fluid phase sample. The analyses con-
ducted subsequently, of course, depend upon the particular application; analyti-
cu::ur:u:thods which perform satisfactorily for defined medium may' not ybe
il 5 ) : ; ;
imerr:rfn;:; :;irozix;:.txsle for analyses in undefined medium which may contain
The desired measurements in a bioreactor are the concentrations of sub-
strates and components influencing rates, and the concentrations of reaction
products and inhibitors. For fermentation, analyses of the carbon and nitrogen
sources are often desirable. Also, it may be necessary or useful to determine %hc
levels of certain ions such as magnesium or phosphorus in the medium. Products
of _cellular processes vary over a broad range of chemical complexity ;md ro
erties, from small organic compounds such as ethanol to more complex strug:
u:rcts .suct;\as p((:jt}icillin to biological macromolecules such as enzymes and other
Ex?r:::;].y t;:::;d‘mgly, the spectrum of appropriate methods for product assay is
quu:d-p!msc quantitative analysis is based usually upon light refraction
(measured with a refractive index detector), absorption of light at a particular .
wavelength (measured with spectrophotometer) or fluorescence due to excitation
at one wavelength and subsequent eémission at a longer wavelength (measured
with a spectrofluorometer). Sugars, for example, do not absorb light strongly and
do not ﬂu_oresce but do alter solution refractive index. On the other hand :rolein
and m_lclelc acids lend themselves to spectrophotometric and spectroﬂuo'rometric
detection. Fluorescence measurements are usually more sensitive and allow mea-
surement of lower concentrations. However, spectrofluorometers are more expen-
sive than spectrophotometers, making spectrophotometric measurements very
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void interference from other compounds in solution, separ-

popular. In order to 4 _
ation or concentration of the component to be analyzed from other solutes is

often necessary. Sometimes this can be accomplished by chemical trcatment to
decompose or to precipitate the desired interfering compounds. For example,
RNA is extracted from cell lysates with HCIO, (perchloric acid) at 37°C u‘nd
analyzed by the orcinol method for ribose. Interfering sugars arc removed during
the extraction. .
Finer-scale separation among related compounds by chmmatogra‘pmc.m@lh-
ods is also commonly applied in medium chemical analysis. The basic principle

of chromatography, which is discussed in greater detail in Sec. 11.4 below, 15
bile phase in

selective retention or retardation of certain compounds by an immobile i
a column due to preferential attraction of these components for the immobile
phase relative 10 other solutes. For example, in analyzing mixtures of sugars suc.h
as maltose and glucose, the different affinities for these two sugars for the pri-
mary amino groups on the surface of the support material ?n a commercna'lly
prepared carbohydrate column is used to separate the sugars in an HPLC (high

liquid chromatography) apparatus. The different sugars emerge

performance .
from the column at different times, and they may be then detected and quantified

separately using a refractive index detector. Many other scp'f\rutions basef:l on
HPLC methods are useful in medium analyses. Also, scparations acco@phshcfi
under atmospheric pressurc using ion exchange chromatography or size parti-
tioning chromatography are useful in resolving mixtures of related components
before their individual quantification. . o
As noted previously in Chap. 4, a uscful strategy for chemical analysis is
selective conversion of the component of interest (o a readily measurable prod-
uct. This is the basis for one of the standard laboratory methods for glucose
assay, in which the enzymes glucose oxidasc and peroxidase selectively. convert
glucose to & colored compound which can be assayed spcctropholomemcally.

glucose
oxidase

Glucose + 2H,0 gluconic acid + 2 H,0,

d _— G 5 e
H,O; + o-dianisidine _peroXidast ,  ,xidized o-dianisidine

(colorless) (brown)

lon-specific electrodes have become important tools in assaying cerlaip bio-
logically important ions. Cellular nitrogen content can be detcr_mmc‘d with an
ammonia electrode either directly (NH,, or after chemical modification by pH
adjustment, NH;), reduction (NO3, NO3™). digestion (amino acids), or cE'iZ}'-
matic modification {urea). lon specific electrodes are also available ff.\r m:lalysns. of
many other ions which influence biochemical structure and function including
potassium, sodium, and calcium. ) )

Occasionally, as an alternative to determining the concentration of a p:_u'tlcu.-
lar compound int solution, the measurement determines the compound’s biologi-

cal activity. Assay of penicillin in fermentation broths by this method has been a
the size of a zone of

standard procedure in the pharmaceutical industry. Here, the
dead bacteria around a porous disc soaked with the solution 10 be assayed
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Provides an indication of penicillin activity in the solution, It is very common to
analyze enzyme content by measuring the activity of that enzyme. This functional
assay is accomplished by exposing the sample solution to 4 standard enzyme
substrate under standard conditions, then measuring the rate of substrate disap-
pearance, or product appearance, often spectrophotometn’cally or by fluores-

An alternative set of analytical procedures js based upon volatilization of the
components of interest and their measurement in the gas phase, This can be done
for glucose, for example, by forming its TMs (trimethysilyl) derivative which can
be vaporized in the injection chamber of a gas chromatograph and the product
detected by a flame ionization detectoy, Determination of the contents of reja-
tively volatile components such ag ethanol, acetone, angd butanol in fermentation
fluids by this methad is quite straightforward,

Analytical laboratories which support pilot- and production-scale fermenta-
tion facilities often contain one or more automated wet chemical analyzers. These
automatically partition, dilute, and process a sample to carry out several chemi.
cal analyses, The fesponse time of such instrumentation g 10 to 30 minutes,
sufficient in many cases to be useful for monitoring of bioreactions in progress,

10.3.2 Analysis of Cell Population Composition

Analytical methods for cell populations can be categorized in much the same way
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}
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dissolve protein '

“ ! Extract RNA in i
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Add Lowry reagents

Centrifuge
Measure absorbance
at 750 nm, Compare
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bovine serum albumin)
curve
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Record absorbance
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(yeast RNA) curve
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Flgme 109 Flowchart of ﬂllalySIS proccdurcs for dﬂlﬁllllll’lalloll of the POPUIE"D verage) protein

14, 15,

experimental basis for results such as those shown in Fig. T4 Althcl)ugft; ra 5:::1;
method of protein or DNA analysis, for example, will often a.ppl y g
different types of organisms, it may be necessary to adapt analytical me

i i i igation. _ )
e particular specics under investiga _ . .
: l;,’opu]ation?aw:ragc cell content of particular proteins can be determine

ivi itor the
several different ways. First, for enzymes, activity assays are used to moni
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Substrate

Reaction

Measurement

Acetoacetate
decarboxylase

Acctoacetate

Acetoacetate ———,
acetone + CO,

a-glycerophosphate

methylviologen (ox) + H 2

hydrexylamine ——_,
butyrohydroxamic acid +

Consumption of
aceloacetate by

Spectrophotometry
(A0D,,,,.)
Phosphofructokinase Fructosc-ﬁ-phosphalc Reaction coupled with Consumption of
aldolase, trioscphosphate NADH by
isomerase, and ﬂuornmetry

(excitation 340 nm,
emission 460 nmy)

Hydrogenase Methylviologen Dehydrogenyse Oxidation of
methylviologen + methylviologen
L

which produces H,
£as is followed
manometrically

Pyruvate-ferredoxin Acetyl-CoA “Co, + acetyl-CoA 4 Production of
oxidoreductase ferredoxin(red) pyruvate by
= “npyruvate + scintillation
CoA 4 ferredoxin(ox) counler
(radioactivity of
HC)
Butyrokinase Butyrophosphate Butyrophosphate + Production or

butyrohydroxamic
acid by
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HOPO;

T ey —

oy

——

e e

spectraphotometry
(AOD at 540 o)

changes in enzyme levels during process operation. Table 10.3 lists the character-

istic reactions and measurement principles involved in assaying levels of key
enzymes in the metabolic pathways from glucose to i

lermeniation, while there is an increase in Enzyme activity associated with sol-
vents production late in the batc - Based upon information of this type, alter- -
ations in metabolism may be more directly correlated with strain and bioreacior
operating parameters in order to optimize the organism and the process condi-
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Figure 10.10 Growth of Clostridium acetobut plicum in batch culture an.d Ile':jel (S)ll'l cngr.n:s ';?:;Lv:d ’m'
formation, (1) Growth parameter and products formed. Optica len y.d 3 Lt
e D‘ butyrate, 4 ; acctone, @; and butanol, M. (b) Level of enzymes mvol\rf. in the Jeteey
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hydrogenase, W. ( Reprinted by permission from W. Andersch, H. Ba o, an [ i oo,
E{r' ‘n?es lnu'alvcd in Acetate, Busyrate, Acetone and Butanol Formation by Clostri
icu::," Eur. J. Appl. Microbiol. Biotechnol,, vol, 18, p. 327, 1983.)
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and in a second direction i
. ; on the basis of their ch " .
charge. When Separated in this lation be quenched rapidly in phosphoric acid in order to preserve their ATP
content before this or alternative ATP analyses. Since ATP is absent from nonvi-
able cells, measurements of the ATP level can also be interpreted usefully in some

sxml.lllaneously. For exam le, this
g AL g-ns du“-:gwg[?gs‘ ;Visr t,_;]sed to st‘udy the rates of syn- cases as a measure of the metabolically active biomass in the population,
.Anomer e prsias g ring grow he !aacfen.um E. coli [17), High resolution nuclear magnetic resonance (NMR) measurements of 3'p I
particular region op ap individyal protein mpl;otel,ns is binding })f antibodies 10 4 have been successfully applied to determine inuracellular ATP, ADP, sugar
for the protein of inferest, analyses based : ecule [ 1’,3]; If antibody is available ' Phosphate, polyphosphate, and pH values. Several diffrent 9] o Clowidio
q,oﬂmvely ty e ] amoun?(:; precrprtauo‘n,‘ detecfion of ra- been studied in this fashion including the bacteria E, coli [197 and Clostridium
: enzyme activity which can be thermocellum [20] and the yeasts Saccharomyces cerevisiae, Candida utilis, and

l'"k‘”ﬂ:'-l'mmunosorbent ‘ Zygosaccharomyces bailii [21]. In addition, tracer isotopes such as '*C and 5N

may be used to observe functioning of intracellular pathways of carbon and

Protein present, Sych methods i |

other components of of macroﬁ?lle‘::l:lc:trbztigﬂhed e cellular o eatgr j nitrogen metabolism via NMR [23, 24]

: ctu . s 24,
:::):les can be made, Antibody labels are used f::;ua;i'lﬂsiowglch Specific anti- | It has been observed in several fermentations with mycelial microorganisms
fIce on a cell surface of particular types of fnolecy] ¥ ctermine the ex- that the process productivity and kinetics are correlated with the morphological
E::i“;_‘fy n some cases the amount of these componeneti :))r st;uaures and. e state of the mold or actinomycete. Example 7.2 presented some data and discus-
p e mg.of cell S.uf-face compounds ang Subsequent mas n the cell exterior. sion of the connection between morphology and product formation for cepha-
o:lts:tt;d “_mhout .krlhng the organisms, a featuge which mayS lll;'emer;t i o losporin  production using the mold Cephalosporium acremonium. Direct
ecton d}'rf"g strain improvemen¢ by mutation, Sych ¢ uselul in screening observation and quantitative monitoring of mycelial morphology is quite difficult
::::w”m for d‘SIJHE}liShiﬂg between species in 5 mixed cul?zjethoqs are lso con- and time-consuming since repeated microscopic observations and human or
¥ at')tli ‘;"‘"?’ Specific surface markers which can be ideng; fli‘ﬁ:jsmce organisms computerized image analysis are involved. It has been observed that the fitration
Quantified with specific antibodijes ©d separately and properties of a suspension of mycelia are influenced by the mycelial morphology,
d by Wang and collaborators [25, 26] and refined

and this principle has been use

product synthesis in recombinant organismg mak ¢ instructions for by Lim and colleagues [27] to formulate an ingenious mycelium morphology
tent a'pote.mtally important Mmeasurement. The o [ say of cellular plasmid con- and biomass probe based upon a batch filtration measurement. A smail sample
quanflﬁ.cauon in_bacten'a Is done by isola'tmg a’;ﬁ;i]\ﬂ‘g?:gus t}?ethOd of plasmid of culture suspension is filtered, and the filtrate volume and cake thickness are
i‘;?:gl‘d:élguﬁlasmld PNA from chromosoma DNA ina ces;-::rr: :h;);rgi:l;lsm’ I-h o0 monit_ored continuc_;us.ly. Based upon previous_]y establishgd correlation.s between
DNA can b racentrifuge. The relagiye quantities of chromosomg gradient filtration characteristics and the morphological properties and density of the
Can be examined jp several ways. For example, if -mal and plasmid particular mold considered, these data provide a basis for intermittent on-line
of ?NA Was used, fractions can pe collecied rm};e”lmabragloacuve Preparation monitoring of the progress of the fermentation. (see Prob, 11.6)
gn:l Xzed for radioactivity using a scintillatjon counter. De?er()!Tl of the tube and There are several different methods available for measuring and characteriz-
content in yeast or animal cells may be accompiish, dmblnanoﬂ Ol-.p.las'.md ing the distribution of single-cell characteristics in a population of single-celled
:l;:aylausu!g : labclec! probe complementary 1o g nuclsotidi sey . hybrlc!xza[;OH organisms. Microscopic observation can give some approximate indications and,
(€ plasmid. Allernallvcly, the gene for a particular e quex::cle unique to coupled with image analysis methods, quantitative information can be obtained,
;;e 45Y o assay, may be included on the plasmid a5 anrz::r]l‘:’ oo aniiviy ol“ U.VhiCH although gathering data on a sufficiently large number of cells to have a good
méfhi::izji:zse ll;lSEd fo estimate the plasmid content of the of:'r‘.:;ai:::gn:: e]?}f‘t ity of statislic‘al sample is rather dil‘ﬁcult: More suitable for rapid measurements of ,
strains en implemented ip bacteria, yeast, ang animal cel] r.ec lsb!atter properties of large numbers of indivtdgal cells are ﬂqu measurement methods of |
Ali of the _ Ombinant which there are two general types. In instruments ulilizing fhe Coulter principle, |
composit Mmeasurements discyssed above provide informati the volume of individual cells is detected as cells suspended in a sample stream (_)f
Position and to some degree on leirdencies in metabol on on celtular an electrolyte solution flowing through a smail orifice across which resistivity is
°1sm, but they do not measured. For spherical particles, the alteration in resistivity across the orifice

directly indjcate the curreng metabolic siate i
or :
€nt can be ca‘:r?'?gge:ﬁts:;tt; (:.g?e e, may be correlated directly with the volume of the spherical particle, allowing
i : and ég?;f'er d[hm | many particles to be sized as they flow rapidly through the orifice. Alterations in
ge rapidly as » function o fy 271 lby ‘ particie morp'holo'gy can cause some difficulties m_lr'ltcrpreta!lon ?f t.he measure-
ssary that sampi cellular ments, but still this is a useful approach for obtaining the size distribution in a
Ples of the cell popy. cell population.

e e ————— -
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A richer class of measurements is possible using a flow cytometer. In this
mstrument. a dilute cell suspension again lows through a measuring section and.
in this case. optical measurements are conducted. As indicated in the schematic
diagram of Fig, 10,11, the coll sample stream is irradiaied by a laser or other light
souree and the light absorption, scatier and or fluorescence is measured on a
single-cel) basis. 1 ight-scattering measurements may be used 0 obtain informa-
tion on the cell size distribution, Since right-angle light-scattering intensity s
sensitive Lo intracellular morphology. this measurement has been applied (o
moaitor the accumulation in individual bacterial cells of refractile particles con-
sisting of the storage carbohydrate polyhydrosybutyrite [28]. Individual celt
macromolecular composition has heen measured for microorganisms and animal

cetls by applying specific uorescent dyes which lihel the macromoleculir pool of

miterest including total cellular protein, double-stranded RNA and cellular DNA
[29. 30]. Accumulation of an intracellular Nuoreseent product produced under
the action of 4 single ensyme can be monitored on the single-cell level in such an
mstrument. aflowing assay ol individual enzyme activiey i individual cells, study
ol in titro ensyme kineties and. by cloming the gene for this ensyme on i plasmid,
characterization of single-cell plasmid content 1317 Plow cytomelry measure-
ments may also be used 10 differentiage and guantify multiple species in o mixed
culture and to deteet the presence of contaminant in a fermentation inoculum
|32, 334, Since Now cytometry provides not only average information but gives a
distribution of single-cell characteristics in the population. the date is rich and
provides detailed insight into the state of the microbial population.

Although most applications of flow cytomelry o study lermentation pro-
cesses have involved single-parameter Measurements. it is possible (o elieet simul-
tancous multpie measurements on ndividual cells, gainmg even further detailed
information on (he cel) population. Data of (his type. considering two-parameter
measurements as an example. ke the form of asurtace indicating frequency or
relative number of cells as o lunction of the coordinates in an underlying plane
represeiting the measured quantities. Figure 1012 shows example data of this
1ype in which the measured single-celt properties are light-scattering intensily
refated 1o cell size  and intracellular fluoreseence produced by the action of an
czyme cncoded on a plasmid gene. Thus, the amount ol fluorescent product
accumulited may be correlared with (he exstence and even with the number ol
plasmids i the veast cell. {he datain Fig. 1012 show two clear peaks which
represent dilferent 1vpes of cells in this culture. Those with relatively sl flgo-
reseence intensity are celis withoun plasmids which exhibit 4 low degree of
nmatural Muoreseence under the measurement condions applied. The population
with larger fluorescence. evident as o distinet mode or mountain in this sort of
measurement, represents cells contaming plasmid and therefore (he ensvime re-
quired to generate an addinonal fuorescence 1esponse. Based upon this type of
measurement. the proportion of cells with and without plasmid in the culiure can
be very rapidly assayed and Turther mformation can be extracted on plasnud
repheation and segregation in the recombinant strain

APPX 0351

Case 1:18-cv-00924-CFC Document 399-7 Filed 10/07/19 Page 18 of 39 PagelD #: 30771

INSTRUSMENIANON AND CONTROT 683

Sample Sample
container chamber
r:T
Pressunized = p
air i’ y
Tilter [ ] .L]
x>
Magnetic
stirrer

Mirror ]
&,

Flow Refective
Jow A ¥
strp {extunction)
Laser2 channel Lens f .
Sl e Condenser Axm! Fiber optics
, )g o lens extinction )(m PMT)
F A7 1
2 lens e
% T = ":)
Z I Onfice r>,
Liiscr | L wave IS
= ; retardation " ‘ 4
late I -~
Dichrone P / E

mirtot

Fiber optic

1 .r\ :

b A
Dellecnon _1'/' % ) |
plates Fa k 2
f ; 7 :
| <

]l’lmlumulliplicr

[( thli.\pl:\yJ(- {(‘nmg_l_ncr ](‘T < ]f ~ tube

Amphifier
Pulse heigin 1( |
Plotter analyrer
- |

Manframe .
computer [( RT display

i e ¢ sumpetided eeld

o ot o ounl Tt i Assctaneon msonionc Svgiosal xsebeo
i aser beams. opiicd filters and deteetors for me g osng g g :

L‘]::.lll:lx:ni:.'l‘:lr.'ll::lltl: :-cnu’.uull. analyzed, and stored. Dragnonally plm.jf “];M‘rf’|Lj;::;::.;.,“;::‘::‘Il:"r‘i,l:
filiers (rcllc;l certain wavelengths and pass others), and orthogonally P ll:;:,ui e
filters based on wavclenzth, polanization, <te. Many lllﬁtr}llllclll\ L(lfll.l‘ll'll o .I.,'lm_»m,_»,,h P
tube detectors and associated clectromics, permtting lllllll-ll'!]'.' simuliangous me
Bessed on Ovtho Invruments Cviofluorograplt Svarens 301

well




Case 1:18-cv-00924-CFC Document 399-7 Filed 10/07/19 Page 19 of 39 PagelD #: 30772

684 BIOCHEMICAL ENGINEERING FUNDAMENTALS

[\ Relative number
of cells

Plasmid-

& free cells

Plasmid-
containing
ecils

scatier
intensity

Fluorescence

intensity
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lated with cell size) and single-cell Auvorescence inten:

content. Here, plasmid-free and plnsmid-conluining
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population of recembinant Saccharomyces cere.
cnote single-cell light-scattering intensity (corre-
sity which here is correlated with cellular plasmid
cells are readily distinguished based on fluores-

10.4 COMPUTERS AND INTERFACES

There are a number of advanta

e ges to be gained b i i
‘to digital computers. First, the i s b Eiproctes Tty

computer can enhance datg acquisition functions

filtering, Readings from severa]
. parallel sensors
can be compared and analyzed to provide on-line recalibration and to identify

sensor fai]ure.i With a computer, the number and sophistication of analysis sys- -
tems can be Increased. For example, a computer-controlled system may ta3l/<c
samples automatically, conduct a chromatographic analysis, and interpret th
_resulls, using mte.rna]ly stored calibrations or algorithms to éive outputr:iirectle
in convenient units. All_:hough simple signal conditioning and correcting operaj-’
on can be done with particular electronic circuits, these
complished using a computer without the need for addi.

ity {o store large quantities of measured results in dip
. ‘ in digital
form which may be accessed conveniently, analyzed, and displayed later. ¢
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Using computers, data analysis and interpretation can be enhanced greatly.
Results of several measurements may be combined to calculate instantaneously
quantities such as oxygen utilization rate and respiratory quotient. Advanced
state and parameter estimation methods may also be applied on-line to provide
additional useful information on process status from the limited measurements
available. More specifics and some examples of computer applications for data
analysis are presented in the next section.

Computers expand opportunities tremendously for improved process control
and optimization. One computer can replace many conventional analog con-
trollers and control many individual valuables such as pH and temperature using
standard feedback algorithms. Furthermore, more sophisticated multivariable
control methods may be implemented easily with a computer. Controlled vari-
ables may include derived quantities such as RQ when a computer is applied.
Computer methods may be used to evaluate and improve process mathematical
modeis which may then be employed for determining optimum operating condi-
tions and strategies. Then, the computer provides the memery and computation
capability to implement the optimization method, such as variation of nutrient
feeding rate or pH during a batch fermentation.

Operation of a batch process requires a carefully controlled and coordinated
sequence of valve openings and closings and pump starts and stops. While all of
these functions have been done by various timers and relays in earlier tech-
nology, they may now be managed efficiently by computer, Use of a computer to
manage such switching operations during batch process operation becomes
essential il we wish to optimize the scheduling of a number of parallel batch
processes {e.g., fermentors) which feed sequentially to downstrean batch processes
(e.g,, precipitation, chromatography, and so forth), We shall examine elementary
process regulation and more ambitious control objectives and strategies in Sec.
10.6 and 10.7, respectively.

Before turning to these interesting domains of computer application, we shall
examine briefly some of the principles of digital computers and computer inter-
faces. Our objective here is to introduce some generic concepts and, by example,
to illustrate specific realizations of different types of computer-process configura-
tions. Because improvements and cost reductions in computer hardware and
software are proceeding presently at a rapid rale, any specific computer system is
probably outdated by the time its description has been published—certainly in
book form. Thus, we should view the examples here and in the remainder of the
chapter as the kinds of things which can be done, recognizing that, as of this
reading, there are probably cheaper, more efficient ways of doing the same thing
or something even more effective,

10.4.1 Elements of Digital Computers

The basic components of a digital computer are shown in the block diagram in
Fig. 10.13. The central processing unit (CPU) accepts instructions from a stored
program through its control unit and performs the indicated arithmetic and
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logical operations in (he arithmetic and logic unit (ALU), usin
for slm.rl-lcrm storage. Operations in the CPU are (:on‘lr’ullicd
by an !nlcnml quartz oscillator clock. The cycle time of the CPU. which m;

range from less than 10 1o 10* ns (100 ?5), combined wilh i num.bcr“:f]lmd‘x
(eich byte contains cight bits, a binary number with value 0 or 1) proc (s ~d)yu~h
cyele (the Yvnrd size), determines the speed of computation in ll:)c (Ll:lt" IE-,Lr
example. microcomputers available in 1980 employed $-bil words. By 1982 i()-l::[

"]l(,ll)(.onu)lll‘.l.'ﬁ WCre AlVL“'dbl - [ [
C. tllld ; blt m-".h““.
R 5 Were m l"u[ lL[l]]Ld |)
.'ﬂ-\f(.r[dl LU"][)JIHLS m '984 y

¢ internal registers
and synchronized

N Memory for storage of program instructions and dat
diflerent forms. Read-only memory (ROM) cont
C e e " . v gy . . H
r..?,-n]!:l{,'.rh and interpreter programs. while random aceess memory (RAM) is used
(‘p[SJ]; rldlu.rlm storage ‘of programs, input data, und computational results. The

cads frequently from and writes on the RAM during computer operation

As of the mid-1980s popular microg
A o 5. popuk computers ad RAM capacitics from 64,000
bytes (64 kilobytes or Just 64 K) to 512K and beyond. Additional mcm;r‘y“i(s'

]ustullly ;n;nlflblc also in one or more peripheral deviees, Common external mass
m.n';::)rymt.vu.cs for use with microcomputers are magnetic Lipe cassettes (ﬁl();“
age L HICCEEE i ; i ) AN
,lgt‘ " -| (').!\’.‘glL.Lth time -’!() s). Noppy disks (100 600 K. deeess time ~ (15 s)
and hard disks (500 20,000 K. aceess time ~3s: il numbers as ol 1984) ‘

. wis provided in several
ams fixed instruction sets such as
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The input-control allows the computer to communicate with external pe-
ripheral devices. Within the computer, a bus sysiem interconnects the CPU,
memory. and input-cutput control scgments.

The functional elements described above are common to all computers, but
the speed and memory capacity are determined by the particular hardware con-
figuration. Based on these parameters, computers are often classified into super-
computers. mainframe compuicers, minicomputers, and microcompuiers, with this
list ordered from largest. fastest, and most costly (o smallest, slowest, and least
expensive. Definition of the boundarics between these different classes of com-
puters is constantly shifting: today's microcomputers have the power of main-
frame computers of the 1970s. The availability of tremendous computing capacity
at low cost is driving a revolution of new computer uses in consumer products,
communications. information processing, scientilic instrumentation, and in bio-
technology. While computer-coupled fermentors were a novelty in the 1960s, we
can expect in the net teo distant future that almost every bioreactor, analytical
instrument, and other bioprocess unit will be monitored and controlled by digital
computers.

10.4.2 Computer Interfaces and Peripheral Devices

The storage and arithmetic and logic capabilitics of a computer are worthless
unless the computer is connected to or interfaced with something clse. We can
classify computer interfaces as follows according to the object connected with the
computer:

I. Computer - compuler: communication
2. Operator + computer: instruction

J. Computer +operator: information

4. Sensor » computer: inpul

5. Computer » actutor; manipulation

We shali next consider each of these types of interface and their significance in
computer applications in biochemical engineering. Before turning to particular
interface classes, however, we should make the general comment that communi-
cations hardware and software controls applied to a particular type of interface
are not standardized. so that different computers. peripheral devices, and sensors
cannot be “plugged-in™ to cach other arbitrarily. Care must be exercised 1o
ensure that units to be interconnected have compatible input-output functions.
Computer-computer connections are important because different types of
computers and digital devices have different costs and capabilities. Overall cffi-
cieney is maximized and cost minimized by using the minimum computing power
for the major task at hand. communicating with a higher-level computer when
more rapid or complex computational operations or larger storage are needed. A
proposed hierarchy of computing levels applicabie ¢o fermentation research and
development is shown in Fig. 10,04, Mere. at the first and lowest level. which
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The first- and many of the second-level functions are conducted in real rime.,
which means that there is negligible lag between input of information or instruc-
tions to the computer and output or control action based on that information. At
the highest or third level, a mainframe computer may be used to solve compli-
cated model equations, estimate model parameters from obtained data, and
evaluate advanced control and optimization strategics. Here, information sup-
plied from the first- and second-level computers would be used, but the results
would not necessarily be obtained in real time. Instead. the goal may be improve-
ment of process operation at some fluture time.

Communication at the “person-machine interface™ between operator and
computer takes several different forms. Computer-to-operator communication
may occur using a digital meter, a CRT (cathode-ray tube display), printer. ploi-
ter or, recently, computer-generated speech. The form of output displayed on a
CRT printer or plotter may be text or graphical format shown in single or
several colors. Operator input o the computer is often using a keyboard, directy
communicating with the computer in the case of a terminal or indircctly using a
keypunch. Other modes for operator input include switches, louch-sensitive
screens, and “mouse™ devices which, when rolled on a hard surface, translate
correspondingly a cursor on a CRT display. Also, speech recognition capabilitics,
the object of intensive contemporary R & D activities, already permit a small sel
of instructions to be cntered verbally. Input of prerecorded programs or data is
done through one of the mass memory peripherals mentioned earlicr.

The convenience and flexibility of operator-computer interactions combined
with the computer’s ability Lo store and manipulate rapidly large quantities of
data have several significant benefits in biotechnology as in other areas of process
technology. Process and controlier status can be communicated to the process
operator in clear, cfficient fashion, giving the operator the option of cxamining
particular aspects of the process in greater detail on command. Alarms and cues
generated by the computer can alert the operator to existing or emerging prob-
lems in the process. Also. the operator possesses great flexibility in altering con-
troller settings or, if needed, even the controller aigorithms and configuration.

In addition, safety and regulatory policies usually require gathering and
maintaining detailed records on cach bateh of a drug. Such record-keeping and
report generation is facilitated greatly if a computer is linked to the process.
Reports on raw material and energy consumption, cycle times, yields and inven-
lories important in R & D, in plant management, and in overall cconomic opti-
mization for the company may be prepared more rapidly and with much less
cffort i the process units are computer-coupled. Benefits solely from improved
record-keeping and report gencration have provided the economic justification
for installation of process computers in several pharmaceutical companics,

Sensor-to-computer interfaces depend on the measured quantity and the
available forms of sensor output, Some important process operating variables
have only "on™ or "ol states such as running of a pump or compressor or an
open or closed valve. These may be read by the computer direcdy in digital form.
Another type of digital input is a pulse which is generated by a tachometer or
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signals over a prespecified range. Resolution of the analog signal is directly re-
Jated to the number of bits employed, IF the digital output has # bits, the input
analog range will be divided into 2" discrete subintervals by the converter.

An example of a laboratory data acquisition system based on a microcom-
puter is illustrated schematically in Fig. 10.£5. As mentioned, the O and €O,
analyzer analog outputs are adapted before going to the A/D converter. Interest-
ingly. notice that an amplilies board has been used to input directly the voltage
gencrited by the dissolved oxygen probe without the use of a separate instru-
ment or readout unit for DO. By replacing some of the functions of analog
instruments and controllers, & microcomputer system can provide all of the ad-
vantages discussed at lower cost than the traditional set of analog instrumen-
tation.

Two dilicrent approaches have been used in connecting several analog inputs
to a computer. The first uses a separate A/D converter for cach input {there are
usually several such converiers on a single A/D bourd). Alternatively. a s anning
unit containing several relays (reluy multiplexer) may be used to switch among
several analog inputs. feeding the seiccted input to a single A/D converter. The
former approach permits more rapid sampling and reading of ecach analog input
at the cost of a larger number of A/D converters. Increasingly. analysis instru-
ments are being equipped with digital outputs, usually in the form of a hinary
coded digitat (BCD) signal, which may be used for computer input.

Consideration of computes-to-actuator interfices parallels that just deseribed
for physical device-to-computer communication. Digital outputs control cleetri-
cal on'olf switches (relays) and stepping motors. Digital-to-analog (DA} conver-
sers send 1o actuators analog signals corresponding o digital value output of the
computer. Figure 10.16 shows the inicrconnections and interfaces used in com-
puter coupling to a pilot plant. While the complexity and scope of the two
systems clearly differ. (the major components, types of information, and signal
flows are very similar to those in the laboratory gas analysis microcomputer
module in Fig. 10.15.

10.4.3 Soltware Systems

The software  the set of programmed instructions which govern the operation ol
the computer. its interfaces and its peripheral devices s a critical component of
a computer-coupled fermentation process. The soltware dictates how the com-
puter. and perhaps altimagely the process. will perform, Which data s displaved
and stored in what format, what operator inpuls or interventions are necessary
or allowable. perhaps how the process is operated, are determined by the soft-
ware, 1t has long been recognized by those with experience in the ficld of com-
puter-coupled instruments and processes that good soltware is a central key to a
suceesslul system. and that software development can be the major task and a
significant expense i installing a process computer. Recent downward trends
in hardware prices certainly reinforee this theme. Conscquently. it bchooves
the laboratory researcher and plant manager alike to examine carelully the
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a fermentation pilot plant.

c;npzl_bllmcs and flexibility of existing software for alternative hardware and
cgnmdcr carefully the ultimate costs of not paying what ma sc" initially n" lf)
high price for system software, Sl b
The npcrmiug. system of the computer controls program cxecution, file stor-
;Lgc‘n.mmlghc;mcnt. tnventory and allocation of memeory, and coordinallio‘n of these
w}rlli(‘.:llllolll.l'.;m here larc‘lh.ru\'c d.lchrcnt 1ypes of computer programs: wtility programs
: start up the system and create files, language programs 1o permit use of
high level languages (BASIC, FORTRAN, APL and oihcrq) and appli o
programs for accomplishing particular computations and ollllc‘r tasks ’S’ot;':l‘““;?
jectives of applications programs such as data acquisition, opcralo‘r J:r.lform':liomi
and feport gencration have already been discussed, and others includin " d'(l"
'[]'um““]g and process control are considered in the rcmuindcr‘ of this clfupl‘:::
1||‘:l::|],lzl::._,(-)2r|‘::l¢'.:i[$r algorithms and application program functions abound in
“An important consideration in selecting

ability to do time-sharing or multitask operations. With this capability, the cor
puter system c..s‘scmi;llly can run several programs simultaneously lh‘crch E
serving, analyzing, and controlling several different process unlil\f at lh'y"0 .
lll‘l]-C. Also, new programs can be writien and old ones dcbuggcd ‘or mLO(j.":'n']J
while the computer continues 1o interact with one or more processes, Mulli:a::k

a hardware-software system is ils
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capability 15 essentitl ag the second and third levels displayed m Fig. 10.14, but
the dedicated microcomputer data acquisition and analysis system in Fig. 10013
does not require time-sharing leatures.

Having surveyed the basic concepts important in process compuler systems,
we now examine some uses of computers and of data which they have acquired
to define the operating state of the process and to provide the desired environ-
mental conditions for maximizing bioprocess productivity.

10.5 DATA ANALYSIS

Although the available measurements for a biorcactor are limited, these can be
used in concert with defining cquations, overall mass and encegy balances. and
process mathematical models to deduce the values of process variables and
parameters. As A, E. Humphrey suggested in 1971, the available measurements
taken together provide a “gateway™ into other aspects of the process which are
not dircctly observed. We have already discussed how measurements of inlet and
exit gas flow rates and composition may be used to caleulate the average volu-
metric mass-transfer coeflicient, &, for a bioreactor (see Scc. 8.2.1). Also. 1n Scc.
510 we saw how magroscopic balances on cellelar growth could be used syste-
maltically to calculate macroscopic lows based upon known overall cellular reac-
tion stoichiometry. Figurc 10.17 shows in flowchart form how measured
quantitics may be used 1o calculaie related process properties associated with
mixing and acration and with cell growth and metabolism.

On-line estimation of biomass concentration and ol specific growth rates
during fermentation has been & central objective for data analysis methodologies.
In this section, we will use this biomuss estimation problem as a prototype for
illustration of several different approaches 1o biorcactor data analysis,

10.5.1 Data Smoothing and Interpolation

Often, measurements obtained from process instruments are noisy. Significant
measurement fluctuations make the instrument outputs unsuitable for vuse as an
aceurile, instantancous value. Some sort of signal conditioning or smoothing is
required in such cases.

The simplest way to smooth data is to apply a first-order (analogous to an
RC) filter which attenuates input fluctuations smoothly and increasingly as the
fuctuation frequency increases. Such a filter is characterized by a time constant
f,: inputs with frequencies much smaller than ¢, ' are attenuaied to negligible
magnitude in the output, and fluctuations with frequencies much greater than ¢,
pass essentially unaffected. In discrete-time form. convenient for digital computer
implementation. such a filter is given by [2]

Wy T dgty oy o bow (104
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Pertowan (¢ds. ) [, Academic Press, New York, 1979.)

where e is the filter input (noisy signal), w is the filicred output, and subscripts k
and &1 denote the current and the previous discrete sampling times. a,, ay,
and by are parameters which determine the filter characteristics. In particular, iy
is related 1o the sampling time T, (the time interval between samples) and the
parameter by by the equation

T by &
iy X1+ by) (10.5)

Somewhat simpler 10 implement, yet giving similar filiering characteristics, is
4 mocing arerage calculation. Here, we take mcasurements more frequeatly, and
average some scl.say 10, of the sequence of measurements to obiain a representa-
tive value over the time for all of those measurements. This is quite feasible
biorcactions where significant changes in measured quantities often occur ov
much longer time scale than the time required for the measurement.

A more sophisticated filter which also provides an interpolation polynomial
has been proposed for fermentation applications by Jefleris and coworkers {35].
We shall consider estimation of biomass density and growth rate from noisy.
intermittent turbidity measurements as an example. The cell mass density within

for
er i
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some time interval ¢ backward from the current sampling time is represented as a
second-order polynomial in time:

N(1) =y 4oyl et (10.6)

The objective is to cstimate values of ““f‘ cocfficients «,, ;. 1131.(] loc_,dusmg:g;c
present measured value of x, x(r). previously measured v:jtluu., an ]'_')OTI' .y
information on measurement noisc as well. One uppro'uch is to 'cﬁccl a least-
squares deviations fit of Eq. (10.6) to the data over the time ml.c‘r\.ul(;,‘. i; lro ;g
A recursive least-squares filtering method for %]‘IIS purpose is dCS(..l'l'bC ;n ] ¢ l
Other techniques for filtering noisy data are discussed in the general references a
chapter’s end.

10.5.2 State and Parameter Estimation

Negleeting accumulation of oxygen in the reactor, the oxygen material balance
on a batch reactor becomes

Fati o Tatipe B Eodx (10.7)
I ey s = o, = Mo X+ Yastor it

where [ and ¢ denote feed and exit values, rcspcc;livc!y. In ll‘lis cquation, L)i().lgccl‘f
use for both growth and maintenance metabolism is CO.nfild(%de..B)’( mcahl.ll!r.q
ments on the feed and exit gas streams, the oxygen utifization raic Q‘(,: ( I‘I(.l
quantity is often also indicated as OUR i!'1 the h(.crzuurc) mny pc ‘dfllc'rg:ﬁi-
experimentally. With @y, (1), a known funclion of time an'd d‘bbljlml(;]}, :)quin
cients My, y and Yy, to be constants, Eq. (10.7) may be intcgraled to obud

T

() = exp( Mo, x Yioud) x [ 0y + J Yo, eXp (Mo, x Yx0.0)00 (1) dT | (10.8)

L1}

This equation may now be used to estimate values of (1) from Q‘,__(Ar) nllcatr;:ur:‘-l
ments. Then, the growth rate dv dr and specific growth rate follow directly fror
Eq. (10.7). ' ‘ S

1 However, before applying this to a particular fermentation, 'lh(, oxygen stoi
chiometric parameters must be determined. A convenient equation for !]us put;i
posc may be obtained by inicgrating Eq. (10.7) with respect to ume an
rearranging to obiain [29]

foQognrde L1 [ x(O) J o
i x(nyde M3 Y, | Thottdde

Using measured values of Qo0 and x(1) from an 0[Tﬂinc experiment, I‘hc
parameters My, ¢ and ¥y o, may be determined from a !mcar plot of the left-
hand side of Cq. (10.9) vs. the bracketed quantity on the right.
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Zabriskic and Humphrey [36] applied this approach to batch cultivation of
several microorganisms. Figure 10.18 shows the results for ta) a Strepromyees
fermentation and (b) for growih of Saccharomyces cerevisiae, Yield factor and
maintenianee coellicient values for cach case are shown, as is the coeflicient of
variation v between experimental darg (dots) and biomass concentration estj-
mates (continuous line) based on Fq. (10.8). We see that this cstimation proce-
dure performs well for the Strepromyces cultivation but thae, in the 8. cerevisie
experiment. the data devinge qualitatively from the estimates, There is evidence of
diauxic growth in the measurements which is noy indicated by the estimaltes
derived from marerial balancing. These discrepancies have been attributed (o
variations in M,y and Yy 0, which accompany shifts in glucose utilization me-
tabolism during cultivation [36],

This particular example is illustrative of an entire class of data analysis ap-
proaches based on macroscopic balances, These methods often perform well as
gitleways from measurements (o derived process variable values. Difficulties may
arise, however. because of error accumulation,

General methods for estimating the state of 4 process, that is the values of
the variables which appear in a differential equation mathematical model of the
process, have been developed by systems engineers and applicd mathematicians,
Like the material balancing approaches. these more advanced  estimation
methods take into account known relationships among process variables, How.
ever. these methods ajso consider noise effects and CITOr propagation  in fiyey,
the mathematical bases lor modern estimarors rests m the theory of stochastic
processes.

Presentation of modern multivariable estimarors such as the extended Kal-
man filier is outside (he seope of this text. We should. however, note several
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i i 107c s a5 revealed in the
attributes of the extended Kalman filter applied to bioreactors as |I:gv?:,]';'dx3]~
computational and experimental studies of San and Stephunopoulos [37.
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the next seetions, we examine

' ‘ different strategies for maintaining and manipulat.
Mg process operating conditio

s for good performance,

10.6 PROCESS CONTROL

Obtaining satisfactory process performance requires mainicnance of operating
conditions at design values, Because of unpredictable upsets which invariably
enter a process due 10 fluctuations W pumping rites, flow patterns. mixer speed
and other operating conditions, wnd because of chemical changes within the pro-
cess, control action is usually required to maintain specified conditions, Some-
umes we can improve baich reactor performance by varying process conditions
such as pll or lemperature in a predetermined fashion as the reaction oceurs,
Here, too, controls are required in order to carry out the desired haich operation
program. In this section we first examine controls to maintain desired values of
339;15[11’0(1 variables, Then, we consider control based on estimated process con-
ions,

10.6.1 Direct Regulatory Control

Using control of o bioreactor as an example, we frequently wish (o control pll,
lemperature, acration rate. agitation speed, and perhaps dissolved oxygen partial
pressure at specified values. Sinee ali these quantities can he measured on-line,
regulation of cach of these process state variables can he accomplished using o
conventional feedhack controller, (he basic components of which are summarized
in Fig, 10.20. Here, the controlled or output variable, say pH, is measured, and
the analyzer output is sent 1o a controller where the measured oulput value s
compared to the desired, or set point, value. Based on the deviation between
desired and measured value, control action is determined by some control
algorithm,

The controller may be a person who monitors instrument readout and de-
cdes what to do. More often, the controller is o pncumatic, electronic, or digical

Disturbances

Set b . Error

Output vanable
pont ol -I

Controlier

1 -

Actuator 1 Process

Muasurement
Measured device
output valve

Figure 1020 Uiemenrs in 4 fecdbick control sysiem
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computer device. The simplest type of cunlml' if‘ on-olf control. [lere, !hc iICll.l;l-‘
tor is turned on when the error exceeds a specihied value fmd turned ofl when the
crror falls below another specified. threshold level, or viee versa, S}lCh controls
are used when the activator or conlrol element, wh.ich acts pl\yslca}]ly on the
process 1o cause corrective aclion. is an (m-(?ﬂ' d‘C\'ICC such as a h:l]glc-spccg
pump. Thus, in on-off pll control, a pump which ’[ccds lm:ic Lo the fermentor |~:
turned on when the pll falls a certain amount (typically 0.25 ‘pII uml’s_) below !Iu.
set point pH. When the pH reaches o certain Ic\'cl.(xcllpm]]l + Q.-n pH units)
above the set point. the pump is turned ofl. (At this potnt. an ucul.fccd Pump
may be turned on. However, this is usually not necessary since lf.]l.‘ cﬂ‘cct ('1[‘1'11051
fermentations is o lower medium pll) Temperature control is often accom-
plished in a sinilar way. at least in «.mull-sc;glc reactors. o
If the control clement provides o continuous range of oulputs, such as i
variable-speed motor on the fermentor impellor shalt or i con'tmuou%ly 1d|u\t
able valve on feed air supply. it is common (o use pm;{orr.-mml'-:.-l.'cm‘ul-dcr.'rumc
(PID) control or some variation of this algorithm. For PID control, the con-
troller output o is given by
¢ o
oty o, + K'lc(l) ¢ : JL’(\\‘)(!W + r,,ll:r) (10.10)
T Jo ar
Here. o, is the nominal controller output corresponding to operation at the un-
disturbed. design condition. and ¢(1) denotes the error

ety (set point value  measured value) at time « (10.11)

As indicated in Fq. (10.10), the three different terms in the bracket contribute
to control action in proportion 1o the error (P). the integral of the error (1} and
the derivative of the error (D). Relative weighting between these three .conlrol
mades is determined by the parameters 1, and t,, which are called the mru_r,!ml
time and the derfvative time, respectively. The overail “streagth™ of control action
15 determined by the magnitude of the proportional gain !\": If II?c (Icrn;n:vc
mode is absent (z;, — 0), the controller is called simply proportional-integral (P1)
Other posstbilitics are obvious. _ . ‘

A properly adjusted controller of this type often provides excellent I’L‘g‘lll.lll‘m'{
of the measured variable. Poorly adjusted, a feedback controller ¢an dfxlub]_l_m.
the systeny, causing undesirable. aceentuated fluctaations. How o set or lunc. .‘]4
PID controller and its relatives 15 a central theme of many texts on process
control (sce. for example, Refs. 13, o ‘

Common practice is simultancous use of SC\"Créll controllers of this type. omi
using temperature measurenents to changee cooling rate. one rcgulul,ng pH. ‘{“f
S0 fc;rth. Because of deereasing costs of digital computer hardware, it s l‘ncrca;-
ingly cliective 1o use a single microcomputer as the controlier for‘su.:\-c‘r.flr.n.‘m.']
single-variabie feedback control loops. If the computer output (llsl.l.vifly i ‘lc‘r ;
D A converter or a relay) is used directly 1o drive the actuator. the system is sa
1o be in direct digital conrol (DDC).
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Figure 10.21 A computer contro! system for di

and dissolved oxygen analyses. ( Reprimted by permissiont from L. P Tannen and L. & N (yiri, * Instru-

mentaiion of Fermentation Systems,” p, 331 in * Microbi,
7 X A3 al Technology” 24 ed.
and D. Perlnan (eds. } 1, Academic Press, New York, 1979.) e ok Vol 1 A bl

A dl_slmct advantage of using a computer as a controller is the opportunit
to cc.)mbm.e the data analysis capabilities of the computer with the fexibilit ol;'
manipulating more than one process input to achieve control. An exam lg f
such a system is shown schematically in Fig. 10.21. Here, measurements ol} dig-

to mamp'u]zgte agitation rate and/or gas feed rate to control DO at the desired
l{:vel. This is a DDC System. Notice that the A/D converter accepls cur:eet
sngnals here, requiring conversion of instrument oﬁtput voltages to cuprrents (tl:l
V/T converter), Tt is preferable to transmit electrical analog signals in curr f
form unless l!le transmission lines are very short (e.g., in a research laborator )en
order to avoid significant line losses. The theme of applying calcuilated oess
states and parameters for contro] is extended in the next section. process

10.6.2 Cascade Control of Metabolism
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Figure 10.22 Information flow in a cascade contral scheme in which deviations from desired meta-
bolic states are used to modily environmental variables, Legend: DO, dissolved oxygen: F, gas flow
rate; 8, substrate; +§5, substrate addition rate; P, pressure or product; N, agitation speed; Qo Qo
gas utilization rate. ( Reprinted by permission from L. P. Tannes and L, K, Nyiri, " Instrumentation of
Fermentation Systems,” p. 331 in * Microbial Technology,” 2d ed, Vol. II [H. J. Peppler and D.
Periman (eds.) [, Academic Press, New York, 1979,)

growth rate or respiratory quotient is kept at a desired value. This is feasible
since, as summarized in Sec. 10.5, we can eslimate some metabolic properties ol
the culture based upon available measurements. Then, as illustrated in the infor-
mation flowchart in Fig. 10.22, the estimated metabolic property may be com-
pared with its set point value, Error here determines the “metabolic control
action” in Fig. 10.22, perhaps using one of the feedback controller algorithms
just described.

The output of the metabolic controller may be used directly to aiter a pro-
cess input such as a pumping rate. Alternatively, the metabolic controller output
may be used to change the set point of an “environmental controller,” say for pH
or DO. The pH or DO controller will then alter the pH or DO which, in a good
control system, will change the metabolic variable to reduce its deviation from
the metabolic variable set point.

When the “environmental™ variables are controlied by local single-loop con-
trollers and the environmental controller set points come from a digital com-
puter, the scheme is called supervisory control or digital set point control (DSC).
Of course, everything may be done by digital computer/controilers. We have
already seen such a system in Fig. 10,14, in which the first-level computer carries
out the regulatory control of environmental variables, driven by set points pro-
vided by a higher level computer.

—
B S e ——
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Computer control of fed-batch culivation of bakers yeast (Saccharomyces
cererisiae) affords an interesting example of metabolic manipulation by proper
environmental regulation, Regulation of glucose catabolism in this organism is
quitc complicaied. At suitable values of glucose and dissolved oxygen concentra-
tion, glucose is utilized for respiration, providing maximal cell yields per uni
amount of glucose consumed (recall Sec. 5.3). If glucose concentration increases
above a certain level. metabolism swilches to fermentation cven in the presence of
oxygen. This condition is termed aerobic Jermentation and is the result of meta-
bolic regulation known us (he Crabtree efivet. If acrobic fermentation occurs. coll
yield on glucose is reduced, and ethanol and CO, are formed as end-products. As
noted carlier (Sec. 7.2.3), ethanol inhibits yeast cell growth,

Consequently, aerobic fermentation should be avoided if production of yeast
is the process objective (as is ofien the cuse). This can be accomplished by feeding
glucose during the batch fermentation, The program of lucose feeding can be ¢
preset schedule based on previous expericnce with the fermentation, However,
due to batch-1o-batch variability in the inoculum and medium (in practice, mo-
lasses rather than pure glucose), such a fixed feeding scheduie may notl match the
glucose requirements of the culture aver time, resulting in high glucose concen-
trations. acrobic fermentation, and yield reductions.

In order to adupt such a feed-on-demand stralegy (o the requirements for a
particular batch, Wang, Cooney, and Wang [39, 407 used on-line material bal-
ancing to estimate the progress of the lermentation and 1o adjust the glucose feed
rate accordingly. Respiratory quotient [RQ: Eq. (5.51)] was found 1o be a useful
indicator of glucose utilizatjon pathway, with RQ values greater than unity jn-
dicative of ethanol formation, RQ valucs in the ranges below 0.6, 0.7 0.8 and
0.9 1.0 signal cthanol wiilization, endogencous metabolism and oxidative growth,
respectively,

Wang et al. [39. 40] described the baker's yeast fermentation using (he fol-
lowing stoichiometric representation:

aCoH 120, + b0, + ¢NH; * CoHigoMNy 030506 + ¢H;0 + fCO,
(10.12)
C,H,50, » 2C,H,0M + 2¢0,. (10.13)

The empirical cell formula {with unity coeflicient in Eq. (10:12)] is based on an
average of elemental analyses conducted at different stages of the batch fermenta-
tion. There are seven unknowns in describing this reaction system: the five stoj-
chiometric coefllicients in Fq. (10.12), and the extents (o which these two
reactions have occurred. Bused upon elemental balances on C, H, O, and N in
Fq. (10.12) and measurements of O utilization. CQ, evolution, and NH, addi-
tion, these unknowns miy be determined on-line.

Controlting glucose addition based on the strategy of maintaining RQ less
than unity produced the resulis shown in Fig. 10.23. Here, the control and asso-
ciated estimation method performed extremely well. Glucose and ethanol Jevels
both remain low throughout the fermentation. with the exception of a brief pulse
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Figore 1023 Results of @ fed-batch haker's yeast fcflllclllzlli(\ll using cmnlllntllulr-ut«-11.1lr‘ulll‘t-:l IE:::::::
feeding based on attaining dusired respiratory qlmllcn{ values, Measured .mc- Lh.(l.l-'l'ld. L.J i }
cnnccl_llrulitms durmg the baich are shown for comparison. (R('p.ruu.('d hy ,-u-u.-fn.\‘\m-n /.’-"”;ﬁ ,,;. »‘r,‘
Warg, C. L. Cooneve and D0 o Wang, ™ Comprater-Vided Baker's Yeast Formentations.” Biotech,

Biveny., vol 19, p. 69, 1977,

in cthanol production around hour 16. The cell density lrujcclory- obtained fr(:m
maderial balancing computer estimates closely tracks the experimentally mea-
sured information.

5UVL(51J::|';l H?)s‘. agreement between estimated and mc;nsprcd binmuss coneentri-
tions was not obtained in other fed-batch experiments in which grearer clhumT]
production oceurred. In these cases, the cells consumed clh;mol. for growth, a.
reaction not considered in the biomass estimation prt'iccdllrc. These cx:un[‘»l.c.s
illustrate possible pitfalls in such direet material balancing uppr'oz!chcs: crm.r,h,l;:
process state estimates, once made, tend 10 propagate, and existence olj ox‘x.m‘
comversions not in the presumed stoichiometry can throw ofl the whole scheme.

10,7 ADVANCED CONTROL STRATEGIES

To conclude our overview of process instrumentation xu.ul cpnlml. wc' s:‘lml!
examine some of the strategies used to maximize producl~y.|cld in batch rgjlc.lgrs:
and 1o regulate and stabilize continuous reactors. .In addition. \\-(? sf|?1|||‘ c'xftn.nn,u.
briefly some of the interesting scheduling and design problems which arise in a
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process consisting of a sequence of different batch operations. In all of these
cases, application of computers is essential to implement the control or to do the
calculations necessary to determine the desired control strategy.

10.7.1 Programmed Batch Bioreaction

Given a particular organism, maximizing production from batch bioreactions
requires determination of the environmental conditions during the batch which
drive the cells to their best possible performance—or, stated differently— which
maximize the genetic potential of the organism. There are several different ways
in which this environmental optimization problem can be defined, depending on
the instrumentation and control provided on the reactor. In the simplest case,
exemplified by a shake flask in which there is usually no on-line measurement or
control capability beyond operating temperature, we seek the best temperature
and initial medium composition. In a bioreactor with only direct environmental
controls, we can look for the pH, agitation intensity, and other