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1 • Gil:ERAL IN'.PROJUCTIO~J 

Al though i on-select ive e l ectrode (I SE) and rel ated t echnol ogies ar e 
perhaps the most sienificant recent advances i n the expl oit ation of transducers 
by life scientists , thei r use i s far from widespread. The crosdne; of t he i nter
disciplinary b01rriers between their ori gins in r.iainstrcam electrochenistry to 
their many biological a pplications has pr oved diffi cult , as i s acutely de~on
stra t ed i n f ennen tation science by the present lack of appropriate on- line t rans 
ducer s . Some knowledge of the rel eva.nt aspects of electrochemistry, ins t runent
ation , mi cr obiology and bioengineer ing is therefore essential if one is to pro~ote 
successfully the appl icati ons of I SEs to fermentation processes , and we apolcgise 
in advance for periodically borine t he specialis t reader. However , our major ai~1 

is t o provide a practi~al discussion of the special pr oblems of ISE application in 
t hi s f ield , which we believe to be the major obstacle t o urgently needed progress . 

2 . I NTRODUCING THE PROBLEM 

In the interest s o f bringing the ski lls of the micr obi ologist, bi ocru5incer 
and el ectrochemist to a co:nmon focus , it is worth1.Jhile sumrnarisine t he conceptual 
and pract ical problems curr ently faced by fezr.ient ation technoloei s t s . Whil st 
i ncreasing use i s bei ng made of mic r oor ganisms i n a wide va riety of industrial 
processes , operation of t hese has hitherto r equired sur pri si ngl y litt l e under 
standing of the process dynami cs . Inst ead , success has been ba sed on careful 
a ttention to the empi r ical needs of the orean i sm. The conplexities of micro~ial 
pr ocesses arc subject to a hieh degr ee of intrinsic control , whi ch is often 
sufficient for accept able productivity in the exploitat ion of a near-natural 
proces s . H:Y,iever, pr ogressive i nt eres t in the exploitation of minority er u.'1-
na tural proces ses, as well as coD!llercial consider ations , have demanded r:JOre ma:ii
pulati ve ski lls of the indus tr'J · Unders tandably, the extensive accur:iulat ion of 
knowledge concernine the nature of t he me t abol ic pathways involved has given rise 
to the ab i l i ty to sel ec t, and more r ecent ly to engi neer, t he ffenot ype for f r o
ductivi t y i n existing and new processes . On the other hand , l ack of under s tandinc 
of the dynamics of a microb ial process lar gely precludes its effecti ve control by 
physiologi cal or geneti c means and , once proven , the process is f or the most part 
l eft t o its own devices . 
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Technol ogy has developed through the ab ility t o bui ld def i ned units into 
a conplex pr ocess , amenable t o re~uct ive analysis . On the other hand , Biotechnol oi:;y 
w~st seek to pr ovide operational simplification of an existing complex , often ill 
~~icrstood process . Once the mi crobi ologist has pr ovided the appropriate oreani sm , 
tec!molo&i cal consider ati ons largely dictat e the operat i on of the fermenter plant . 
E:ochc~ical assessment is then lar gely based on empirical exper ience , tcillpered with 
zQmc off - line analysio . Heagre r eliance on on-line monitor,;:; allows only ru:limentary 
4'Il4!.ffiic process assessment and cont r ol . 

Adoption of chemi cal engineering pr inciples by the bioengineer in the 
ap9lication of r.iathematical models f or the design, optil:lisation and contr ol of 
reactors has become widely accepted ( 1-3) . However , one of the major problems 
~~~ays f aced in such kinetic modelline i s the complexity of r eal i ty . Technolo~ical 
1~lcr!;;tanding of the process has , :herefor e , required simpl i fication of node l s so 
~:a.t they provide testable r epresentations of realit y . The main siopl ification 
strategy used is based on the concept of rel axation t ioes , which del e t e from the 
~odel all nechani sms not contributing t o the dynamics of the model system in the 
relevant time scale. The "unstructured models" are , therefore , the most widely 
U!led both in academic and industrial circles , simplifyi ng the properties of the 
bionass to a s i ngle enti ty v i z . the ar.iou.1 t of biomass i tcelf, and logical pro
gression of such macroscopic theory eoploys mass balance equa.tions as the main 
analytical t ool ( 1 , 2 , 4, 5}. Althou.o,<lfl the aicr obiologist has an extrell'.cl y "structured" 
Q~derstanding of the bior.t.'.l.ss bla~k box , its largely static nature does not contr ibute 
to the bioengineer' s r:iodel of reality. However, since even exclusion fron such 
models should only be based on prior assessment of the dynamic r e l evance of par a
r.cters , it nust be realised that models a r e onl y s i mplifications of those acpects 
:if reality which are tcst::i.bl e . Further , i t I:lUst even be questi oned whether vali
dat ion of ex tant models can be reliably made . Incorr.plcte on- line ooasurcment is 
a major problem even in the a t tainment of the !'!la.SS balances of "unstru·Jtured" 
:: .. odel s (e.e . 3, 4) and recourse to indi rect or long t i'ile- constant discontinu·?us 
ncasurc~ent of samples (which themselves r.m.y not be rer.resentative) is generally 
un::;atisfac t ory . 

The bi omass is clearly geared i n nature to i ts own productive ends , and 
the pragmatic ~icrobiological t es t is whether these arc also the needs of the 
technoloei st . The di fficultieo , for example , of opti~ication and upscaling, as 
well as of the day- to- day irreproducibility of many established fe::".tentations , is 
beeinning to undennine the i ndustry ' s near total rel iance on t he technoloei cal sense 
of the mi croor gani sm ( e .g . 3, 11) . I ndeed , as r:iany more mi nor or ' alien r::1et abolisms ' 
beco~e ' forced ' on the n:icroorga.nism the s i tuation must worsen . In concert with 
the r ecent increased awareness of the importance of on- line :neasurer.ient (9, 10) , it 
is necessary for trancduccr technologicts to devote consi der abl e effort to over
co~ing the difficult measurement problems of the operating fer~entcr . ISE and 
derivat ive t echnology would a ppear t o provide a rel atively cheap, yet :1owcrful , 
~etho~ of biochemical measurement ( 11) . Yet , althouf~1 the cl inical appl i cati on of 
ISE::i are found to be of cons iderabl e commerc i al and practical interest , l ittle 
development e ffort i s apparently beir.g directed towards their use in fe:r:l:cntations . 
The extre~cly de~andinc problcoc o f asept i c on -line oper a t ion and of the analysis 
of complex solut i ons in transducer -fouli urr and Gensor- poiconing brothc have g-rcatly 
retarded progress . It i s our intention to examine the role and appl i cation of ISE 
1:ieaaurenent technology in these practical tcr.ns . Althou,<;h no mcthodoloCT alone i s 
likely to provide the complete answer and could never s traightf o:::wardly r.ia tch the 
:;:,crfor-n•ance cri t cria of the r:iorc custc~ar"J temperature and 1irc:;sur0 transducers 
(larJel y because of the cor.iplcxity of the deterrn inanJs bei ng a nalysed), th i c 
sh?uld r.o: preclude appl i cation of the ~ethodologics that are already available . 

A microbial fer:~.enta tion I:lay be sbply rec:irded in terns of t he r.iedi u:'!l 
an 1 bio:na:o:s bulk compartments . This of course makes a nur.ibcr of ascu1?pt i on3 • In 
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the majority of l arge-scal e f ermenters mixi ng of the cont ents i s imperfec t , arul 
the consequent stratifications give ri se to a number of dynamically- changing sub
compartment s ("distributed" models (3)). Sir.iila r ly, the bi omass itself cannot be 
a s suned t o be uniform. Many of the meta bolic reaction,s occur on membranes and the 
membrane- bounded cyto sol itself is far from free of microenviron~ents (12) . 
Further, inc r easing use i s being made of mixed cul t ure f ermentations (13-1 5), 
wherein a number of biomass compartments must be envisaged . 

Curr ently , the determinati on of a mass balance ( substrate inpu t , produ~t 
output and conversion) is the pr ime a im of measurement , yet i t is not difficul t to 
perce ive that more thorough r.ieasurement , assessment , control and even manipulation 
of the organism' s environmen t are nec essary, and would no doubt be applied i f 
reliable on-line transducers were avai l abl e. Al though the measurement of cytosol 
l ocated parameter s i s clear l y more diff icult to accomplish and i nterpret, the 
pr oblems are not insurmountable . I t is our belief t hat i t is only with t his type 
of perspective tha t micr obial proces s t echnol ogy can improve , and that despite the 
grea t pr omise of gene tic manipula tion, the mi crobial physi ol ogis t should not con
sider his r ol e diminished , but in i ts infancy . Although phys i ological manipulation 
f onns the bas is of some fermentations and will undoubtedly pr ove the key to the 
expl oitation of many mor e , it is al so clear that knowledge of the dynamic physi o
l ogical and biochemi cal pr operties of the system i s a major fea t ure currently 
l acking i n micr obial s train des ign, in small - to large - scale optimisati ons , in 
r outine maintenance of productivity and in quality control . Thi s without doubt 
will necess ita te direc t on- l ine monitor ing of all important parameters. 

3. PRESENT USE OF ISEs A1m ALTERNATIVES 

The pH, di ssolved oxygen and platinwn redox pr obes have lo~g been comm
ercially available and have been used at all l evel s of f er mentat i on. As Kel l (11) 
has pointed out , " .. less prevalent ... even to the point of non- existence ... " is use 
made of other , even commercially avail able I SEs . Although general awareness of 
these and other measurement me thods ha s increased (e. g . 9), pra ctical usage has 
not kept pace with this i ncreased knowledge . We thus extend our discussion t o the 
scope and practical appl i cati on of t hese transducers . 

The pH, di ssolved oxygen a nd , t o a lesser extent, t he r edox electrodes 
have been l ong establ i shed as i nput e l ements of fermen tati on feedback control loops . 
Al though t here has r a r ely been any well established mol ecular basis for the success 
of these control practices ( e.g. 11,1 6) , the r esulting i~provements in produ~ t 
yi eld can only be cons ider ed drama t i c . Changes in biomass and product yiel d , as 
wel l as shifts in metabol i sm , may be ef fected by quite subtle alteration of the 
set po ints of these control loops {e . g . pH (1 7 -20) , oxygen tens ion (16 ,, 21-30) and 
r edox potential (31)). The r easons f or choosing these parame ters would appear t o 
be a s much r elated t o transducer availabi lity and commercial i nstrumentation supply 
(10) as they are t o any conceived fennentation pr ocess t heory; i n t his regar d it 
is worth no t i ng the cl a imed superiority of cer tain r edox glass elec t rodes t hat are 
no t commercially ava i lable (332 ,333). The f act that transducers measuring temp 
er ature ( 32 ) and pressure (33 ) have a l so be en available, and tha t these are t he only 
ot her parameter s which have received any attention, would tend to sug5es t tha t the 
development onus has been placed wi t h commercial fermentation sys te:n suppliers . 
Fermentation transducer technology i s perhaps too far r emoved f r om the alrea:iy
stre t ched multidisci plinar y f ront of Biotechnol ob)' f or the i ndustry itself t o be 
able to percei ve the benef i t s of more r a tional development i n this fiel d . 

It is quite clear that a cons ider abl e number of other "environ'llen~al 
parameters " greatly affect mi crobial metabolisn ; jus t as clear is the cor ollary 
t hat si milar control of these para.~e ters may be expected to improve dramatically 
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::-.e_t';t.'..:nisation of fementations . I n a number of published reports off- line 
~::1;--·.;la hons of the microbial culture medium have been demonstrated to engender 
::e:1 :::::abol i :: changes wh i ch in some cases have a discernible b i ochemical basis 
!~ -~~ =~ani see section 8). Befor~ pr~ceeding to ISEs , it is perhaps ge=ne to 
,_a~- ~-her measurement methodologies in perspective . 

79 

Certain automatable analytical procedures which have been des igned for 
::u~i::e , of f - line discrete sample analys is , and which have thsrefore been used i n 
df -~i~e fer:nentation analysis , have also "been applied on- line . By far the mos t 
»5--lf1:an t of these procedures i s mass spectrometry linked to some forl!l of bio
:!:e:::ical s eparation method, histori cally gas- chromatogr aphy (GCMS) . The develop 
::e ~.: of cheaper and less bulky GCMS systems has enco..traged the ir use in the l arger 
::~:::sat:ons (34) . Semi - continuous sa~pling of the f ermentat i on gas phase through 
'?:~ial gas permcaole septa has enabled excellent off -gas ( or volatile) analysis 
(J~ ·57) . The technique is clearly more versatile (anc more expensive) than infra
::.: gas a:-ialysis (10 , 38) . The development of fur t her rapid separation methods and 
ex':-:nsive analytical programs will no doubt extend the range of this tool. It s 
hi if.; sophistication and cost, commissioning time and inabili t y to measure a l l 
:r.;or~ant parameters simultaneously will no doubt confine its more gener al use t o 
:~;se speci alised cases where chemically- similar species must be analysed (e . g . 
: r;;;anoleptic co,nponents (39) ). GC has similar considerable benef i ts with lesa 
:o:::?lex detection methods (40) . High performance liquid chromatography (HPLC) 
~~st a l so be consider ed a simil arly powerful analytical procedure employing b io
c~e~ical separation prior to detection, and there i s every r eason to believe t hat 
~~=e versatile and diagnostic IIPLC detection methods will shortl y become available 
(l1 , l2) . 

Calorimetry is a simi lar high-cost, indirect but potentially versat i le 
s ir~:!.e-uni t ;~easurement system . Dynamic fermentation heat r el ease as a diaenostic 
tool (4-3 - 45) has t hermodynanically interesting possibilities (46) althoUf$!::l the 
b :':erpretation of data and the practical impl ementation are somewhat difficult . 
The "enzy!l!e themistor" transduces specific biochemical reaction enthalpy (47) . 
;·,':lcn t:ie racasu.rement is perfor.ncd in a stirred or flow str eam a steady- s tate 
=eadin g , pr oportional to concentration , rather than a discre t e sa~ple reaction rate , 
is :r.easu r ed (48). Measurement against a similar non-enzyme themistor a s r eference 
::ay prov i de a bet t e r on -line substrate (or enzyme ) assay principl e than spectro
photonetric methods , which always suffer from poor sensitivity and dr as tic inter
ference f r o:n opaque broths, bubbles and fouling of optical surfaces. 

The wide ranGe of colorimetric and enzyme - linked spectrophotometric 
·iis :::rete-sample assay procedur es can be applied using mul tichannel autoanalyser 
e'.1_".J.ip:!1?n t. The assays may be :nad.e semi continuous wi th acceptab le per iodi city for 
~:i:-iitoring ( 9 ,10) . The methods , although versatil e , have grave disadvantages 
which , a s well as the above optical i;roblems, include high capi tal a nd running 
CO!:ltG requiri:-i~ many reaccnts/enzy:nes, d ifficult on -line calibration , ser.ii - contin
~ou3 re~ote an~ in~irect measure~cnt with a ti~e lag and reactio~ poisoning. These 
rather i neleeant cys t em3 arc being steadil y replaced by direct ISE i:rocedures in 
clinical anl r oatine analytical laboratories (49) . On- line use is , however , still 
difficult . At:i::iic ab:;orr;tion/emi ssion spectrometry :nay also be appl i ei on- l ine 
f or in·li vid-..u"!. in'.)r;:anic i on analysis and can often replace ISE analysis where 
to ':n.l -;on~cnt::-::i.~i~n , ra:her than free ionic activity , is r equired (49, 58) . 

4, ~CCiE OF DIRECT !SE !1.EASUREl1E!:TS 

'r'::-.ble 1 • 
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'rABLE 1 . Direct measurer.ien t of biologi cally r el evant 
det erminands by I SE and r elated techniques 

GLASS :·:EMBRANE ISEs (e . g . 51 , 52) 
+ + + + 

H , Na , K , NH
4 

J'RECIPITATE - A1ID CRYS'l'AL- BASED H~·1BiW?. ISEs (e . g . 51 - 55 ) 
2+ 2+ ,+ + + 2+ .2+ 2+ 2+ ' 2+ 2+ Ca , Mcr , K , Na , NH 

4 
, Co , Ni , Cu , Mn , Zn , Pb 

- - - 3- - - 2 -Cl , F , I , Br , P0
4 

, N0
3 

, SCN , S 

m~ EXCH.ANGE AND NE0TRAL CARR IER ~lEl'·IBfiANE I SEs (e .g . 52 , 56- 62 , 307) 

Liquid membrane , plast i c matr i x- encl osed l i quid membrane and coated- wi r e 
construJti ons for:-

+ + + + ~ 2+ Ca2+ 
H ' K ' Na ' N!I 4 ' r~ ' - ... ... ... - 3-
Cl , N0

3 
, Br , I , SCN , PO 

4 
Organic acids (e . g. acetate , oxalate , phthal ate and butyrate) ; 

Ami no acids ( e . g. phenylal anine and l euc ine); 

Vita~ins (e . g . ni coti nate and vitamin B6) and 

Drues ( e .g . chlor amine T and aspirins) 

I S:FFI' DEVI CES ( e .g . 63- 64, 145-1 52 ) 

H+, K+ , Na+ and other membrane and sens i tised methods ( see t ext) 

ENZYNE-SE~TSITISED ISEs (e .g . 65-69) 

Many different types linked t o other ISE types (see Table 2); cl assically, 
urea , penicillin and gl ucose electrodes 

GAS SENSING I SEs (e .g . 70- 72 , 94) 

Convent i onal or air gap constructions f or co2, mr
3

, so2 , ni troeen oxi des anti 
vol a tiles 

POLAROGRAPJIIC EI.ECT'RODES (e . g . 65 , 73- 76 , 1 54- 156 ) 

o2 , H2, rr2o2 and vario-.ts 

enzyme- sensitised ( e . g . sugars , alcohol s and vitamins ) 

OTHER DEVICES 

Antibody/ ant i gen elec t r odes (e .g . 78) 

Substrate electrodes (e . g. 79 ) 

l'iczo~lectric transdu:ier s (e . g . 80 ) 

Chemically- modified electrodes (e .g . 81-87) 

Since i t i s our purpose o~ly to refer t o the ffieans of oper at i on of each 
I SE type , the more correct classifications recomr.iended by I \JPAC (c . ff• 52 , 25) wi ll 
onl y briefl y be allui ed to bel ow and the reader wi l l be referred to other excel len t 
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ex~os itions where appropriate . The present interdisci pl inary problem is wel l 
i::ustratcd by t he fact that the wel l esta bl i shed I SEs generally respond t o in
o:-ganic i o:is , whilst the biol ogi s t often requires to assay the acti viti es of 
organic i ons . However, many of the inorganic i on-selective e l ectrodes have 
arpl i cations in fennen tati o n technology s i nce some dcterminands (e . g . potassium , 
sciiuJ, ::iagnesiuro , calcium , phosphate , n itrate, aii~onium , anmonia, carbon dioxide 
a:::d hydrogen) arc of rrr eat i mpor tance as envir onmental f ermentatio:i parameters ; 
certain trace element s in culture media can also be a ssayed by ISEs . 

8 1 

Hore r ecent biomedica l and other i nterest has stimulat ed examination of 
orr:mi c molecul e sensor s , some of which are of wider biochemi cal and fe r mentation 
sig:lificance , These direct measurement t r ansducers can al so be linked to single 
er oultiple enzy::ie reaction sequences where the initia l substrate or ter mi nal 
J.!:Oiuct is the ::ipccif ic dcterminand of the t r ansducer. Of c ourse , t rue potcnti o
r:etric I SEs do not c onsu.11e deter minand (or reagen ts ) a n d can operate U:.'lder u:.1stirred 
coni itions. However , the s e sensitised I SEs , and the ampero~etric types , consume 
~etcrminand ( and occasionally reagent ) and theref ore r equire effective stirri P.g so 
th2.t electroae surface layers do not become depl e t ed . 

4.1 Pernselectivity and eeneral mechanism 

An ISE is an el ectrochenical half- cell separated from the bul k sol ution 
by a ::;e:r:brane exhibitine; perrnselectivity t o a restrict e d number of species . Where 
bo pha3es wi t h electri cally charged spec ie s come into contact a Nernst pot ential 
is developed across the i nter face (e . g . 89). In the case of t h e ISE it r.iay be 
cnvisarrea. as devel oping across the permse l ective membrane whi ch has at its outer 
su::face the deterrninand-con t aining solution and at its int ernal surf ace a standard 
c:..c t ivi t y of determinand (the internal reference) . Thi s potential r:uy be neasured 
~ta netall ic electrode (usually a s ilver wir e ) d i pped i nto t he internal reference 
solution (usually a chloride salt) , The half- cell potential i s then the sum of 
the pot entials a t the silver wire /(silver) chloride sol ution (ideally c onstant) :md 
:he variable de t cminand ac tivity-dependent Nernst potential ( plus cer tai n o t her 
s;.::i.ll =d esenti ally constant junction pot entials). 

The potential difference between t he working ISE half-cell and a no t her , 
generally r eference electrode, half- cel l i s measured by an a r range:nent as shown 
in Fil} . 1 . 

Since the r efer ence s i de of the measurement cell i s a l so designed to be 
stable, the only f actor that should cause a change i n potential difference between 
1.he pair is the Nernst potentia l of the wo:rki nG electrode ( 09 ) . The speci es in the 
rerr:-.r-;cl ective membrane of the transducer e l ectrode that governs its sel ective 
reGponse is referr ed to a.s t he sensor by electrochernists ; thi 3 i s not to be con
L1sed with the f ernenta tion technologi st ' s use of "sensor" to mean transducer. 

Var i o·..is constru::ti ons of I SEs a r e schematically r epresented in Fig , 2 . 

:~ . 2 Pri..-1arv fixcrl- si te ISE3 

There arc a number of ways of preparing sol i d- s t ate electrodes, but the 
r..a j ority are of the pri::-1ary or fixed- site el ectrode t ype ( 52). I n the r igid 
~atrix , el ass electr ode ncmbrane , the ion- exchanee and ster ic pr operties of t he 
cl ac::c; co.'l3ti tute t h e s ensor (Fie; . 2a) , and various well- recoeni3ed cat i on- sel ec tive 
€lasses have been devel oped (52). Gl ass electrodes se ns i t i ve t o oxidation potential 
have also been described (333 ), The precipi tat e- ( or c rystal-) based electrodes can 
k .ve nembrn.nes constru::ted of hor:iorreneous sensor (ho:n::iceneous cr ystalline (52, 55)) 
or :c.ay be he terogeneous (52 , 55), whe re the sensor i s entr apped in another mQ.t rix 
:~.aterial ( e . g . polyvinyl chloride (Yvc), wax, silicone rubber, etc .). The sensor 
~ay also be non- crystall ine in the pressed sensor pellet varieties (53) . The 
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membrane may have a solid el ectrical cont act (Fig . 2b) or contact may be made via 
an inner filling solution (Fig . 2c ) . The ' membrane ' may even be formed as a pre
cipitate on the electrical contact (e .g . silver wire (55)) , and in the 'Selectrode ' 
(90 ) the sensor is rubbed onto the non- selective hydrophobised-graphite surface of 
the electrode (Fi g . 2d) . A more recent approach has been to attach specific chemical 
ligands to the electrode surface (Fig. 2e ) , providing the chemi cally-modified 
electrode types (e .g . 81- 87) . 

4. 3 Mobile carrier ISEs 

Mobile carrier (or liquid membrane ) electrodes have sensors which are 
either neutral carriers or are posi tively- or negatively- charged ion- exchangers 
(52 ). Many of the neutral carrier sensors should be f amiliar to the micro~iologist 
as the ionophoro11S antibiotics (e .g . valinomycin for potassium (20 )) . H::>wever, 
Simon ' s laboratory has synthesised a variet~ of further speci fic carri ers for the 
alkaline earth cations and protons ( e . g. 61). In the earliest examples (Fig. 2f) 
the sensor was dissolved in a hydropho~ic solvent , whi ch was allowed to permeate 
inert membranes (e . g . glass fibre ) . However, as a result of the work of Moody and 
Thomas (e .g . 60) , among others , the sensor was dissolved with appropriate plastic
isers in a plastic matri x membrane , usually of polyvinyl chloride (PVC ) . The com
position of such membranes , especially the nature of the mediator, markedly affects 
the electrode ' s performance ( e . g. 91). Electrical contact can either be made vi? 
an inner filling solut~on (Fig 2g) or , in solid- state versions , directly (Fig 2h) . 
The latter coated wire electrodes ( CWEs ( e .g . 62 )) lack inner filling solutions , 
the plastic membrane being applied directly to the electrode , which occasionally 
is first coated with a thin layer of a polymer (e .g . polyvinyl alcohol ) soaked in 
the inner filling solution. 

A further very significant version of the mobile carrier approach is to 
at '.:ach various other ligands to existing mobile carriers , e .g . the Crown carriers 
(92 ). Thus model haptcns (e .g . dinitrophenol ) or true immunogcns (e .g . bovine 
serun albu;nin) have been im.mobilised at the electrode (73) and are able directly 
to measure their specif ic antibodies (or vice versa) . This d i rect approach is 
worthy of further examination, i nitially perhaps with the sugar-specific lectins 
(93) . 

4, 4 Sensitised ISEs 

Al tho.igh the above ISE techniques prO'ride a wide range of measurement 
possibilities , these can be extended to encompass many mor e detenninands by various 
sensitisation procedures exploiting physical or biochemical reaction links . The 
sensitised ISEs (SISEs ) include the gas- sensing electrodes and the enzyme-(substrate- ) 
sensing electrodes . 

4. 4.1 Gas and volatile probes . The ammonia and carbon di oxide gas- sensi ng electrodes 
are linked to the pH electrode (Fig . 2i) . Although all have been commercially avail
able for some time it is perhaps germane to draw attenti on to the autoclavable var
iety recently made available from Ingol d (94) . In the case of the carbon dioxide 
sensor a bicarbonate buffer solutio~ surrounds the pH electrode , and this is sep
arated from the determinand solution by a gas- permeable membrane . Dissolved carbon 
di oxide is in reasonably rapid equilibrium with bicarbonate ions ; entry of dissolved 
gas into the entrapped bicarbonate buffer will disturb the equilibriu'll , producing a. 
pH change . At steady state this will represent a par ticular dissolved gas concen
t ration and the Ingold electrode has further elegant modif icati ons to improve 
performance and to ease calibrati on (94) . 

A f urther modification of this type of approach i s the air-gap electrode 
(Fig. 2j ), which sepu.ra.te~ the detenninand solution from the sensiti sed or ordinary 
ISE by an air space (70), but which is unlikely to be of great utility in analysing 
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the gas/soluble phase equilibriu. in fer:nentatioru. . Significantly, :VC- rne:nbrane 
electrodes have been used to monitor the gaseous oxides of ni tro.":Cn ( 72) (and cf. 
(322) for a pola.rographic method) , which suggests that it wi ll be possible to 
ooni.tor directly some of the more volatile organic compo .. mds in the fermenter gas 
phase using similarly-constru~ted electrodes . 
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4.4.2 Enz;vmP- senPitised ISEs . There are potentially many enzyme- linked (or s~ns
itised) ISE >robe" (i. e . ESISEo) . "'he ISEs of 'llost importance are perhaps pH 
(including anunonia and carbon dioxide ), arrunoniu~ , phosphate , iodide , red.ox (and 
oxygen) and many vf the organically-selective ISEs . Since these ISEs provide tho 
ceans to neasure the substrate or product of a very h.rge number of enzymes , there 
appc:i.rs little point in cataloguing the poRsibilities , since the microbiologL. 
will be aware of the available enzymes , reacti ons and co- factors e·c . and the 
electrochemist can easily disc~•er them (e • • 95 , 13 ) . Table 2 sunmu.irises th~ 
basic types of mechanisms involved and draws attention to examples of the relative 
few that have been constructed. It is perhaps more appropriate to discuss some of 
the key featuxes of such methods . 

TABLE ?. . Bi oselective probes 

MICROORGANISM- AND OR'.:;,ANELLE- SENSITISED ELECTRODES 

The transd~tion of <he effect of determinand on the microbial production/ release 
of the deter:i:inand(s ) of a variety of primary electrochemical transducers , 
including fuel cell and ISE types e . g .:-

acetate ~31 3 ~ 
phenols 315 
nitrate 312 
succina · e ( ) 

alcohols (314) 
antibi otics (316) 
vitamins , amino acids and cofactors (15 , 

159) 
biomass ( 1 G; ) 

r'.I.E-SENSITISED PCYrEtJTIOI-:ETRIC AND AM' ERO 'l·:I'IUC E.uECTRODES 

The substrate , pr oduct or co- factor of a (mu....ti- ) enzyme reaction as the determin
and of the primary electr ode , which includes potentiometric red.ox electrodes , and 
amperometric cathodic ( e .g . pol..rogr~phic/voltammetric and self- polarising galvanic 
oxygen- type electrodes) or anodic (e .g . peroxide anode ) el ctrodes e .g . :-

glu~ose (106-107 , 124-127, 130, gluconate (3 5) 
140 , 141, 278- ·79 , 2 - alcohols (2 ) 
289 , 295- 297( 301- 303 , amino acids (277 , L88) 
313, 316- 318) cholesterol (1 2A , 287 ) 

galac'tos(: ( 5) pyruva+;e (2' 7) 
lactate (1 05 , 286 , 304) oil in water (291) 
ascorbic acia (1 14) 
phenols (9~ , 298) 
xanthine (2 7) 
<AD(P)H linked enzymes (e . " 28 ) 

Regeru ra·ine co-~ubstra:e/co-f ~tor .ys · ms (e .g . 140 ,141 , 300) and co-produ~t 
rem rv~ syste ·~ ( • • 302) rave been developed for this class of bio- selective 
probe • 

ENZYMF.-SEN'3IT ISED ISEs 

The cubJ · r<tte or produc · of a ( 1ulti-) enzyme reaction as the determinand of the 
pr.l.m3.ry ISE incluilr~ :-

TAB~ 2 CO.t' d • •• 
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TABLE 2 contd . 

NH
3 

and co2 gas sensing pH electrodes e .g .: -

creatine (99) urea (102, 104-1 05 , 281 , 284) 
amino acids (1 13, 288) 

pH electrode e .g . :-

peni cillin (101-102) lipids (129) 
glucose (102) 

NH
4
+ electrode (nonactin and glass types ) e . g. :-

urea (103 , 282- 283 ) amino acids (282 ) 

CN electrode e .g .:-

amygdalin 

ENZYME- SENSITI SED ISFETS 

Directl y ion- sensing ISFETS or ion- selective membrane modi fied ISFETS are being 
converted to "enzyme transistors" by analogous methods e .g .: -

"penicillin transistor" ( 148) 

ENZYME-SENSITISED CONDUCTOMETRIC PROBES 

Many enzyme reactions change the measured conductivity of the substrate- product 
solution e . g.:-

antibiotics (163) 

ENZYME- SENSITISED THERMISTORS 

Enzymic reaction enthalpy can be used as the specific transduction mechanism 
(e . g. 47 ) for many potential bio- selective probes . 

ENZYME-SENSITISED PIEZOELECTRIC 'I'RANSDUCERS 

Coated piezoelectric ctystals (80) could be used to transduce the substrate- product 
of enzyme reactions . 

ENZYMS GRAFI' OR MODIFIED ELECTRODES 

Attachment or grafting of enzymes to electrodes can provide a more directly 
transducing enzyme electrode (e .g . 292 ) for many potential bioselective probes 
(viz . 308). 

ENZYi'IE/ SUBSTRATE- SENSITISED ELECTRODES 

Enzyme substrates can be attached to electrode surfaces to transdu~e the activity 
of enzymes (viz . 308) e .g . : -

hydrolases (99) 

ENZYT-~E-SENSITISED OPTICAL!iY- TRANSPAREN'r ELECTRODES 

Optically- transparent electrodes (e . g . 320 , 321 ), chemically modified with redox 
or pH, etc . dyes could have some advantages when used as the primary transducer 
of bi o- selective probes . 

LIGAND-SENSITISED ELECTRODES 

Simpl e binding of determinand to ligand- (e .g . enzyme-, antibody-, antigen-, 
enzyme inhibitor-, hapten-) modifi ed electrodes avoids the biochemical reactions 
associated with other sensitisation methods (e .g . 79 , 301 ) • 
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Many of the reported ESISEs have required the cofactor and non- determinand 
su~stra~e (even t~e enzyme ) ~o be added.to the determinand solution (e . g . 96-100) , 
which , in truth , is an ISE- linkod off - line assay procedure and is clearly of dimin
ished benefit to on- line fermentation analysis . The majority of true ESISEs have 
accordingly used enzymes with s~le substrates (the deterrninand) and no cofactor 
or further substrate requirement t the only other requirement being an appropriate 
Iii and metal ions etc .) . Classically the penicillin ( 101) and urea ( 102) ESISEs 
are of this type and a variety of other similar enzymes could be used (e . g. 65-
68) . 

The simplest constru~tion involves macro-entrapment of t.he enzyme solution 
in a dialysis membrane sac surrounding the ISE (101 , 104) am in his respec'" -nany 
can:nerci~l gas- sensing electrodes may be converted for ESISE use (10? ,104) . 
Ideally the enzyme compartment should be made as thin as possible . This ensures 
core rapid attainment of the steady-state concentration of the measured product , 
(rapid response ), which itself will leak from the compartment . The sensitivity of 
the overall electrode is cl early related to the specific activity am concentration 
of the enzyme . 

Various more sophisticated enzyme entrapment and immobilisation methods 
are available . A common entrapment pr ocedure is to add the enzyme solution to a 
gelling acrylamide , gelatin or agar solution (e . g. 105,106) . This r esults in 
rather thick enzyme membranes whi ch can all too ripi dly lose th~ir enzyme by 
diffusion (e .g . 68). A more elegant approach involves the entraprr.ent of the 
enzyme in a synthesised ultrafilter membrane of variable porosity and relatively 
good mechanical properties (1 17). 

Other excellent methods of entrapment are available but have not as yet 
apparently been used (e .g . 108-11 2) . Immobilisati on by entrapment c:early o:fe~s 
the least chance of enzyme dena.t uration . H.;wever , bii'1mctional c~emical mod11'y1ng 
reaecnts are fL"llii% more widespread use . Glutaraldehyde/enzyme/mert protein 
membrane preparation methods have been , t ·his early stage of ESISFs , very pov.llar 
and..may be made relatively thin , al though friable and p:~.r · ially denatured single 
and mixed enzyme membranes have been pr epared (e .g . 113) . Similar methods enabl: 
enzymes to ba attached to i ner t (e .g . polyamine ) filters (11 4). Glutaraldehyde is 
n rather crude immobili sation reagent , but alternative methods exist for chemical 
a · ~ h tent to a wide varie·y of surface~ , including morT p.ie\S'tics { n....tural polymers 
( · ~ · cellulose and collar,en), metals und ~e1 iconduc,.ors (117-1 ~ ); these often 
gen .er procedures will f ind increasing w.;e (e .g . 1 4-1 3 ). Techniques for prepar
ing enzyme multi- layer s (1 31) and asymmetric~l layers (1 27 ) for multi- enzyme senni
tised ISEs have been developed . It is also highly sioiificant "hat enzyme immobil 
isation meth~ds (~.nd intra- chain cross- linking (e .g . 13?-1 35» tend to slow the quite 
high denaturation rates of mesophilic enzymes (1 36-1 3 ), ~u·::h that enzyme membranes 
may be expec +;ed · o achieve sufficient l ..,n,-evi ;y ( ur der • "imal cond.i tions 1 11 
month (e . g . 6; )) for use in process com.ro • More no.•urally stable enzymet" ( 
some enzymes fror ·her:nJphile• (e .g . 1 ~9 )) ari. alrei>.dy of interest both to ·;he 
microbial technologi st and the bioelec "roche,Jist . 

It should be noted that some of the above cethods do not protect against 
unfavourable environ.~ental comitions . ESISE destruction by microbial proteases is 
particularly to be expected , and those nethods in which the probe is pr otected by an 
ultra.filtration membrane or other steric occlusion methods should be used . It is 
also w~rth noting that considerable retention of cofo.cto=s is expected by use ~ 
ultr~filtration approaches , making it possible to des i gn a wi der range of ES!.:} • 
Partic~arly signif icant io the real possibility of regenerati ng r edox couple~ :n 
otherwise r:~nt-requiring EISESs ( 1 ~· , 141 ) . Avoidanc of :ub- optimal assay con-
ditions andinlubi tors is also im_ r • n · ( Low meth J. ) • Reappraisal of the 
enzyme- sensitisation approach in fc..vvu.r 01 core dirE• · . -·' --=--;1 coupli:ig cethods is 
of clear benefit and should be receiving more attent_ 
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As far as the fermentati on technologist is concerned , the optimal con
stru~tion of ESISEs should be based on e i ther cheap disposable complete transducers 
or on more expensive ISEs with cheap replacable enzyme membranes with a long shelf
life . The latter clearly has commercial and practical benefits and should be borne 
in mind when developing semicondu~tor micro- transducers . In any event , in o~r view 
commercial suppliers will have to reassess their ISE pri ces to encourage a healthier, 
larger and wider market . 

4.5 Semi conduJtor f i eld effect devices 

(Bio)chemically- sensitive semiconductor devices (cSSDs ) are extremely 
important prospective devices ; multitransdu~er chi ps with inbuilt integrated 
circuitry are already conceived . The basic mechanism of these devices may be 
classified as primary, mobile carrier or sensitised ( see above ) . Ion- selective 
field- effect t rans i stors (ISFETs ) are a modified version of the metal oxide field
effect transistor (MOSFET) devices and are the present major starting point in CSSD 
application to I SE technol ogy (323 ) . However, t he extent of chemi cal modifications 
that are presently being undert aken extend much further than any prior electronic 
classification, and it is not too difficult to per ceive that the information cap
aci ty of ' bi omol ecular semiconduJtors ' will be of considerable importance in the 
future development of microelectroni cs . 

The surfa~e :ield of conventional ISFETs is pr oduced by polar or ionic 
materi al on the sur face of the FET an~ , f~r exampi e , simple exposure of its gate 
will render the device sensitive to H , K and Na (63 ,64). Cl early basic double 
layer theory (e . g . 143 ) appl i es to CSSD electrolyte-semicondu~tor interfaces (144, 
145) , as it does to similar ISE interfaces and as l ong as ionic currents through 
the semiconductor gate can be consider ed to be negligible , a similar treatment may 
be expected to apply ( e .g. 64, 145) . Accor dingl y the field generated in the 
insulating layer (Si

3
N

4 
or Si~ etc . ) ~ffects the flow of current between the source 

and drain (Fig. 3) 

Compensation for electrochemically- dri ven changes in drain current by 
change i n applied voltage is the best means of measurement al though the analogous, 
constant voltage , current measurement is also possible ( 64~ . There is presently 
much deliberation concerning the need of a reference CSSD for t he various types of 
' wor king ' CSSDs and especially for the electroneutral modifications (146 ,147) . As 
well as pH- and pK- sensitive ISFETs (64) , Pd- MOSFETs sensitive to hydrogen, and 
anunonia (1 48) , oxygen (1 49 ) , sulphate (1 50) , alcohols (1 51) , carbon dioxide (325 ), 
carbon monoxide (326) and var ious volatile hydrocarbons (326 ,327) MOSFETs are 
under development as prLmary CSSDs . Many mobile carrier and sensitised varieties 
are also possible (see 64) , making use of mor e convent ional ISE technology, includ
ing the "enzyme transistor" (152) 

4.6 Amperometric methods 

A variety of non- ISE, amperometric methods are included here because in 
fermentation terms they provide electrochemical probes of considerabl e merit . 
Fermentation technologists tend to employ the self- polari sing galvanic oxygen probe , 
i n preference to the Clark- type polarographic system. Since both methods pose con
sider able problems , especially when applied i n fermentation , it i s worthwhile 
noting some more recent impr ovements to the polarographic types . It is often over
lo0ked that the measurement of hydrogen with an ' oxygen ' electr0de in microbial 
cultures i s possible by a l tering the polarising potenti al (73 ), and it is significant 
that dri ft and noi se can be mini mised by employi ng electrochemical conditioning 
cycles (74). Pulsed- polarographic regimes are predicted to impr ove the sensi tivity 
dri ft and surf ace mixing properties of these el ectrodes , and headway has been m3.de 
i n thei r practical impl ementation (75). Improved measurement vf dissolved oxygen 
tensi on , even i n thixotr opi c or poorl y- mixed broths i s therefore a possibility. 
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Indeed , on- line polarography of a number of other species (e . g . 153-155) is cert
ainly worthy of consideration in fermentation ani su~h methodology forms the basis 
of many cathodic ESISEs . Many more anodic methods (65 ) are also feasible . The 
high oxidatio~ potentials of primary and secondary alcohols , esters and ketones 
has in general prevented their exploitation in fermentation control . HJwever , it 
has been shown that the iodonium ion can act as a catalytic electron carrier (76), 
providing a novel approach to the construction of a polarographic alcohol probe . 
A triple- pulse potential waveform has given encouraging results (272 ) . 

The use of bio- selective probes can extend from the isolated enzyme thrall€)! 
the proteoliposome, organelle and intact cell levels of organisation (1 56). The use 
of whole cells to regenerate the required enzyme sensitiser is an interesting app
roach. Thus vitamin- and amino-acid probes have been devel oped using eit her auxo
trophic microbi al strains or induced enzyme systems ( 157 , 158). An example of the 
application of these bioelectrochemical fuel cells is the measurement of metabolic
ally-active biomass in cultu~es (1 59), although , of course , reductant production by 
micr oJrganisms (and i ts electrodic oxidation) quite often bear little relati onship 
to growth (e . g. 31). 

4.7 Miscellaneous 

A nu~ber of ISE technology- r elated methods have recently been developed. 
The use of piezoelectric (quartz ) ~rystals is common in environmental transducers 
( e .g . pressure). The characteristics of crystal oscillation are significantly 
changed after surface adsorption of a variety of molecules (80 ) to provide a power
f ul transducer mechanism. The coating of such quartz crystals for selective measure
ment of a number of gases ( e .g. ammonia, hydro~n chloride and hydrogen sulphide) 
and volatiles (80) is likely to contribute significantly to bio- transducer tech
nology. 

Enzymic activity can be monitored by ISEs al though this will require 
intricate arrangements if it is to be achieved on- line . However , substrate 
electrodes for the measurement of enzymes (SSISEs ) can also be prepared . Many 
artificial and natural enzyme substrates can be adsorbed onto electr ode surfaces , 
wi th consequential alteration of the properti es of the electrical double layer. 
This method has been appl i ed with hydrolyti c enzymes (79). 

A conductimetric carbon dioxide sensor (52 ) and a res i stance-based sensor 
for antibiotics ( 52 ) have also been reported. It is also wor th noting that con
siderable use of conductimetric/ impedance/ capacitance measurements can be made in 
fermentation fluid handl ing ( see secti on 8). 

The above gi~es some idea of the armoury of biochemically important 
transducers . Although early ISEs , and the majority of those couunercially available, 
are sel ecti ve t o inorganic species and are of evi dent utilit y in fermentation, it 
is also clear that a great and increasing nu;nber of biochemically important species 
are directly measurable . However, it must be stressed that this alone is insufficient 
to ensure on- line monitori ng capability. Significant improvements in instrunentation, 
i n calibration , in electrode selectivity and in electrode construction need to be 
int roduced before the above transducers can be reliably applied in the hostile and 
difficult envir onment of the fermenter . It is therefore our major concern to examine 
possible means of realising these aims . 

5. PRACTI CAL CON3TRUCTI ON OF ISEs FO.a USE IN FERMENI'ATION 

5.1 Batch probes 

Microbiologists are understandably pr eoccupied with sterilising all devices 
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that contact the fermentation fluid so as to avoid contamination and to ensu-re 
containment of bio!lazardous materials . Autoclaving and steam sterilisation are 
the only methods that are widely trusted . The development of autoclavable ISEs 
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is a major task , eviden~ed by the lack of available ISEs and the efforts to provide 
a commercially acceptable dissolved carbon dioxide probe (94) , which used as its 
starting point an already- acceptable pH electrode . Autoclaving of course involves 
considerable changes in temperatu:re and pressure which the proJe must withstand, 
and this perhaps explains why only solid- state heat- sterilisable membrane probes 
have been commercially developed to date . 

A special problem in long-tenn use is microbial fouling of the proba 
surfaces ; mechanical scraping devices have been developed . Although apparently 
acceptable with the pH electrode , such treatments may be expected to change the 
properties of membrane probes , and a;ny moving parts close to the ISE membrane will 
of course generate streaming and other electrical potential changes (see section 7) 1 

which will serio-..1Sly affect measurement . However , judicious use of ultrasonics or 
even intennittent electrical currents , together with construction from ~ore approp
riate anti-fo-..tling plastics , may well provide gooi protection. The engineering 
design of ISE fen:ienter ports etc . can be fo·..md elsewhere ( 164-1 .a) . 

riany of the non- rigid membrane ISEs contain liquids and pose the kind of 
problem ~hich has baen overcof!le in the oxygen, pH and reference electrodes . These 
should not then require reinvention . Those direct electrical contact types do not 
pose this problem. However , the construction am composition of the permselective 
membranes requires considerable attentio~ . Reinforcement with inert plastic mesh 
in the interstices of which is the permselective membrane is an apparently little 
tried but valid approach (169) ; the problem is also overcome by the use of coated 
wire- type electrodes . 

Autoclaving of PVC has undesirable effects on its structure , and other 
-"'"erials which are more resistant to ·11et heat must be introduced . The most 
-ri·~cal problem is the effect of autoclaving on the sensors and mediators , and 
fa.i is particularly acute in mobile carrier ISEs ; evaporation of mediator from 
th& •• quid membrane is particularly troublesome . Such transdu~ers could of coarse 
be chemically sterilised. Many sterilising agent~ (e . g . 170) are chaooropic and/ 
or detergent- like and great care must ba taken in their application. The undesir
able effects of such treatment are therefore likely to be poisoning (1 71 ,172) :uid 
extraction of membrane components . Determinand conditio~ing broadly improvee +he 
perfor.:ia.nce of all ISEs and al though some of these poisoning effects are partially 
reversible by reconditioning they will obviously cause rapid ageing of the membranes . 

EISESs have purposely been omitted from the above discu~sion because all 
su:h sterilisation methods are clearly less applicable , al tho-..i, ,h i · is noteworthy 
that certain immobilised enzymes are remarkably heat-stable ( 2f ). Gentle chemical 
sterilisation methods su~h as exposure to wide spectrum antibiotics or ethylene 
oxide , or radiation sterilisation, could perhaps be used . 

Methods for electrode sterilisation do therefore exist . lbwever , it is 
to be doubted whether su~h practice will be industrially acceptab-e , unle... tire 
steriliced , cheap, disposable sensors are developed. It is appareni · ;.at ensuring 
effective aaeptic operation has become a major icpedimant to ISE app~ication in 
fermentation . Indeed the additional problema of on-line calibration, prevention 
of sensor poisoning and prooe foul:.ng , ·;he impracticality and contrunination rick 
of a large number of fermenter prob9 por~s and the difficulty of probe replacem. ·n · / 
servici11t. might seem to preclude any forseeable widespread and reliable ISE 
applicat n . However , such a prognosis is baaed on the miaconception that probes 
can only b1> :.ntru• uced through numerous fermenter ports , directly into the femcn
ta tion mix;;...re . If this historl al "Onception is discarded n l'lUl:lber of appropriate 
alternative may be seen to exi t . 
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5 .2 Flow methods 

"Only by constant flow does a mountain stream remain clear" 
Japanese Proverb 

Continuous flow- line (163- 168) sampling of the fermentation through a one
way valve into a non- sterilised array of minatu.re flow probes overcomes most of the 
above problems . On-line calibration is now possible , and as long as the analyser 
' dead volume' is snall and the sample is not returned, the major problem remaining 
is probe fouling and poisoning. In research- scale fermentation, loss of even a 
relatively large proportion of culture for analysis purposes may not be considered 
important , and in larger fermentations the amounts involved are certainly insignif
icant . Removal of samples from cultures has been shown to effect significant and 
progressive physiological changes (e .g . as a consequence of changes in aeration 
and temperature ) . Whilst feedback control concerns the engineer in terms of the 
time- lag that such external loops produce , the relative sloth of most microbial 
systems and the necessary rapid sampling should surely preclude major problems . 

Flow dialysis (173 ) pro-.rides a versatile continuous sampling method which 
has found use in microbiological research (e .g . 174- 176) and sporadic use in on-line 
reagent- requiring analysers (177 , 273 ) . The conventional two- compartment cell con
sisting of a reaction compartment separated from the flow compartment by some fonn 
of ultrafiltration membrane (Fig 4a) can be converted for fermenter use by removal 
of the reaction compartment , presenting the membrane- separated flow compartment 
directly to the fermentation fluid (Fig. 4b) . Judicio·.is design of the dialysis 
half-cell probe can eliminate the need for mechanical stirring, the flow properties 
of t he cell inflow and outflow providing sufficient turbulent mixing for uniform 
continuous sampling . The dialysing surface are~volume ratio of the half cell , the 
permeability properties of the membrane and the fluid flow rate all contribute to 
the dilution of the sample in the cell effluent (173) . Since the major purpose of 
the membrane is to exclude all microorganisms , permeability to small molecules can 
be high and therefore overdilution becomes irrelevant . The steady-state response 
time of the cell itself is linearly dependent on flow rate , and if the analysing 
transducers are placed downstream a further proportional delay is added. Cells 
should be designed su~h that typical dilutions of 50- to 1000- fold can be achieved 
by changes in flow rate . 

The logarithmic response of ISEs enables measurement over at least 3 to 4 
decades of determinand activity with routine limit of detection close to 1 µM . This 
range is ideally suited to fermentation processes , since most environmental biochem
icals are present within the millimolar to molar range and generally only vitamins 
and bases are provided in the microm.olar range . The above dilutions are not only 
possible but necessary in certain cases ; indeed there may be a positive advantage 
in cases where the effects of poisons are also minimised by dilution. The cell 
influent medium can also be chosen (e .g . for pH and ionic strength) for optimal 
performance of the electrode array (see section 6) . This approach suocessfully 
overcomes all of the above problems , providing aseptic operation without electrode 
sterilisation, on- line calibration, variable sample dilution, minimisation of 
electrode poisoning, avoidance of transducer fouling, easy probe removal and 
servicing, avoidance of electrical interference and optimal assay conditions . 
Still further improvement of this approach in the minimisation of response time 
at all flow rates can be achieved by accommodating the transducer battery in the 
flow cell compartment (Fig . 4c) . Flow dialysis is therefore capable of providing 
an effective ISE analysis system suitable for real- time control of microbial 
processes . 

All of the flow methods ideally require considerable reductions in trans
ducer size . True ISE sensing surfaces can be redu:::ed to arourul. 1 to 2 mm diameter 
(in many cases less) without significantly affecting measurement properties (e . g . 
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178, 179) . Reduction of ISE size increases their output impedance arrl care must be 
exercised in the choice of instrumentation (see section 7) , However , the sensitiv
ity of amperometric methods is directly dependent on electrode surface area and 
considerable care must be taken both in the miniturisation of these probes and in 
the avoidance of surface depletion by poor mixing . It should also Je noted that 
sub- optimal mini.Eturisatio~ design may cause the flow rate to significantly affect 
sensitised- ISE probes , as in amperometric probes , since determinand will be con
sU111ed in both cases . Altho'U6h flow methods solve many biochemical measurement 
problems, dissolved gas probes must remain inside the fermenter to obtain 
representative sampling ; because of cer tain other co~plexities (see section 6) 
similar considerations apply to pH probes . 

6 . CALIBRATION OF ISEs 

6 .1 Algorithmic formulation of precalibration 

Direct on- line use of ISEs in complex solutions requires the development 
of special calibration methods which have not been adequately attended to in most 
ISE methodologies 

6.1.1 Sensitivity and offset . The potential across a true ISE permselective 
membrane is given by the Nernst equation: -

RT ain 
E =constant + - ln --

zF a out 
( 1) 

Where R, T and F have their usual meanings , z is the unitary charge of the deter
minand ion and the activities of determinand in the internal reference and external 
solutions are ain and a0ut respectively. If ain and the potential of the reference 
electrode remain constant the potential difference between the two half-cells is 
related to the activity of determina.nd ion by : -

(2) 

where determinand activity, aA , is logarithmically related to the measured potential 
difference, EA , by two constants , EoA and the slope , S where S ' = R/F and S = S 'T/zA , 
The slope factor is presented in this form so tlRttemperature (in degrees absolute) 
and determinand valency can be independently introduced . Thus , the linear offset 
factor, EoA, is theoretically the potential difference at an extrapolated zero 
activity of determinand , and the slope is the sensitivity factor, which for an 
ideal electrode at 30°C is approximately 60 mV/zA · 

Unlike other transducers ISEs are not "factory calibrated" , and the 
m1tll.lllum requirement to obtain the two constants is a 2- point calibration, which 
in the case of the pH electrode requires potential difference measurements in two 
standard pH buffers at a constant , known temperature . However , many fermenter 
instrumentation systems assUllle the pH electrode to have ideal sensitivity and only 
allow a 1-point calibration, where the mediUlll is adjusted close to the desired 
control set point and the actual (externally measured) pH is entered to obtain the 
offset factor . Periodic srunpling and external pH measurement then allow the 
instrumentation to be reset against drift . 

The measu_-red potential difference of ISEs versus a reference electrode 
is also dependent on mediUlll ionic strength and interfering ions . Tne electro
chemist tends to characterise ISEs in constant ionic strength media of sufficient 
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s:rength to ml!llllll.se noise and other extraneous effects , and containing only the 
deteminand and perhaps a few interfering ions . 'lhese calibration methods have 
been well covered elsewhere (e . g. 180) . In direct measurement the microbiologist 
camio~ use manufacturer ' s constant ionic strength mixtures, nor can anything but 
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a dynamically changing complex solution with interference be eXIJected. Where ISEs 
have been used in microbiological. research (e .g . 50, 181) calibration requires 
that the known pI changes are performed in the complex interfering solution. In 
the presence of interferents , ISE response is far from Nernstian; the slope and 
offset factors obtained are greatly different from those obtained under " ideal" 
conditions (Fig 5a) and can only be considered val.id over a narrow working range 
(usually around 1 pX unit) when the activity of interferents must remain constant 
(Fig. 5b- d) . Thus as long as the selectivity of the ISE for determinand is much 
greater than its selectivity for interferent , ani the interferent is not present 
in large varying concentrations , the above approach may be considered valid, if 
not completely reliable. 

6.1.2 Selectivity and interference . The Nicolski equation (1 83) is a semi
empirical. eXIJansion of the Nernst equation describing electrode response to 
dete:cmina.nd as well as interferents . F0r any ISE , A, and determinand activity , 
IA, the electrode response , EA, is related to its response to interferents , B of 
activity aB by the selectivity coefficient 

kpot where : -A,B 

B1= S ' T t 
EA = EoA + ~ ln aA + iti° B 

Z I 

A B=1 

(3) 

l'he purpose of any calibration of an array (A=1 to A=n) of ISEs is to estimate the 
constants EoA , S'A and kj0~ for interferents . 

' 
In practice only the major interferents of the ISE require su::h character

isation , and the remainder may be ignored withoat incurring significant error . 
Although electrochemists may perhaps frown at this pragmatism, it is practical 
within the confines of providing chara::terisation of the perfonnance of ISEs in 
collplex fennentation media, since the ISEs are calibrated in the basic complex 
solution and no attempt is made to extrapolate ISE response outside the calibrated 
and relatively narrow working range . The errors generated in using the Nicolski 
equation as opposed to any other more rigorous fonnulation (e . g . 184-185) of doubt
ful practical. si8nificance (51) are , therefore , negligible . 

The Nicolski equation is non-linear and multi-constant , and therefore 
requires careful collection of calibration data to give an accurate estimate of 
the underlying constants . The first stage requires estimation of the offsei; and 
slope constants within the specified working range of activity in a medium lacking 
the gross interferents , or those that are expected to change . This is achieved by 
sequential addition of known activities of specific determinands (A=1 to A=n) with 
fresh medium being introduced for each ISE calibration. Logarithmic transformation 
then al.lows least squares fitting of the linear equation . 

Let 

Therefore 

For V observations (K)-
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'me medium is then su::;>plemented with l ow activities of determinand and the activity 
of the B'th ion is sequentially increased whilst the A' th ISE is monitored for 
interference . Nicolski equation for any interferent can now be scaled into a 
linear, single- constant , least- squares fit :-

E1 • 'POt 
A,B = JCA , B·~ + 'Llllknown 

and the least squares fit for V observations is :-

K=Vt""";;, - v E: · a: 
. POt K=1L..::._ A,B,K A,B A,B A,B 

ICJ.,B = K=V232 - 2 
a - V a 

K=1 A,B,K A,B A,B 

(5) 

A matrix of selectivity coefficients may therefore be calculated for the ISE array, 
including interferences :-

1 

k2,1 

~ .1 

k4, 1 

k n, 1 

k1 2 
' 

k3 , 2 

k4, 2 

k n ,2 

k1,3 k1,4 k 1,m 

k2 , 3 k2 , 4 k 2 ,m 

k3 , 4 ~,m 

k4,3 k 4,m 

k k 
n , 3 n, 4 

r .1 . 3 Microbial relevance of solution com lexation and bufferi • ISEs respond 
· v ...ctivities ani not TO concentrations . Further, any chelated -r buffered) 
frdCtion is not measured. The ' sensors ' possessed by microorganitims are , not 
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surprisingly, analogous and the appropriate ionic fraction would therefore appear 
to be measured . However, certain situations can arise during calibration, cali
bration data interpretation or during monitoring, when the free activity and 
bound concentration sho'.lld be independently lmown. Ionic activities can be related 
to (free) concentrations by various relationships having their roots in the 
extended Debye-Htlckel formulation (e .g . 186 ,187). The total ionic strength (I) of 
the solution enables estimation of the activity coefficient (Y), which in turn 
~elates activities aA to concentrations cA where a straightforward interpretation 
is:-

(7 .1) 

(7 .2) 

(N.B. if the total ionic strength is greater than 100 mM then other formulations 
must be used for greatest accuracy) 

where Y=0 . 507 at 20°C and where 

rotal ionic strength (I) can be either predicted from the 'calibrating' additions 
(using the first expression in equation (7.1» or be estimated, with reasonable error 
in assumptions, by additional conductivity measurements or mass balancing . 

Buffered ionic species (e.g. calcium, magnesium , protons) 9Xe often 
present in fennentation media , and certain measurable ionic species may be in
herently buffers (e . g. carboxylic and amino acids) . Expression of stock cali
bration solutions in total concentration terms will therefore require conversion 
to free activities , in some cases . Otherwise in a typical case of error , cali
brating data may be obtained that characterised ISE interference when in fact 
solution complexation was responsible . It is fortunate that in this situation, 
the cation- selective ISEs will usually only experience cationic interference, 
whereas complexation is largely to be expected between cations and anions (and 
the reverse is likely to be true for anion- selective electrodes) . Chelation is 
also important microbiologically, since , if the ISE is being used to detennine 
either substance utilisation or production by the microorganism, it is clearly 
important to convert free activities into total concentrations . Characterisation 
of the solution properties of the medium is therefore just as important as cali
brating the ISEs , Al though theoretically this could easily become very complex 
(1 88-190 ), practically a number of working situations can usefully be identified: 

(a) Calibration of ISEs with known pI buffers 
(b) The natural presence or production/removal during fennentation of 

buffers/chelators , where these are not independently measured 
( c ) 'rhe measurement of both (or all) chelating species , 

Commonly both microbiological media and ISE calibration solutions employ 
buffers to maintain steady activities of determinand species . The preparation of 
such buffers for pH and other cations has been described elsewhere (1 91) . Various 
pI buffers can be adequ:i.tely provided over typical microbial and ISE working ranges 
by mixing various concentrations of ligand and ion of interest according to, for 
example , the Henderson-Hasselbalch expression: 

pI = pKa + log ~ 
IL 

where pKa is the logarithimic association constant and IL and Lf are the 

(8) 
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ccncentrations of bound and free ligand (respecti'lely) , which I:la.Y be expressed in 
ten:is of the conjlJ88.ted ion by use of the law of conservation of mass . Treatments 
1 · . le ionisations of , for example , pH ·ourfers are well covered in biochemical 

tc .Iowever , analysi" of nul tiple conjugations and dynamic assessment of their 
~ .c alteration has received little attention . 

If the case of two ligands of concentration 11 and 12 with association 
constants , Ka1 and Ka?. and one conjugation ion of concentration I , with conjugates 
of co ~ • ti on. : ' L.j and I'., are taken , the following for:;ulae relating their 
free ( ) , b· und (b) and total { t) concentrations may be written:-

l'L 

Ka1 = If L~1 

that is 

and 
I ' .u _ __ 2_ 

Ka2 - Ir Lr 
2 

and 

I.e.v of conservation of rna.,s : -

Lt = Lf + I 111 I 1 
and 

That is 

Co::i bin in, 

I'1 
1 

L 
"1 

1 + 

· ~ and 9.4 and 

K 
if a1 

and 

and 

I ' L 
Lf2 = -I K2 

f a2 

I 'L = 1 
2 t2 

For both ligands in solution together the lnw of conservation of mass gives :-

Substituting from 9.5 into 9. 6 ~nd rearrangement gives:-

(9 .1) 

(9. ) 

(9 . ) 

( 9. 1) 

( 9 . ) 

(9 .6) 

(9 . 7) 

Such a description was developed to calibr. u calcium electrode in the presence of 
of succinate and phosphate (192) . Equation 9.7 nay be expanded to the more general 
case:-

( . ) 
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When a strong buffer is present , Ir will be re.atively s~.all and a constant , large 
fraction, of ion will be bound to the ligand . The denominator of equation 9 ,9 11ill 
then be close to unity and can therefore be ignored (192) . 

The solution used for the initial ISE calibrations (equatio~s 9. 1 to 9.6) 
can be designed such that no solution chelation occurs . However, the various 
calibratL11g solutions must , in the general case , be expected to present ligands to 
other added ions . If tho association constants of these are not known under the 
operating conditions{ they must be estimated from ' calibration ' . The total conc
entration of ion (ItJ and lir:and (Lt) will be known and the free concentration 
will be estimated from ISE activity measurements . When It./If. is greater than 
one , chelation may be expected (see 9.8) . Therefore , duriflg sinilar calibratior.s 
to those allowing estimation of the selec -.ivity coefficient matrix (eqll3tion 6), 
a matrix of association constants (~..A B) may be obtained for each ion , A for the 
purported ligands , B, where Ka,,. = Ka ' m. Thus, rather than analysing for inter-
f erence between cation-sensing'"~§Es anH' added anionic interferent , solution complex
ation is estimated . The situation is slightly more involved , in that calibrating 
solutions will consist of salt solutions , not just the determinand ion , and there
fore the effects of the partner ion(s) may also need to be ta.ken into accou:.1t . 

Frequently, supplementation with complex media may serve to supply amino 
acids , vitamins and other factors at relatively low concentrations ; measurement of 
endogenoua levels of measured ions is necessary and additional estimation of the 
bulk chelation properties of tho added complex medium for these ions will suffice . 
This is especially true where higher concentrations of either non-motabolisable 
chelators (equation 9 ) -:>r measured ligands are added , as is the case with most 
semi-defined media: 

i=nL;
1
t. K .... 

l. l. + K I 

+ i=1 1 + If K a 
i 

where Ka ' represents the degree of complex medium chelation, which has been 
abbreviated from the factor LK.a, (for the medium) in the shortened version of 
equation 9.a. 

(9 . ) 

However , in extreme cases it may be necessary to use the calibrated ISEs 
in the titration of the complex chelating polyelectrolyte to detennine the most 
significant association con:.tants . V~rio~f sophisticated algorithms have been 
developed for this purpose ( 1 <- 19 , 195) . 

The above procedures enable the most significant features of the character
isation of both the ISE array and the solution to be estima.ed . Although this pro
vides a quantitative assessment of the efficacy of the application of particular 
ISE arrays in particular media , it is now worthwhile discu3sing how these various 
constants may be used dynamically in on-line measurements . 

6. 2 Inversion procedures for real time o~ration 

6. 2.1 SE characterisation. Estimated valu~s of the offset EoA ' and the slopq 
factor , SA (= S'A ~/zA ), constants have been obtained for each of the ISEs (A=1 to 
A=n) . The measured cell e .m. f . ' s for any t'.mod data point , EA t • can be approp-
riately scaled f or these constants to E'A t =- ' 

' 
(

EA , t - EoA) 
exp S 

A 
( 1 ) 
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Introduction of the selectivity coafficients then provides the following matrix 
:oroulation for each data point :-

'I 

!. 1, t 

E'2 , t k2 , 1 

E' 3, t k3 ,1 

E' A "' k4 , 1 
' 

1;'1 

~ n, t k n , 1 

k1 , 2 

k3 , 2 

k4, 2 

k n , 2 

k1 , 3 

k2 , 3 

k4, 3 

k 
n , 3 

k1, 4 

k2 , 4 

k3 , 4 

k n , 4 

Cr in matrix abbreviation, when m=n:-

k 1,m a1 , t 

k 2,m a2 , t 

k 3 ,m a3 , t 

k a4, t 4,m x 
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( 11 ) 

Prior inversion of the selectivity coefficient matrix , 25, will therefore enable the 
oeasu.red activities to be corrected for interferences:-

( 12) 

Correction for dynamically changing interferents can obviously only be performed if 
the interferents themselves are being independently measured and in the simplest 
case the matrix vectors m and n are therefore equal . Where the interferent is not 
being measured only fixed , non- adaptive correction is possible . This inversion 
procedure will clearly fail when the selecti vity of any ISE for its specified ion 
is not greater than selectivity for interferents (which fortunately defines an 
!SE) and when extrapolated outsi de the ' calibrated limits ' • 

• 2.2 Solution characterisation. The corrected activity data may be expressed 
in (free ) ·~oncentration terms by invers i on of equation 7 . 3 following estimation 
of the activity coefficient ( equa.tion 7. 2) from sil!IUl.taneous conductivity measure
ment , allowing estimation of total ionic strength . 

The ma.in purpose of soluti on characterisation, other than for peculiar
ities of precalibration, is to estimate total concentration , ItA ' changes from 
free activity measurements . Ii:A may therefore be estimated from the appropriate 
version of equation 9. 9. The concentration of non-metabolised mediu:n ligands and 
buffers (e . g . ethylene- diarni ne tetra- acetic acid (EIJI'A) , nitriloacetic acid (NTA) 
or soce pH buffers ) will not change in an unknown manner and since temperature etc . 
are usually kept constant , there need be no measurement of the ligand concentration 
or correction of association constants . However , the concentration of the ligands 
in th-3 undefined and un.":teasured complex medium canP''nent must be expected to 
change , since nutrients will be removed and metabolites produced . The effect of 
imse chan. ·es will usually be kept small by the presence of known chelators/ buffers 
(abov ) • However , the dynamic relevance of th~ factor K ' a m ..... y be re-ePtimated 
from :he immediate effect of small additions of ion (eqru.tton 9. 9) . Ho·11ever , 
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where bo· J ion and major ligand are expected to change , both concentratbns must 
be measured. . Fo= instance , a measured increase in the free concentration of a.r~ 
ion could represent an increase in the ion or a decrease in the li8antl concentra
tion. To simplify de..so::ription the case of two complexing ions of concentrations 
I1 and I 2 is takPn:-

From the law of conservation of mass:-

and 

In this special circumstance Ib1 = q. Ib2 where q is an integer defining "':he 
stochiometry of coriplexation and will be equa.l to 1 in the most common case . 
Combining aqua tions 13 .1 gives : -

It = It - If + If and I t I - I f + If 
2 1 1 2 1 t2 2 1 

Fr om equ:i.tion 9.9:-

If • tt . K If . It . K_ 

It If + 
1 2 a1 2 

and It If + 
2 1 'l.2 

1 + If . K 1 + If .K 1 1 1 a1 , 2 2 2 2 a2 , 1 

(13 .1) 

( 13 .2) 

( 13.3) 

Substitu ·nr equations 13 . 2 into equations 13 . 3 , rearranging and presenting for 
each timed ( t ) d<:ta poin• gives:-

It = .1.f , ( 1 + If .K ) 
1 , t 1 , t , t a1 , 2 

and I = I ( 1 + If .K ) ( 17.4) 
t2 , 1 f 2 , t 1 , t a2 , 1 

The total concentration of either ion in the complex can therefore be calculated 
from the measured free concentrations of both ions at any data point . This 
relationship can be expanded to the more gener al relat ionship represented by 
equation 9.9. 

6. 3 On- line calibration and performance checking 

All ISE and related transd~ers cannot be expected to maintain their 
calibrations for lengthy per iods and large linear drifts as well as changes in 
selectivity can be expected . It is well known, although often routinely ignored , 
"':hat even the pH electrode di~plays s i g!'l.if icant drift and the offset facto: is 
corn.only corrected by external measurement of pH in a single point calibration 
(equl.tions 1 and :? ) • However, this procedure is far from ideal when a number of 
I~Es are being used 1- line . 

Flow line arrays of ISEs are es!leci:tlly cuiled to automatic and frequent 
on- line calibr~tions and performance checks . In the case ofthe flow di:tlysis , 
continuous sampling arrangement , calibratin, solutions can be presented to the 
ISEs without disturbing the fer:nentation at all . If ... he ISE~ an slightly remote 
then switching to the calibrating line is simply achieved , wherPar , ~f the ISEs 
are mou:.1ted in the flow dialysis cell ( to r.iinimise 1 .... ) ·he coop~t ent influ:mt 
must be briefly supplemented with -::alibrating solutio!1 . 1ir.ysed deten:iinand 
levels must then be subtracted from the calibr~ti11t. 0 top ch?~~ · One and 2- point 
calibrations will correct offset and sensitivity (rt: ?ec ively) when offset re
calibration is normally expected to be the most frequen · . I-res 'nl.ation of a 
single complex mixture of all ions of known ·JOli•.JOSi t.;.on wL- en ... ble the performanc 
of the selectivity matrix to be chacked . These procedures are simple in concept 
and need no further description. However , certain ISEs must be introduced directl; 
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L'l~O the fementation broth itself and require in situ, on- line precalibrations . 
r· ii> necessary to know the pH in the broth as well as in the now dialysate so 
hat , for example , the degree of carbo:xylic acid ionisation may be corrected in 
:he dialysed maasurement . 

103 

Certain other procedures for the correction of pH and dissolved gas 
electrodes have been described . Although a number of variations may be envisaged, 
their basis lies in the following relationship (11 ) :-

!I= k.i (c - c •) ( 14) 

\/here N is the rate of microbial usage/production of the determinand , C' is the 
control set point of deteminand concentration and C is tha concentration achieved 
after appropriate actuation (upscale or downscale against the microbial trend). N 
~s obtained from the rate of determinand addition to maintain the set point and k1 
is therefore obtained from equation 14. If the reciprocal time taken for the 
calibrating addition to fall to the set point is cO!npared to another similar 
operation the slope factor is obtained , as l ong as N and Eo in equation 2, remain 
constant ( 11) • These procedures are dependent on the precisio.'l of actuators and 
on the abaence of stochastic events . 

7, OVERVIEW OF INSl'R'JMENI'ATION 

7.1 Analogue requirements of ISE measurement 

The electronic requirements of analogue ISE measu......-ement instrumentation 
have been excellently describad elsewhere ( e . g. 194,239), a.~d the basic config".ir
ations are only summarised in this review (Fig. 6) . These were designed for 
stand-alone , relatively (electrical) interference-free , discrete sample , laboratory 
use . On- line fermentation applications are characterised by much higher levels of 
series and common mode electrical interference and a requirement for longer term 
stability and reliability of the measurement system. Their performance require
ments should therefore be higher , al though , commercially, the sam9 types of 
instrumentation as in the former case are generally provided . 

Some ISEs , particularly glass electrodes , possess a very high output 
impedance (0 .01-0 . 5 Gohm) and in order to avoid errors in potentiometry, inter
ference pickup , etc . (19.1,23q ,239) the input impedance of the instrumentation must 
be a few orders of magnitude higher (1-1000 Tohm) . Most reference electrodes 
(e.g. calomel ) are of low output impedance (<10 kilohm) . It is, therefore , common 
to ~mploy a single high impedance (low current ) input for the working ISE and a 
lower impedance (higher current) input for the reference electrode . In these 
circumstances the avoidance of leakage patha between the reference side and earth 
requires that electronic components be very well isolated from the earthed instru
ment chassis (Fig . 6a) as well as from mains transformers , displays and communica
tions interfaces . 

A better arrangement , which is necessary when both electrodes are of 
hfah output impedance , is the p::-ovision of two high impedance inpu~s , prior to 
low impedance differential amplification for driving outputs (Fig. 6b) . High 
cOlllQon mode rejection requires that components be well matched and that the 
measurement system is connected to an "earthed solution'' so that the potential 
difference signal inputs do not exceed the common mode rejection voltages of the 
measurement system amplifiers . The input voltage levels wo~d otherwise drift (up 
and/or down) until the amplifier power supply voltages were exceeded and diode
~ilce clamping of outputs occurred . 
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In both the above co.'lfigurations the input stap:es are fully floating 
vith good isolation from earth and high input impedance, so that any variable 
electrical interference generated in the solution is "' •re or less equlily picked 
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up by the working and reference electrode sides of the measurement , being there
fore common mode . Any difference in i nterfer ence pickup in any side of the measure 
ment wHl re<-ul t in series mode interference , caused by either di.fferences in 
L~terf ~ence input between electrodes and leads or by poor instrument isolation/ 
ea:-thL (see Fig . 6. ) . Individual coaxial leads r.iay have guarded or driven 
screen, , so that the potential difference between the screen and the core signal 
is held steady and small to minimise lead leakage and lead noise pickup . 

All fermenters , even smaJ.1- scale versions , lu.ve hig.~-power , coil-of r· ted 
switchgear , or motors with direct chassis connection to the fermentation broth , and 
•!'anSient (interfering) voltage~ gre~+er than 200 V (hoFefully co:nmon mode) are 
likely. Similarly signific~t ~nd variable potential differences exist ucro... +he 
complex impedance of the solution and more significantly across the solution/me al 
interface , one ~ide of which (i . e . the fermenter) will be earthed . These in er
ferencos will vary with the chemical and gaseous (e . g . oxygen) composition of the 
broth and with the rate of stirring. Rejection ,f electric<>! in:erferonces is in 
Irinciple improved by the use of ccxnbined , rather than pairs of single , electrodes 
becaune the distance , and , therefore , any differences in interference pickup between 
~e reference and working electrode h-~-f-cells, is minimised . 

Placement of ISE probes close to surfaces over which fluid is passing 
will cause localised and variable streaming potentials (195-198) to be introduced 
into the measurement and these are extremely likely to be series mode . This mode 
of interference is a significant proportion of 'stirrer noise ' even in well
positioned electrodes and may be reduced by increasillt, the conductivity of the 
broth, as predicted from streaming potential theory (195) . Furthermore , any 
lealr..age paths will allow electrochi>mical cell currents to flow , and this may either 
involve the ISEs themselves and/ r other metal- solution intdrfaces in the brot~ . 

The significance of some of tho more demonstrable effects is illustrated 
in Fig . 6 . The fermentation broth is clearly challenged with large , unstable and 
heterogenous interferences , even in smaJ.1- scale syste1 ° . deter displays or out
puts to chart recorders can appear to avoid mu~h of ":he noise in the signal by 

='- • l . ( .•po~ite ). The reliability of monitoring two co:nbined :;i.'11 electroies 
(l'yb, U.K. ) wa .. estimated in 0 . 1M Kli:?Po.1 buffer, pH 6.8 , held in a. tr.ical small
scale fer.".enter ( 2 l model 200 t,ypA vE!ssel , :. .H. fu 'noering, .K.). A a..: it.al 
voltmeter (Model 1051 , Dn.tron, U. K. ) with a well- iso-ai;ed an'll.ogue scanner ( odel 
1200, Datron, U.K. ) was used in conjunction with battery- powered , high input 
irnpedan1;;e, vol" ... ;e .:.ol. ower::i to e .. tiwate aver~e noi~ _. (in 40 msec, filtered samples 
taken ov•·r 1 sec) ~nd long term drift (centre ) in 3 ~:e:Hmrement configu.:ra.tions <, o. ) :: different~al measurement w~th l~w i.~pedance reference electrode input 
( ... - ), Lfferenhal meacurernent with high impedance reference electro.ie inpu· 
(cen ·re) ; r.ieasurement of both p'l and reference electrodes againot solution earth 
dif1e:en~e by software (ri.h~) . ".'he ~~tter config-..rr?·ion (rieL") allowed mca UX1'
oont f -h~ source of elec ;ric,_ intt:·ferences (botto ) :- (::i.) r. ference cell 0 1 
probe 1 with low impedance inpu· ; (b) p"! cell of pro'!Je 1 with hi ;h impedance 
inpu ; ( ) reference cell of · r be ,.rith high impedan:::t: ini•i..- . Jgitatio:'l was 
clla.nc.~~ · 1500 rpn at t~ 1 auJ. buth probes were moved cl 1e ( - Srn:n) to the 
glass fermen. er wW.l at time 2. Meaouremen ts were averaged over 1 minute prior 
to Presentat_on. 
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either mechanicaJ. or long time- constant electronic damping . Although ma.ins 
frequency noise is a component of ISE signal noise , much of that caused by agitat
ors and the other above effects is of very low frequency and , therefore , more 
sophisticated signal Elter networks become difficult to implement because of the 
necessary long settling times . Di gi taJ. instrumentation sampling times are 
necessarily rapid and any signal noise will be faithfully reproduced. The use 
of analogue instrumentation , therefor e , can falsely condition the user into 
believing that ISE signal quality is high , aJ.lowing less than optimaJ. measurement 
configurations to be implemented . Thus , it is very common in analogue fermenter 
instrumentations to employ a single relatively high impedance input for the pH 
ISE and a low impedance reference electrode input and , further , to use the screen 
of the coaxial cable for the reference electrode signaJ. . This encourages inter
ference pickup, especially when leads pass close to mains- powered actuators . 
ElectricaJ. leakage pathways are also encouraged , particularly in the latter con
figuration and by the use of poorly insulated coaxial connector s in a wet environ
ment ; thus great care must be taken in keeping dry coaxiaJ. connectors locaJ. to 
ISEs. 

Although this common measurement configuration can be considered to be 
sub- optimal , it appears sufficient for low-performance pH measurement . However, 
although noise is not a problem because of damping, it is likely that interfer
ence will cause measurement drift . Measurement drift is widely believed to 
emanate from the electrodes , especiaJ.ly the reference electrode (e .g . 199), 
Although , electrode performance can be improved b~ exercising great care (1 69,199) 
or by using better reference electrodes (e .g . 200 ) a substantiaJ. component of the 
drift would appear to result from sub- optimal measurement configuration (Fig. 6) . 

If the potential difference of each haJ.f- cell of two identical , combined 
pH electrodes is measured against the solution earth (rather than differentiaJ.ly) 
substantial drifts can be demonstrated . When all electrodes are connected to h~h 
input impedance signal- conditioning amplifiers , the individual long-term drifts in 
well- buffered and - stirred media track well and the calculated differential read
ings barely drift at all . However, if the low impedance reference electrodes are 
diverted directly into the measurement system, even with 1 Gohm input impedance, 
the drifts measured against earth did not track and caJ.culated differential long
term pH drift and ver:y low frequency ' noise ' was noted. Similar, simultaneous 
~easurements made directly (i .e . differentially) display similar drifts , even in 
the combined electrode configuration. In these latter two cases the interference 
pickup is clearly not baJ.anced , resci. ting in series mode drift and low frequency 
noise which is faithfully reproduced in the differential measurement , even when 
using a high performance measurement system (50; see Fig. 6). Although the 
required pH measurement resolution is not particularly high in most fermentations, 
the longer term reliability of measurement is a significant problem, re~uiring 
the frequent recalibration of the measurement system. It would appear lFig . 6) 
that reliability and calibration longevity is significantly improved by the 
employment of better measurement configurations . The use of ISEs to measure 
non- logarithmic activities , rather than pI , together with the lower measurement 
resolution of some ISEs , inherently requires both higher resolution and more 
reliable measurement configurations than are commonly employed for the measure
ment of pH in present fe:rmenters . 

Although flow elect:rOies can be well guarded electricaJ.ly from extraneous 
interferences , streaming potentials can be a problem. Where the size of ISEs is 
reduced , the output impedance is increased and higher performance measurement is 
essential . The sensing membranes of all such ISEs are very close to the flow cell 
surfaces . The flow of fluid across these surfaces will cause variable potentiaJ.s 
to be developed close to the electrode surfaces . Careful attentio~ to the elec
trode and flow cell geometries and materials is necessary to minimise these 
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potential differences (and to make them common mode) . 

7.2 From analogue to digital instrumentation 

The interfacing of fermentation measurement (and control) systems to 
ccxnputers or the use of microprocessor control is of undoubted importance to all 
scales of fermentation . The introduction of microprocessors holding commercially
defined machine code software must be frowned upon at this early stage of instru
mentation development as premature . System requirements and algoritlunic formu
lations of measurement and control are not fully developed and the use of hard
wired microprocessors will , therefore , inhibit further necessary developments 
because users will have little access to the software and commercial suppliers 
will find it too expensive to provide the necessary microprocessor development 
backup ( 182 ' 201 ) • 

Instrumentation exploiting microcomputers has undoubted benefits in 
cost , flexibility and development terms, and many manufacturers have therefore 
adopted an intermediate stage . Ex:isting analogue measurement and control instru
mentation has been retained and interfaced to microcomputers ; data acquisition is 
here achieved by analogue to digital converter (ADC) multiplexing of the scaled 
meter outputs . 'Supervisory control ' of the existing analogue control loops is 
then achieved by multichannel digital to analogue converters (DACs ) which provide 
a signal proportional to the control set point and override the manual potentio
meter controls . 

The 12-bit resolution of most ADC multiplexes allows approximately 1 mV 
resolution over the working range ( e . g . - 2 . 0 V to +2.0 V) of ISEs or pX resolution 
of approximately 0 . 02 . This is barely acceptable particularly as practical 
col!Elercial precision specifications usually round up the last resolved digit , and 
the above 4- digit resoluti on is practically ~~-digit. As far as most fermentation 
measurements , especially ISE~ are concerned the ADC multiplex approach requires a 
complete meter configuration as the signal conditioning unit . The implementation 
can , therefore , be expensive despite the relatively low cost of microcomputers and 
interfaces . 

The cost of improving analogue performance , let alone digital resolution , 
is even greater at the present time . ADC multiplexes are presently ideal for rapid 
data acquisition applications where signal quality is high ; neither condition is 
apparent in fermentation applications . 

Other industries have solved the requirement for high performance multi
channel measurement by analogue scanning digital multimeters. The exploitation of 
a single , high performance , multifunction digital meter seems particularly approp
riate in fermentation technology , since the majority of the above signal condition
ing requirements are now redundant . Transducer outputs (AC or DC voltage , resist
ance or current) can be measured directly with better performance and resolution 
(e.g. 5,-digit) . Sampling times of these instruments are necessarily short and as 
well as employing selectable filter networks which will increase sampling times , 
the better instruJtents inherently reject noise , such that data acquisition rates 
of 20 independent transducer measurements per second are routinely achieved . 
Although the high (e .g . 1 µV) resolution of these devices requires that isolation 
etc . be very good , as noted above , an appropriate measurement configuration can 
improve this further by making the ISE half-cell measurements individually against 
' solution earth' and acquiring the conventional (working-minus- reference) differ
ential measurement by software subtraction . The performance of this configuration 
in a running fermenter is high with an average noise of 40 µV - 80 µV between 
consecuti~e , non- filtered 40 msec readings and long term drift cycles consisting 
of approximately 1 mV per day excursions , even with uncombined electrodes . Since 
the cost of such equipment for many channels , including a computer interface, is 
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equivalent to two high quality , non- in•erfaced pl meters of comparable quality, 
it is an obviously cost-effective , flexible solution to fermentation instru.~enta
tion . 

7 , 3 Instrumentation for fennentation systems 

A system implementing the above philosophy is diagrammed in Fig. 7. 
This differs from conventional supervisory control systems in that both meaPure
ment and control can be effected by direct inputs and outputs . Such a system 
allows for direct high- level software control of both switched and proportional 
feedback elemen•s . The use of hard- wired micropro()essor control for input 
measurement and output control algorithms can lead to inflexibility, and diminished 
ability to keep pace with relatively rapid changes in fermentation system require
ments . However, when the machine level software is written such that the essential 
variables can be passed from a micro.:omputer to a battery-backed read only cei::ory 
( ROM) , more flexibility and resistance to power failure is achieved. 

The flexibility , cost- effectiveness and power of the former types of 
syster> (Fi..;. ) • ·es in the use of high level software at the ex,. !n.•e of hardware . 
In such "Yste1.is all device inpu· (remote proP,TaJ1111ling of the device) and output 
(measured data) is controlled by the system microcomputer by standard interface 
bus links of which the IEEE 488 ( 1978 version (202) ) is becoming standard . In 
these systems essential data may be maintained during power failure either by disc 
storage with an autostart mechanism or by a battery-powered R0:1. Whilst it may be 
argued that computer failure in these systems results in complete loss of control , 
a networked supervisory and backup microcomputer completely overcomes this as well 
as providing useful background job computational facilities . The available flex
ibility is illustrated by , for example , the simple provision of q sophisticated 
digital polarograph largely using existing instru:nentatioz (Fig . ) . Polarising 
voltages may be provided by a precioion fully floating DAC wiit which most systems 
will possess . The driving of various polarising voltage waveforms and ramps and 
the appropriate triggering of measurement is handled at the software level , and 
enables the improved measurement procedures mentioned earlier (see e .g . 274) . 

8 . THE PROSPECT OF BIOCIID'IICAL CONTROL 

8 .1 Widespread importance of biochemical assessment 

It would be a lengthy and co~plex - ~~k even to begin outlining the 
broad wealth of biochemical and physiological knowledge of microbial growth pro
cesses that evidence the importance of on- line biochemical assessment , let alone 
its application in real- time control . However, in truth this vast literature 
provides the microbiologist w'th little more than stoch~stic peeps into the 
dynamics of microbial physiology . 

Although well provided with the means of studying the nature and proper
ties of individual events , microbial biochemists are largely unable to study 
simultaneou~ly , continuously and in real time the interrelated events of growth . 
Direct multi~ara. ter moni·oring is a facility lacking both in research and in 
technological appiicationP . ':'hat the majority of the benefits of this approach 
remain to be discovered sh tld be sufficient of itself to encourage its more 
widespread application . 1owever, the purpose of this discussion is to justity in 
general ter.ns the applica• ion of multi parameter monitoring to the ends of under
standing , maintaining and improving fermentation yields . 

The profound effects of all envirorur.ental parameters on microbial 
metabolism must be considered a ~iajor justification for the introduction of multi
component biochemical monitoring. The following discussion is intended to 



HARDCOPY 
SYSTEM 

CONT 

IEEE '488 OATA B US 

SIGN AL CO NOi Tl ONING ACTUATORS ANO 

CON TROLHAR OW.ARE 

Di I uo11t /col I bretl 011 

IJoah 

BACKGROUND 

SYSTE'°' 

D to A CONVERTER (DAC) 

PROPORTION Al 

A CTVA TORS AND 

LOCAL CONTROLLERS 

Fig. 7 . Microcomputer-controlled fermentation system using high perfonnance digital measuring techniques as the 
input elements of feedback control loops closed at the softwar e level . 

:;:: ..... 
n 
'1 
0 
'J° ..... 
p 
...... 
"d 
'1 
0 
n 
(") 

Ill 

"' 
C"'l 
0 
::l 
l"t 
'1 
0 -

-0 
\0 



SYSTEM 
CONTROLL£R 

IE" EE 

DIGITISER SCAN HER 

pAto rnV 
CONVERTER 

BUS 

VOLTA8£ 
BUFFER 

D AC 

~ Single f luid lin .. 

--4 Single analogue comect1011 

Di gi tal data bua ~ Mu I ti p I • an a I o o u • con n • c ti o n 

Gaa and flu i d lln .. 

Fig. 8 . Software-directed polarograph as a subsystem of the fermentation control system represented in Fig. 7 . 

...... 

...... 
0 

t:i 

c... 

("") 
...... 
~ 
'1 
:o;-
11> 

~ 
<1-

~ ..... 



Microbi al Process Control 111 

underline the fact that the microorganism will continuously seek to al tor its 
metabolism in response to subtle changes in its environment . It must be realised 
that these regulatory phenomena have evolved for the survival and multiplication 
of the microorganism under a wide variety of environmental conditions in its 
:iatural "feast and famine existence" (203) . The microorganism ' s intrinsic 
regulation is selfishly geared to its own ends , not those of the technologist . 

Near total reliance on the ' good technological sense ' of the micro
organism is a concept that has emanated from the industrial exploitation of near
na.tural processes . Therefore, despite a wide variety of other complexities , 
provision of a strain that ' works ' has, in essence , relied on the natural avail
ability of a suitable phenotype . In a background of limited environmental control 
arrl physiological understanding, subsequent strain improvements have admitted a 
high degree of serendipity , both in their selection and subsequent technological 
~erformance . Although genetic manipulation techniques have drastically improved 
this situation , they are still largely based on an understanding of metab~lism 
which itself is incomplete . Genotypic yield improvement procedures therefore lack 
the means of obtaining a more definitive understanding of the dynamics of the 
biochemistry and physiology of metabolism and growth and obviously ignore the 
effects on product yield of dynamic changes in metabolism during "fermentation" . 

In effect , multipa.rameter monitoring is a feature bearing on the success 
of the following key areas of microbial technology:-

(a) microbial physiological research ; 

(b) process improvement by physiological manipulation ; 

(c) process optimisatio~ throughout upscaling; 

(d) day- to- day maintenance of optimal conditio~s ; 

(e) microbial product qu'l.lity assessment and downstream processing; 

(f) identification of the features requiring strain engineering and 
the prediction and verification of the effects of strain engineering; 

(g) maintenance of technologically improved strains under selective 
co.'.ld.itions , avoiding strain degradation; 

(h) the provision of the information to erect and test mathematical 
models of "fermentation" processes . 

There are only +wo means of improving fermentation yields , both of which 
are inescapably linked to the manipulation of the microbial phenotype by alteration 
of the nature , activity and/or quantity of the organism ' s enzymes and proteins : -

(a) control of the environment such that it affects the dynamic 
:unction of the microbial phenotype ; 

(b) altera .. ion of the microbial phenotype by manipulation of the 
genome . 

A microbial pro:ess may be required to bioconvert a conplex substrate 
(e •• detoxification and waste treatment (e . ~. 2 1)) , to concentrate specific 
co. vn nt from a c0< .lex substrate (e .g • .:.n metal recovery (205)) , to produce 
bioma." (e .g . , 06) , to produce biorru>.s:; enriched in specific ce~ ... ular components 
(e .g . ) , or +.o 11roduce and excre:te uietabolites and macromolecular products 
(e .g . ,201 ,209) . All microorganisms perform analogues of all of these processes 
most of the ime . Therefore , short of excising ·he particular series of enzymes 
in a biochemically engineered proces~ ( '09 ,210) , all the microbial technologist 
can hope to achieve is to manipulate the phenotype to Jl3.Xirnise predictably any one 
Process at the expense of all the otherq . ':'hu genetic engineering of strains:-
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(a ) to introduce previ ously non- synthesised product s (e .g . 211,212) 

(b) to provide higher productivity by introduction of multiple gene 
copies ( e . g . 213,214); or 

(c) to alter the regulation of metabolic pathways (e .g. 215 ,216) 

are powerful tools whose success depends on the ill-u~derstood response of the 
microorganism to its environment and to many other resultant influences on its 
metabolism. Even when the genotype is expressed as the desired phenotype , mutation, 
plasmid loss and unfavourable regulation ( i .e . strain degradation) can confou:.~d 
productivi ty during "fermentation" (e . g. 217- 219) in the absence of appropriate 
' environmental selective pressure ', since "from the organism ' s point of view, 
strain degradation is often strain improvement" (8) . Fu't'ther , it is important to 
realise that the more alien or mi nor the process being optimised, the more likely 
it is to be overri den by the primary metabolism of the microorganism. 

It is unfortunate that the physiologist/bi oengineer has not been availed 
of the tools to advance understanding of microbial processes at a level to comple
ment the manipulative powers of genetic engineering . It is similarly unfortu:.~te 
that the "New Biotechnology" has an all- too- common tendency to lose per spective in 
the present onslaught of "cloned market i nsights ••• and •.• sticlcy-ended stockmarket 
projections" (220 ); statements such as "fortunatel y today ' s experienced industrial 
geneticist clearly understands thi s demanding interdependence • •• and it falls on 
him to demand , lead , or coerce others to pro1ide the means for translating esoteric 
research into practical produ::ts" (221) dr aw attention to the problems of inter
disciplinary work of this type . 

8 . 2 A general scheme of biochemical assessment revisited 

The practice of providing general schemes is particularly dangerous in 
view of the complexity of the processes which are summ~rised . However , in the 
interests of illustration certain features common to all microbial processes 
( summarised in Fig. 9) can be identified and employed to gauge the prospect of 
improved biochemical assessment and control . 

Some of the most impor tant properties of microbial systems of interest 
to the improvement of fermentation yields are:-

(a ) 

(b) 

(c ) 

(d) 

nutrient uptake from the environmental compartment and waste 
produd removal from the microbial compartment (membrane transport) ; 

the provision of energy by catabolism and its consunption in 
transport , assimilation and growth ; 

provision of molecular building blocks for assimi latory pathways ; 

the intrinsic regulation of transport , catabol ism and assimilation. 

8 .2 . 1 Transport . The cell membrane is a selectively permeable ultrathin lipo
protei n membr ane , which is impermeable to ~ost of the intracellular metabolites ; 
however, many other metabolites or biochemicals can be treated as nutrients or 
waste products by different organisms and tend to be maintained at optimal concen
trations wi thin the cellular compartment . The majority of the latter require act
ive transport to dri ve nutrient import or watlte product export against an establi
shed concentratio~ gradient (19 ,20 , 222 ,223 ) . These envirorunental parameters a.re 
i ntuitively the link to biochemi cal contr ol as they pr ovide the major means of 
' communicating ' with t he organism ' s i nterior; indeed t hey are believed to provide 
the organism wi th the means of sensing its envi't'onment (224) . Transport must 
therefore be considered a crucial aspect of physiologi cal assessment , evidenced by 
t he estimation that microorganisms themselves can devote as much as 50'~ of their 
ener gy to maintaining transport pr ocesses (225 ), even in a nut rient- rich 
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environment · They are therefore worthy of more detailed consideration. 

The transported species may be divided into :-

(a) species not modified by the organism at all and involving imp~rt 
and export ; · 

(b) species that are otherwise not synthesised by metabolis;;i and are 
largely only imported ; 

(c) species that may be synthesised , imported and exported; and 

(d) species that are only exported. 

Al though sane transport proce c;e" are directly linked to bioche:nie< 1 
ener~ (e .g : from phosphoenol pyruvate ( '26) or adenosine ,_riphospha .e (AT') ( )) , 
most are drived by electrochemical ion (especially proton (228)) gradients (e.g . 
20)~ which appear to behave in many respects according to electrodic principles 
(1?). Protein carriers in the coll membrane specific to the transport species arc 
secondarily linked to the primary generation of proton currents by rietabolite 
oxidation or consumption of ATl (19,20 ,22: , ?· 3,228) . The resulting steady-st te 
concentration gradients of individual species are analogous to the electrochPmical 
potentials of ISEs . Although this may provide some inf'ight into the amount of 
energy diverted to each transport process at steady-state , allusions to its thermo
dynamic and mechanistic importance i n chemiosmosis (19 ,222 ,223 ,228 ) are perhaps 
premature (1 ,229-231 ), particularly because microorganisms are believed to operate 
far from thermodynamic equilibriu:n (e . g . 232) . 

Tho major non- metabolised cations (potassium and sodium) provide the 
bulk of osmoti c buffering (20) . Potassium is accumulated by bacteria, at least, 
to total concentrations in excess of 200 mM , wher eas sodiU'n is , in general , 
actively pumped out (20). Under non- scavenging transport conditions (233) , the 
sodiui:- potassium i;;radients are believed by so'lle to be the major fac ·.ors respon
sible for "the buffering of the transmembra.ne pH gradient" (maintail'linE, a constant 
intracellular pH) and tho bulk phase transmembrane potential (234, 334) . The main
tenance of intra.cellular pH appears to be a significant feature of the physioloeY 
of many bacteri~ (334) . 

The transmembrane distri~ution of .v;e lipid- soluble cationP , butyl and 
methyl triphenyl phosphoniur. (B':'l'P and TPK ) is believed to r.:spond to ~he 
"bulk phase steady- state tran~-iembrane potential" (5' ,234- 36 ,246) . ISEs selective 
to 1 1w environmental levels (5 to 25 µM) of both probe ions are available (~ ,235, 
236 , 46) . The accumulation of lipid- soluble cations has been used as a meusure of 
biomaRs (235), although in the case cited , some correction for any changes in 
tran.,, 1embran. po ential would appear to be necessary . 

Similarly, the distribution of acetate (an:ong other weak aciu ( )), 
has been wed to es·imate the transme:nbrane pH gradient and therefo~ i'll.racellular 
pH (1?) . Since acetate is metabolised by many organisms its use is questioru.bl
and probes responsive to substances such as for acetylsalicyclic acid (aspirin) 
may prove more acceptable . ISEs may be prepared for both proba ionP (e •• 6: ) . 
Neither of the ISEs responsive to these probe molecules has been u:;ed ·:o .ss<-
thc dynar.!ic properties of growing cultures but despite the doubts that exisi; 
concerning the >Clun.istic and quantitative thermodynamic significance of the 
measured gradients , highly useful on- line information of the physiological state 
of the organismP wo~d be forthcoming were such measurements u.,dertaken. 

In the anaerobes (e .g. Clostridia) operating a true fermcntative 
metabolism ( • • lycolysin0 ·lucose to acetate and butyrate ani lacking any 
respiration (11)), the protonmo•.ive coupling of eneri!':f (fro~ ATP) to potassium 
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accumulation would appear to be linked to the environmental potassiu.11 activity. 
Po~s~um le~ pathways constitute a considerable dissipation of energy 
primarily derived from ATP via the membrane adenosine triphosphatase (ATPase (237)) 
especially under potassium-replete conditions , and this was further characterised ' 
by a high rate of glycolysis and insignificant bulk transmembrane potential . Since 
in the same organism specific inhibition of the Al'Pase results in inhibition of 
glycolysis (presumably resultant from ATP feedback inhibition) f'utile uncoupled 
ATP hydrolysis may well be linked to the need for a greater gl~colytic ' throughput 
!o provide other key intermediates , a need possibly accentuated in the ~lu~ose 
minimal medium in which this organism was grown. Similarly , under low l limi ting) 
el'lV'ironmental concentratio!'l.s of potassiu.11, when the intracellular levels of 
potassiu:n remain very much the same , the efficiency of coupling of potassium 
transport to ATP hydrolysis was high, as was the apparent transmembrane potential , 
and the rate of glycolysis was lower, suggesting that there was no longer the 
ability to dispel excess ATP and enhance glycolysis . However , growth on richer 
media supports higher growth rates , with lower glycolytic rates even in the presence 
of low environmental concentrations of potassium, and glycolytic inhibition as a 
result of ATPase inhibition was not nearly so significant (50) . The AT?ase itself 
is also alloster ically activated by key glycolytic intermediates (241) . 

It is extremely interesting to the prospect of biochemical control th~t 
the manipulation of an environmental parameter , such as the potassiUll ion concen
tration , should have such a profou."ld effect upon metabolism. Protonmotive energy 
spillage to heat production ( itself presenting a major cooling problem to the 
microbial technologi st) has been suggested to be a major means of energy dissipa
tion under excess carbon supply (8,242) and has been inferred to encourage over
flow metabolism ( secondary metabolite production) (8), as in the above example . 
As well as the possibility of variable "slip" in the functional cycle of the 
primary protonmotive pumps (243 ,275- 276 ,324), the variable coupling of proton
motive energy to specific transport systems would also appear to be a mechanism 
of energy spillage . The maintenance of relatively constant "adenylate energy 
charge" in many organisms under many environmental conditions (328) can be exploi
ted to assess the microorganism ' s physiological state . In this regard the over
flow metabolisms of poorly co~pled ATPase or transport mutant strains is of interest 
(245) . The reverse situation, namely where the organism ' s energy spillage and over
flow metabolism must be minimised , is of importance in improving biomass yields . 
More extensive stu.iy of the interrelation between transport , energy spillage , 
inherent "ATP pool control" by the above Pasteur-like effects (8,247 ) a.nd their 
relationship to overflow metabolism and growth is of central importance to all 
microbial processes and their biochemical control . 

In many anabolic pathways which consu~e environmentally supplied nutrients , 
the transport or accumulation of the nutrient is the rate- limiting factor in that 
pathway and even in growth . In respiring organisms when, for example , phosphate , 
magnesium or potassium limits growth, and energy supply is in excess , the organism ' s 
specific oxygen consumption rate is high . This presumably maintains the proton
motivated transport systems with sufficient energy to overcome the more unfavour
able ionic gradients . Maintaining oxygen supply to industrial processes is a 
difficult problem and it is clear that even simple variation of inorganic composit
ion of the medium can significantl y effect oxygen demand . 

Much evidence has s~sted that there is a more subtle coupling between 
protonmotive energy and transport (e .g . 12), and local protoneural networkl;; have 
been suggested as the means of coupling protonmotive so;irces and sinks (229 ,329) . 
These mechanisms allow close kinetic and thermodynamic control to be exerted on 
transport , and explain why the accu:nulation of vario-..is nutrients bear only a 
q.ualitative or no relationship to the apparent bulk phase proton.~otive force 
(e .g. 50 ,233) . More significantly, such a model provides a means of understanding 
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how the organism exerts variable energy coupling to individual transport systems 
ani how energy spillage may actually occur (275 ,276 ). 

Similar transport processes are also involved in metabolite export. 
Al though fewer studies have been made, the basic mechanisms are believed to ~e 
the same (20 ) . Of particular importance are the organic acids whose environ
mental accumulation has long been known to inhibit growth and metabolism (248) 
as do many other "staling factors" . Species su::h as non- ionised acetic acid are 
soluble in the cell membrane and can be excreted to significantly high concen
tra tio:is and act to dissipate the transmembrane pH gradient (20) . As well as 
decreasing growth rate and increasing oxygen consumption rate in response to the 
apparent uncoupling effect (6), the excretion of some metabolites (e .g . lactate) 
has even been shown to drive the uptake of other nutrients (249) , The above 
are merely a few instances of the profound importance of transport in microbial 
processes ; many other examples can be found . 

6 . 2. 2 Fine and coarse metabolic control . The microbial cell operates two inter
related metabolic regulation mechanisms . Fine control of the activity of pre
fol.1lled enzyme molecules involves either allosteric activation or inactivation of 
specific enzymes by certain key metabolites or their reversible co'fal.ent modific
ation . This can involve alteration of the affinity of the enzyme for substrate 
and/or the ma.ximu'll reaction velo:ity at saturating substrate concentrations , and 
competitive, non-competitive, mixed and cooperative effects have been established 
(e .g. 250 , 251) . Most of these regulatory mechanisms have been quantified by in 
vitro assay of purified enzymes , and the information then extrapolated to the 
whole cell . However, certain features can be qualitatively demonstrated in whole 
cells , some of which are all u:ied to in this discussion. 

The coarse control mechanisms not only involve induction or repression 
of enzyme synthesis itself but also specific degradation of enzyme molecules which 
are also effected by key metabolites . Such regulatory mechanisms often involve 
whole metabolic pathways (e . g. 252,254) . These mechanisms were first demonstrated 
in whole cells, phenomena of which diauxie is the classical example (255), and 
many more have been identified . More recently, it has proved possible to engineer 
certain operons and so manipulate regulation mediated at the level of DNA trans
cription (e.g. 252- 256) . 

Further discussion of these regulatory mechanisms is beyond the scope of 
this presentation; h<>'#ever, such mechanisms are largely responsible for effecting 
any proposed envirorunentally applied biochemical control . Altholl8h some of the 
gross effects of these control mechanisms have been demonstrated there is little 
understanding of how they interact in the growing cell . It is the role of the 
physiologist and biochemist to provide more insight into the factors affecting 
these regulatory mechanisms . At present one of the major tools in studying the 
metabol ism of growing cells is the chemostat (61 46) . Although this has provided 
a great deal of understanding, it is not a culture method traditionally favoured 
by the technologist . However, certain examples are worthy of mention to underline 
further the effect of the microorganism's environment upon its metab~lism . 

Transport systems themselves , as well as undergoing specific regulation 
(above), are prone to dramatic non-specific regulation under environmental s tress . 
Many nutrient limitations in1uce synthesis of high affinity transport systems (256) 
which may even alter subsequent metabolic routes (257 ), Many organisms synthesise 
chelating agents ( siderophores ) in response to inorganic cation insufficiency 
(especially of iron or manganese) ( 256). However , unless transport mechanisms are 
chronically limiting growth , specific regulatory mechanisms usually predominate . 

Some of the effects of carbon source and oxygen have been mentioned with 
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respect to transport . R~wever , one rather obvious but important example is the 
d!fference batween anaerobic fermentative and aerobic respiratory modes of growth . 
Under aerobic conditions the major end product of sugar metabolism is biomass and 
carbon dioxide , but under an3.erobic conditions fermentation pathways yield a var
iety of other partially oxidised metabolites (e .g. ethanol , succinate , lactate , 
acet te) . One of the major metabolic bottlenecks in such growth is the production 
of excess raduoing equivalents , both in overflow metabolites and in the excess of 
!IA!l(P)H (e . g . 8) . Anaero·oes therefore ' waste ' reducing power by production of 
!:;rdrogen, a process which is therefore of importance in the co;-itrol of anaerobic 
processes (259) . Significant variations in fennentation end product yield may be 
expected upon alteration of environmental coniitions (8). The classical example 
is-the production of more bisic metabolites in acidic media and the produ~tion of 
more acidic metabolites in alkaline media (260) . 

The routes of assimilation of many nutrients can suggest the reason for 
switches in metabolism to accommodate the environmental changes . Many organisms 
employ glutamine synthetase and glutamate synthase to assimilate arrmonia . Under 
a':llllOnia lL~itation the substrates for driving assimilation (ATP , NADPH and 2 -
oxoglutarate) must be present in excess . This often results in overproduction of 
2-oxoglutarate and in storage polymer synthesis in response to high AT? levels 
(e .g . 8) . Limitation of sulphate as well as of certain vitamins would similarly 
be expected to limit seriously the operation of those enzymes requiring these 
substa..~ces as precursors of cofactors , and either metabolic rerouting or metabolite 
excretion then oocurs (3) . 

Sufficient evidence has been accumulated even with the currently 
inadequate procedures to mderline the profound effects of most of the usually 
unmeasured environmental parameters on metabolism. Many of these must be expected 
to change dynamically during "fermentation" as a result of microbial growth . A 
significant example is provided by the fact that ma.TJY "fermentati ons" even rely 
on the microorganisms to ch'lllge its environment before s i gnificant product yield 
is achieved (e . g . 261 , 262) , The heuristic role of m·Jl t iparameter biochemical 
assessment and control would therefore appear to be unquestionable . 

8. 3 Practical considerations 

8.3.1 Measurement . Nearly all of the non- sensitised ISEs have a possible role in 
fennentation analysis , and the prospect of enzyme- sensitised ISEs must surel y r esult 
in biochemical assessment systems bei ng largely based upon ISEs for all the reasons 
s=arised in Table 3. 

In addition to the need for monitoring and co~trolling the constitution 
of the fermenter fluid , there is also a r equirement to achieve some estimate of 
certain metabolites withi n the microbial compartment . This is more difficult , but 
it is possible , selectively or totally , to penneabilise the cel l membrane , so as to 
achieve measurement of i nternal components or to effect entry of environmentally 
provided substrates without transpor t (263- 265), Many of these procedures are 
gentle , easily performed and provoke rapid equilibration of the intracellular and 
extracellular compartments . 

The microbial volume fraction of many fermentations var ies from as little 
as 0 .01<}6 to over 35)6. Since IJlru\Y key metabolites (e .g . ATP) are present at intra
cellular concentrations i n the millimolar range (e .g. 266 ) , their dilutio~ after 
equilibration of al i quots containing the microbi al volume fraction with the total 
volume still allows direct ISE measurement . Al though many detergents are inter
ferents of most ISEs , and in the long term may extract mobile carriers ( see 
section 5) , very low levels of the stronger (e .g . sodiu.~ dodecyl sulphate ) and 
low levels of the weaker non- ionic detergents are sufficient to effect rapid 
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TABLE 3. Some advantages of !SE- based transducer technology 
in microbial process assessment and control 

(a) Continu:>us , real- tiI:le assay suitable for feedback control 

(b) Potential selectivi~y for most important biological determinands 

(c) Electrode stcrilisatio~ methods available , altho:igh they can be avoided 
completely 

(d) Probe fouling can be minimised or avoided 

(e) Good sensitivity (ca 1%) over a wide range (<1 0-6M to:;:;!M) and automatic 
on- line dilutio~ methods possible 

(f) 

(g) 

(h) 

(i) 

(j) 

(k) 

(1) 

(m) 

(n) 

(o) 

( p) 

(q) 

(r ) 

Responsive to thennodynamically- and microbially-important free activities 
rather than total concentration 

No requirement for added reagents , except with a few indirect enzyme 
electrodes 

Assay is no~-destructive or determinand consumption is negligible 

Electrodes are , or can be made , biologically inert 

Selectivity good to poor, where interference can be corrected or minimised 

Acceptable response ti.mo , oven with enzyme electrodes 

Good shelf- life and acceptable in-use life time 

Relatively low cost and disposable designs possible 

Can be used in turbid and viscous broths as well as in the gas phase 

Can be effectively 'home made ' where small market size does not enco~ 
com.~ercial interest 

Calibratio~ possible on- line 

Can be rniriaturised and incorporated into ~ulti-ISE probes to avoid multiple 
fermenter entry ports 

Largely steady-state methodologies , even pseu.io- oquilibrium methods (e . g . 
enzyme electrodes ) can be i:ade acceptably unresponsive to flow or stirrinu 
rates . 

equilibration (e . g . 267 ). Furthermore , under su-:11 conditions the major proport i on 
of detergents enters the membrane phase and relatively little is available in free 
solution (267) . It is therefore quite conceivable , that , in many cases , pre:nixing 
of small samples of cell suspensions with detergent in a flow line, followed by 
direct analysis , would provide effective , reliable and near real- time analysis of 
the intracellular compartment . A very valuable development would be the ability 
to measure biomass on- lino and , althou~h direct methods are available , all are 
possessed of chronic problems ( 26. 1, 330). Although there are many 'units ' of 
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bio:nass , intracellular volume fraction would appear to be the most suitable , so 
that intracellular concentrati ons of metabolites may be estimated in real time . 
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Q,3.2 -·ctu.a.tion . Addition pumps are widely used to effect environmental change . 
However , in the case of most nutri ents these may only effect ' upscale actuation '. 
!ltho~h addition of chelators or metabolism itself may effect ' downscale control' 
it is not widely applicable . In continuous culture basal medium continually ' 
dilutes the culture and limited ' downscale contr ol ' may be effected by this 
mechanism. However, it should be noted that peristaltic pumps are notoriously 
i.'13.Ccurate and the abil i ty to monitor the volume of the fermentation and/or the 
vol~~etric addition of titra.nts would be essential , especially when the likelihoo1 
is that set poL~t feedback control is r eplaced with more sophisticated control 
algorithms . Here , the downscale aspect of control is therefore a great proolem; 
!'lonetheless , dialysis culture , at least at the small scale , wo·Jld appear to pro·1ide 
a means of external r emoval of unwanted metabolites . Indeed , where such culture 
i:ethods have been used , cell yields and densities in particular have been greatly 
increased ( e .g . 269). Various methods of performing co~trolled dialysis culture 
are available (270) . 

8.3.3 Control loops . Set- point , single- loop feedback control has pro red extremsly 
~efu.l. in fermentation for parameters such as pH and temperature , but its applicat
ion has been guided by the availabil i ty of electronic controllers . Al thoilgh these 
cay p<>ssess sophistications such as proportional , differential and integral control 
(271 ,331 ) it is often diffi cult for the fermentation technologist to engineer full 
u~e of such intricacies , especially in the case of biochemical paramtters . The 
sorhistication that i s inherent in these control loops is that most should be 
multi- input and involve multi ple actuations { and in truth this holds even for those 
Presently used in fermentation ( e .g . oxygen) . 

This area is c l early the pro1ince of computer-directed digital control and is 
another reason to rej ect the prevalence of analogue controllers in computer-super
vised systems . The use of tru~ computer control allows the control loops to be 
algorith~ically formulated in software terms , and bestows flexibility , sophisticat
ion and greater cost- ef fectiveness on the system. Since all i nput signals are 
converted to physically meaningful units , and since the magnitudes or rates of 
nearly all actuations may be calculated or measured rapidly enough to represent 
real time to the micr ooiologi st , appropriate and elegant fermentation co~trol may 
readily be achieved . As well as making actu:i.tion adaptive to changing .::ondi tions , 
control loops can easily be made mixed , or r esponsive to derived parameters as well 
as to individual input signals . Thi s type of approach is essential to biochemical 
control and places control in the hands of the microbiologist and not the instru
cent designer . Many of the arguments traditionally raised against such control 
mechanisms are based on systems with much more rapid response times than those 
generally present in microbial processes . 

9. FU'rURE PROSPECTS 

Mul tiparameter monitoring would appear to be inextricably linked to improve
ments in many areas of microbial research and industrial processes , for which 
purPose ISE technology has been awaiti ng exploitation for some time (11 ) . It is 
hoped that the practi cal considerations presented in this review wi.l at Least 
create an awareness of the problems of the application of ISEs in fermentation , 
and u:.~derline the fact that tho first few steps can b~ taken now . Digitally 
instru·~ented computer techniques would appear to b:? a pr erequisite for effective 
ISE use , ...nd. there are demonstrable benefits from using the il'l.~erent flexibility 
of Svf w~re for real- tims operation as well as for off- line analysis . 
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The future prospects of ISE technology appear to depend on the further 
development of electronic transduction systems and the provision of a wider 
variety of more selective sensor elements . The latter have been, from the 
electrochemical point of view, relatively difficult to find or to synthesise . 
Biology is in this sense fort\Ulate in the possession of a great number of highly 
specific ligands , and it would be beneficial both to ISE technology and to bio
technology if this feature could be exploited more extensively . Proteinaceous 
ligands as sensor el ements in ISEs require co~siderable stuiy if they are to find 
widespread and reliable use , and the explotiation of thermophilic or chemically
stabilised enzymes is a rather obvious first step. It is also of the greatest 
interest to note the functional similarity between microbial transport proteins 
and ISE sensor s , and a considerable number of reagentless bio- sensors could 
perhaps be developed from these ligands . The possibility of developing regenerat
ing reagent/co- factor ISEs has already been demonstrated . The potential of modern 
molecular biological methodologies sho·.lld not be overlooked in solving some of 
these problems . As well as improving protein/ligand preparation methods, it is 
also clear that DNA- and protein- sequencing may shortly provide an understanding 
of the molecular structure of the ligand sites of proteins and allow rather 
unstable proteins to be di scarded in favour of shorter, even ' designed ' poly
peptides , which may then be further modified to comprise sensor elements . 

In the bioelectrochemist's preoccupation with providing transducers, the 
direct bioconversion of chemical , electromagnetic arxl electrical energies should 
not be overlooked when considering future appropriate technologies . There is 
already very little difference between bio-transdu~ers and bio-fuel cells other 
than that of scale and purpose ; impr oved biomolecular design and engineering will 
surely lead to improved signal- transducing systems . 
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