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Figure 3. The principle of operation of an ion-selective electrode.

an interfering ion. For the latter type of
solution the Nernst equation is no longer
valid, and the Nicolski equation (of which
the Nernst equation is a special case) must
be used. The Nicolski equation is as follows:

= RT an ot N
E=E, +zi_F1n [a,+1zkﬁ (aj)z|/ZJ] ..(2)

where the factor k?Ot is the so-called sel-
ectivity coefficient for the electrode
between the primary determined i and any
interfering substance j. The values of k?Ot
can be found in manufacturers’s literature,
although it is recommended that for accu-
rate work, particularly in complex media,
that they be determined by the experi-
menter. It should be noted that some
workers express the selectivity coefficient
as kpiot' so that the reciprocal of this
selec{ivity.»coefficient must be used in
equation (2). As a rule of thumb k?Ot is
smaller the more selective an electrode is
for i compared with j.

In general, it is appropriate to adopt
something of a pragmatic approach to the
use of an ISE in a new fermentation pro-
cess, and first study the potential/con-
centration curves for the medium used in
the absence of microbial activity. It will

Table 1. Advantageous features of ion-
selective electrodes for fermentation
control.

Continuous, real-time assay.
Sensitive (usually to <10~ molar).
Electrodes biologically inert.
Non-destructive assay: no added
reagent.

Many electrodes, using same

equipment.

Selectivity; good to poor, depending

on need.

Relatively rapid responding.

Good lifetime

. Low cost.

0. Respond to thermodynamically
important activities rather than
concentrations,

11.Can be used in optically opaque and

turbid suspensions.
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usually be the case that the concentration
of the major interferents will change no
more than that of the primary determinands
as the fermentation proceeds. Similarly,
drifting of the electrode response, insignifi-
cant in the short term but relatively exten-
sive over periods used in continuous fer-
mentations, can be noted in the absence of
microbial activity. It may also be noted
that the use of antifoam agents is not to be
recommended when liquid membrane-type
electrodes are being used, as these types
of reagent, possessing weak detergent
activity, will tend to extract the electro-
active ion-exchanger from the electrode
membrane. Little information has been
published on autoclavability of ISEs, but
manufacturers will readily offer guidelines.
The effect of ionic particulate matter (such
as microbial cells) in a solution is known to
increase the noise of an ISE reading, and
may also affect the liquid junction poten-
tial (Fig. 3)%%%°.

Recalibration

Undoubtedly one of the least-studied areas
in the field of ISEs is the question of how
to recalibrate an ISE during a continuous
fermentation under sterile conditions. One
possibility, of course, is to take aseptically
a sample of fermenter fluid and measure
the concentration of the ion outside the
fermenter, and adjust the ‘apparent’ pl
to the ‘correct’ value. Whilst this approach

is acceptable in principle, and advisable 7

during early development of a new fer-
mentation, a simple alternative is pos-
sible. This method, which requires only
standard additions of substances and con-
tinuing recording of the electrode poten-
tial, has been outlined in principle in the
case of an oxygen electrode®®. Since its
application to other electrodes is some-
what different and has not been described
before, it is presented here in some detail.
Imagine a continuously stirred tank reactor
in which a fermentation is being carried out
continuously, and the concentration of a
particular ion is being controlled. The
balance equation for the ion is given by:

N =k, (C—-C¥) (3)

(mv)

Figure 4. Typical response curves (potential
vs concentration) for an ISE in the presence
of increasing concentrations (curves 1 to 4)
of an interfering ion.

where N is the rate of usage of the ion by
the microorganisms (mmol hr*.17'), C*
is the set-point concentration of the ion
and C is the concentration midway between
the set-point concentration and that obtain-
ing immediately after the addition of ion
via the control system, Thus C may be
regarded as the ‘average’ concentration of
the ion in the fermenter in a non-ideal case.
N is obtained from the concentration of
ion in the adjusting reagent and the amount
added per unit time. k, is therefore derived
from equation 3. Now the pump is actuated
manually for a short time such that the
actual concentration in the fermenter
increases significantly above the set-point,
and the time taken for the concentration to
fall again to the set-point is noted. If this
time is compared with that obtained during
an earlier calibration, the relative values for
the slope of the electrode in the Nernst (or
Nicolski) equation are given (if N is con-
stant) by the reciprocal ratio of the times.
Thus, millivolt readings may be converted
to ‘real’ concentration readings, by appro-
priate change of the meter settings. This
method assumes, incidentally, that ERels
unchanged. Whether this assumption is
justified may easily be established by con-
sidering the shape of the trace for ambient
pl, where changes in E, or the electrode
slope may be picked up as changes in the
rate of activation of the pump, extent
of excursion of the trace assuming a
standard amount of reagent is added each
time, and changes in the sope of the
apparent ‘uptake’ of reagent as the con-
centration drops again to attain the value
at which the pump is reactivated.

Instrumentation

Allusion has only briefly been made to the.
type of instrumation necessary with ion-
selective electrodes, largely because for
simple cases a ‘pirated’ pH meter of reason-
ably high impedance, or a pH-stat apparatus,
will serve adequately. Most commercial
fermenters are equipped with this type of
apparatus, and it is unnecessary to dnscu_ss
its operation in any greater detail here. It is,
however, germane to draw attention to what
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the present author considers a key aspect
of the use of multi-ion-control in ferment-
ations. It is customary to use a different
pH-meter and reference electrode for each
voltage signal, be it from an 0,, redox, pH
electrode or temperature probe. This is a
completely uneconomic approach to instru-
mentation compared with the alternative,
which is to use a voltmeter with a number
of input channels which are rapidly scanned.
In this way only a single voltmeter is
required, and this can be of higher quality
per unit of capital invested in
instrumentation control. Additionally, the
use of a digital voltmeter allows easy inter-
facing with a computer, and it is the view
of the present author that the advent of
relatively cheap microprocessor-based appar-
atus will be of great significance to the
development of completely automatically
controlled fermentations both in full-scale
plant and the research laboratory. Whilst
the use of computers in fermentations is
by no means new®**°, there have been
few applications including the use of ISEs
as sensors. The addition of these to the
armoury of the researcher wishing to
optimise his fermentations is long overdue.
A lucid resume was recently given in this
journal® of the philosophy and use for
fermenter optimisation of computers. A
system based on a scanning digital volt-
meter under microcomputer control, as
used in this laboratory, is diagrammed in
Figure 5. At present only analysis rather
than control is carried out, but the system
allows real-time calibration of all elec-
trodes, the obtaining of selectivity coef-
ficients from calibration curves and inter-
electrode correction of readings. However,
the question of the necessity of control,
rather than mere analysis, of fermentation
parameters during a full-scale previously
optimised, fermentation is an interesting
one, and is one to which attention is now
turn,

What is a true chemostat?

As every student of microbiology knows,
a chemostat is a type of continuous culture
system in which the composition of the
inflowing medium is so arranged that the
microbial activity inside the CSTR so
reduces the concentration of a necessary
substrate that growth is thereby limited.
In the steady state, then, a low and limiting
concentration of this substance is found
within the fermenter, and thus, in principle,
in the effluent stream'*?**3. For this
reason, the term chemostat is used, for at
a given dilution rate the concentration of
a chemical in the fermenter (chemo) is held
constant (stat). However, this chemical
concentration, as sensed by an individual
microorganism in a fermenter, is held
low because of the activity of the other
microorganisms in the fermenter, and vice
versa. This may therefore be referred to
as intrinsic chemostat operation. The
alternative method, extrinsic chemostat
operation may be realised by a system in
which the level of a desired nutrient in the
incoming medium is essentially zero, and
is adjusted extrinsically to the set-point
level via a control system based on an ion-
selective electrode of the type described
in Figure 1. This type of system is much
easier to operate during the research phase
of the optimisation of a fermentation since
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Figure 5. Multi-ion-monitoring system based on a scanning digital voltmeter wit

computer control.

only asingle minimal medium need be made
up for the influent substrate, changes in the
concentration of desired constituents being
easily adjusted by changing the set-points
of the pl on meter readings. This is in con-
trast to the intrinsic mode, where each
change in fermentation medium constituent
concentration requires a new recipe for the
influent medium, and, moreover, one which
bears no necessary relationship to that
existing within the fermenter in the steady
state. Once the final medium constitution
in the fermenter has been optimised, it is
then possible to adjust the influent medium
to attain similar conditions in the intrinsic
mode for use in the final, full-scale ferment-

ation, if this mode be regarded as prefer-
able.

Has extrinsic control of fermentations
with ISEs improved yields previously?
The observant reader will point out that the
type of extrinsic control system elaborated
bove will result in significant oscillations of
nutrient concentration within the
fermenter, their extent depending on the
delay times in the control loop, the rate of
nutrient usage by the microorganisms and
the concentration of nutrient added when
the set-point is reached. Whilst this regime
can wreak havoc on the interpretation of
physiological studies in the chemostat®*,
there is evidence® that this type of semi-
continuous culture can have significant
enhancing effects on the microbial pro-
duction of secondary metabolites, possibly
as a result of what have been called ‘slip’
reactions® .

In any event, the ability of the experi-
menter to control the concentration of a
particular metabolite by appropriate feed-
back signals, either regarding further
nutrient additions or changing the flow
rates of influent medium does offer the
possibility of significantly enhancing the
productivity of the economics of ferment-
ation and waste treatment systems. Some
examples follow which illustrate this view.
Carbon dioxide is a well-known regulator
of microbial growth and activity'' . Whilst

micro-

published studies of the effccts of dis
solved CO, concentration on fermentation
processes have been few in number, atten-
tion may be drawn to the weork®® which
used a CO, electrode to contirol the dis-
solved CO, concentration during an inosine
fermentatnon, and found that inosine pro-
duction was severely inhibited above 0.05
atm. A particularly obvious application of
the CO, electrode is in the controlled
growth of autotophic organisms, of which
photosynthetic organisms for use in bio-
mass production®® or dinitrogen fixation
to ammonia provide examples of current
interest®”. Similarly, of species which may
be sensed using ‘gas’ electrodes, the regu-
lation of fermenter ammonium
concentration would seem to offer impor-
tant -economic savings, both from the
point of view of the cost of nitrogen sources
and from the fact that nitrogen-limited
cultures tend to exhibit maximal secon-
dary metabolite production®. Regarding
other types of electrode, the elegant usé
of a sulphide electrode to monitor the
methanogenic  fermentation ~may  be
noted*®, and a very early innovative use of
a cyanide-sensitive electrode to control
the flow rate in a continuous microbial
system for treating cyanide- contamlng
effluent*®. The uptake of both nitrate’

and tetrathionate®! by respiring bacterial

cultures has been observed using ion-
selective electrodes. Electrodes sensitive
to detergents (e.g.’?) are also easy 10

construct in the laboratory. The author
knows of no studies which have set out
specifically to investigate the role in
affecting fermentation yields of simple
cations such as K¥, Na*, Ca*+ and Mg**,
although electrodes selective for each of
these species are commercially available.
The utility of ISEs in continuously follow-
ing microbially catalysed processes for the
extraction of metals from low-grade
ores®*-%% is sufficiently obvious to need
no particular stressing.

It is regrettable, in view of the subtle
effects of inorganic phosphate on micro-
nial secondary metabolism®®, that no
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electrode is available for direct estimation
of this ion. It would be inappropriate to
conclude this review without pointing out
explicitly the potential utility of enzyme
electrodes in monitoring continuously the
progress of fermentation processes.

Enzyme electrodes

As pointed out above, the selectivity of an
ion-selective electrode is governed by the
permselectivity of the membrane dividing

two aqueous solutions containing the
determinand. The possibility of using
enzymes to enhance enormously this

selectivity has been recognised for some
time®’. The modus operandi of a penicil-
lin-sensitive electrode is shown in Figure 6;
a layer of penicillinase covers a pH elec-
trode, either in a polyacrylamide gel layer
by enclosure within a cellophane dialysis
membrane®® or by adsorption onto a glass
frit>*. Penicillin molecules diffusing into
the region occupied by the penicillinase
are hydrolysed, yielding penicilloic acid;
the local pH changes and the pH electrode
monitors this change. The electrode des-
cribed previously®® showed Nernstian re-
sponses to a range of penicillins with a
linear relationship in the range 107° to
3 x 10 M; it was claimed that the elec-
trodes functioned satisfactorily for six
weeks without deterioration of their be-
haviour, and were suitable for use in fer-
mentation broths.

Electrodes have been . described for
urea, sugars, amino acids and more arcane
species such as amygdalin®®®! | The variety
of possible enzyme electrodes is limited
only by the ingenuity of the experimenter.
The use of polarised electrodes, working
in the manner of a fuel cell, to continuously
monitor methanol during Single Cell Pro-
tein fermentations may be pointed out®?.
Like the dissolved oxygen electrode, this is,
of course, a polarographic electrode, where
current is measured, in contrast with the
other types of ISE considered here which
are potentiometric, in which a voltage is
recorded.

Concluding remarks

Whilst the present article has been neces-

sarily brief, it is hoped that the reader may

find the present thread of logic attractive,
and may be stimulated to try out ISEs for
improving his or her own fermentations.

It is useful to list once again the elements

of my argument:

1. The entire field of microbial physiology,
including that concerned with the pro-
duction of substances of economic
interest, is dominated by the under-
standing that microbial metabolism is
markedly affected by the chemical
environment of the culture.

2. Just as most experimenters monitor
and control the pH and dissolved oxygen
level of their cultures, as this has in the
past been found to be useful and
economic, so too does the availability of
numerous ion-selective electrodes allow
the measurement and control of the
solution concentration of many other
species in real time and on a continuous
basis. ;

3. The ability to optimise the addition of
nutrients to microbial cultures, as well as
optimising the specific production of
fermentation chemicals desired, also
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instrumentation, particu-
larly the availability of microprocessor-
based digital electronic systems, now
allow sophisticated automatic control
systems, in which ISEs may constitute
sensing elements, for.a very modest
investment, relative to the improvement
in fermentaion process economics which
they can provide.
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