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ln many elcctrochcn1ical techniques, one applit·s a (cfamped) DC potential to 
the working electrode and measures !he rcsultam i,,~urrent in <t 
compkled by a counter t'let·trodc . Bard and Faulkner 1980; Bond 1980; 
Kissinger and Heineman 1984). Even in pulse vollammetric technjques 1 the 

i~ dcsign1~d such that I.ht' potential 1,1,·cen t.he 
electrodes, and the curren( uHimately measured, is 

cm1st.ant for a greater m lesser period. However, the last 20 or so have 
the exploitation of \'inusoidal in the 

study of electrode processes in aqueous media (e.g. Breyer and Bauer 1963; 
Schwan 1966; Smith 1966; Sluytcrs-Rehbach and 1970; Macdonald 
1 and J 980: Bard and Faulkner 1980; Rond 1980; 
Gabrielli 1980; Buck 1982; Mat~<lonald and McKubrn 1982; Gabrielli et al. 
1983), an approach which £wo advant in kular: (l) the 
sinurnid convenient tcdmical and mo.thcmat ical features in such 
systems, together with an excellent signal: noise ratio predicated upon the use 
of a analysis (e er al. 1 ; Gabridli and Keddam 
1974; Diamond and Machen 1983; Marshal11983), and {2) thefrequenc..:v, as 
well as the voltage1 of the ex1,:lting wave~form may altered, sot Wl~ may 
consider or use t technique ns a ft.nm of roscopy. 

To put the foregoing in another way, w<~ may raise the idea, with which we 
are all familiar, lhat. tht;: frcqut~ncy depcmfont absorption of ultra-violet, 
visible, infra~re<l light may be used in the analysis of biological (and 
other) materials. Yet light is only a form of electromagnetic radiation, alheit 
of a high (10 14 Hz or so), and there is thus no reason why the 
frequency-dependent absorption of electrical energy of lower frequencies 
might not similarly be exploited in bio-analytical devices, In such cases, at 
least below 30 or so, one requires rodes to ai:t as an interface~ 
between the t:xciting clcctrkal field and the sample* so tha!, as in the 'pure' 
elect rochemkal case above, one may study the 
dectrkal oft.he system cnnsisling of the eled rodes plus the biolo­
gical sampk; in otht~r words~ one may study the frcqucncy-depencknt 

427 
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The princi/J/es and poumtial of electrical admittcuuY· 

impedance or admittance of the system. 
In the following 1 therefore, I shall (l) outline in elememary terms 

what is by the concepts of electrical imped;rnc(• and admittance, 
(2) discuss the application of such measurements in (predominantly non~ 
faradaic) elec.trounalysis, and (3) introduce the cognate concept nf the 
dielectric spectroscopy of biological substnnces. considerations ,..,ill 
pave the way for (4) a discussion of t use k·dmiqucs, including 
frequency response analysis (FRA), in hiosensor applkations sensu la to. 
Because of the rclaf ive magnitudes of the to pk and the spac.e avail a bk, l will 
make no attempt to be comprehensive; my aim will bL~ predominantly to 
provide, for , an introduction a field which 1 
been widely neglecicd by biologists and biophysicists (despite 
tacular successes), yet which underlies a many pn:scnL and fut urc bio~ 
sensor applications. 

Let us consider a sinusoidally modulated voltage, of the form V = V111 sin wt; 
where w is the frequency in radians s- 1 ((1J where/is ihc frequency in 
Hz), Vm is the maximum (peak-to-peak) voltage, and V he volt any 
given instant. If this voltage across the terminals of a passive circuit, 
device, or 'system', which may consist of pure electrical components or of a 
biological or chemical sample separating a pair of elcl.'.'.trndes 1 the current 
flowing in the dn.:uit (after any t have died to 
the rnagnitude and its phc1se, and is of the form i lm sin 
(wt+ 0). Thus (Fig. la), although the frequency and sinusoidal nature of 
the wave-form arc unchanged by internciion with the system. the charac~ 
teristics of the are in the rntio J'"n/i01 and by the value of 0. 

Now, exhibit resistive, inductive t-.r,~""'"'n 
properties which (hy definition) may distinguished from each other by 
their effects upon a sinusoidal voltage. Tims, for a pure resistor (R Ohms), 
the current due to our exciting waveform ( Vm sin wl) is by: 

i (V ) Wf. l) 

For a pure capacitor (C farads): 

i wC Vm sin (wt + 

whilst for a pure (self,.) induct.ance of L hcnries: 

i ( sin (wt ~ -n:_) . 

Thus, for a pure ri.:sistor 1 there is no phase difference between V 1rnd i. In 
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Electrical impedane'e and admittance 

Source \I 

v 
I 

Ti11w 

(a} 1 The impedimetric experiment. in which a small·amplitude ur-
bation, in the form of a sinusoidal V()ltage, is applied to lhe system of inleresL The 
sinusoidal across the may measured using a (high-impedance) 
vector voltmeter 1 V, whilst the sinusoidal current nowing in the drcuit may be mea­
sured means of an AC vector ammeter A. In practice (a, b). it is found that the 
phase of the current diffors from that of the voltage by an amount o: in the case shown 
it leads the voltage. 

contrast, for a pure capacitor, lhc current ltm.ds the voltage by 1f/2 radians 
) whilst for a pure inductor the current the volt by the same 

amount. Nowt except in active biological systems such as nerve axons (e.g. 
Cole 1972; et al. l ; De 1981), and in certain electrochemical 
systems, parlicularly those involving corrosion and dectro-depositi()n 
(Gabrielli 1980; Macdonald and McClure 1982; Gabrielli et al. 1983)1 

inductances are negligible, and we shall for the most part ignore them. We 
may therefore imagine intuitively (and correctly) that for a 'real' system, 
which both and capacitive properties (Le. as a 
leaky capacitor), (t takes a value between 0 and 7r/2, as illustrated in 

lb. 
We may then d1.•fine a vector quamity I he impedance, with modulus 
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430 The principles and potential of electrical admittmu'f' spectroscopy 

lmpt:~dance as a conipkx qmrnlity. is a m:HhermHkal fm11:tirn1 1 

known as Eukr's ick:nUfy, which slates that 1te 1 i'1 Acos(J f; Ajsin 0, where j 
"./= L Thus, any complex quan1i1y may be split up into its real and hnaginary p~irL 
The shows the manner in which this is for ttw function 
Z = R + . Simple gcumctrical considerations indicate (i) 1ha1 R + , and 
(ii) I.hat R I Z I cosO and X · I Z l sin(J. Thus R und may be obtained l'rnm 
mcwmrt:menti,; of ! Z I 41nd 0, amJ ure knmvn respet'liv<:ly as ! he 'in and 
'oll!·nf-phase' 1x1mponc11ts. 

(magnitude) I Z I and argument ('dirc1:!ion 1
) 0, in a form analogous to that 

a complex number a+ jb (where j = .J I )·as in Fig. 24.2, where the modulus 
I Z I of the is equal to the racio V,/iw Thus, the 
both and imagi part st and is defined as R + 1 wh1:!rc the 
react a nee X - 1 I uJC', and the system is treated as though it consisted of a 

and capadtance in 
may also the sy.i.;lcm as consisting an equivalent conductor (G 

siemcns ~ I/ R'S) and capacitor (C 1
) in parallel. In this case, wt~ define an 

admittance }'', as a vector with modulus I YI Vm l/ I Z I 
argument 01 such that Y I + jB, 
= u.1C 1

• 

succinctly hy and (1968) the distinction bcl\veen t 
two of treatments is as follm.,•s: int impedance reprcscntation 1 we 
the impedance to represent tlu~ dependence of the voltage on the current, I he 

t under study (in an such as that 
Fig. , 1 a) ng considered as being connected a current smnc1..~ of 
resistance (i.e. open circuited). ln contrast, in the admittance representation 
we the admittance to represent the of the current on 
voltage, the being as being connecl<.:d to a source 
of zero resistance (short-circuited). 

the distinctions are only distirn:tions in the 
it is obvious I we can move t.he to 
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The ionships impeJani:e and a<lmittance. 
irnagim1ry components, l"or discussion, see text.. 

., 

domain, and vice versa, by the choice nf appropria1.c values of R, 
'. For convenience, we give the relevunt equations in Fig. 

words, of the complex ii y nf (the equivalent 
of) the system the terminals or the measuring instrumentj when Wt,.'. 

make measurements at a givt.m frequency, we merely treat tlH! system as 
though it consists of 11 (conductance) in or in paralld 
with a single capacitance. For real cirt.:uits, !hen, the impedanCl' Z(w) or 
admittance Y(vJ), and their component real nnd imaginary parts, are fre· 
qm·nc:vwdepemlent , the frequcm:y~depcndence of which 
used to descri the equivalent electrical . It should be 
that, by definition, the impedance and admitlance are independent of the 
voltage fknving in, i system undi:.~r study~ and this 
1linear into account when use is 
representations. 

ln 
and of the component constitllt 

equivalent cirt.JUit is by means of i.;omplex plane diagrams 1 atupic1.0 which we 
now turn. 

If wt~ measurcmems impedance of an 
electrical circuit consist of a 2.671 kU resistor in parallel with <I pF 
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The principles and potential of electrical admittance spectroscopy 

a 

I 

-.. 
A 

J,8 

1.2 

N 
{I.(! 

(! 

4 

1.2 

ti 

5 

Mtldd impcdum·1_• 11ctwork 

220.4 pF 

--c·---~ ~--- -_1----
\f'--

2.671 kQ 

(! 7 
I .11g freqm'.111-:y (Hz) 

l incrca~in1•. 

U(kU) 

The of rt model electrical circuit. 
Mcitsurements were made, and the data plotted, using the frequem::y"domain 
ini[H!dimetrk system described by Harris and Kell (1983), (a) The impcdan(:c modulus 
and the phast: rmgle as a function of frequency. Note 1 existence of two 
regions in frequency that arc low and high ive to tluu f,. 
(b) A reactance/rcsistatu.!c plot, showing that the circuit has a single time loOnl'tant. 
For further discussion, see text. 

capacitor, the behaviour shmvn in .4 is obtained. (Remember that 
although the circuit is actually a parallel network, we treat it, in the 

inn, as though components were connected in series.) 
Thus (Fig. as is we find (i) that 
the phase angle (fJ, as defined in Fig. .1 )1 decreases from approximately 0° 
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Impedance rlia,grams in clectrochemicu/ ,'!J1stems 

(purely stivc behaviour) to approximately - 90C' (purely capacitive or 
reactive behaviour), and (ii) the modulus of the ilnpcdancc I I dcLTeases 
from rnughly 2.67 kn to roughly zero. The frequency at which the transition 
is half , the critical or characteristh: uency /:, be 

by ion of to occur at approximately kHz. Since 
the produc( of a resis!Hncc and a capw:itance has !he dimensions of time 
(seconds), and is equal by definHion to the relaxation time 7 ('time constant') 
for such a circuit, and since ·r = l /2rr/~, we may also culculalc 1 x IO- 7 s) 
and h (270 kHz) simply front I.he values nf the and in the 
drcuit. 

Now, as shown in Fig. 24. \Ve can calculate the real (R) and imaginary 
(X) parts of lht~ impcdanL'C from the measured values of I Z I and 0, and (since 
t with frequency) plot the t1egative the 

h frequency as the , This is in Fig. where 
ii may be· observed that the resultant plot takes the form of a st1rnkircle 1 

whose cent re would lie on the abscissa nnd which has a maximal vnlue of - X 
which occurs (c:l Figs. 24Aa, .4b) at the characteristic frequency; further, 
had mcasuremcmts been made over a wider frequent:y it is evident (or 
at plausible) that t semicircle would have extrapolated to of 0 
and 2.67 kU. Thus, as dL•H:ussed in many introductory textbooks nf electrical 
drcuit analysis (e.g. Bleaney and Blcam~y 1976; Duffin )980; Bobrow 1981; 
Brown et al. 1982; Harter and Lin 1982), these impedance diagrmns reflect, 

rnay b1; used to obtuin, the values of the clements of an equivalent 
electrical ci n:u it. 

Using the equations given in Fig. 3t one may aJso derive from 
Fig. 24.4a the equivalent values of G and B pertinent lo a representation in 
the admittance domain. In this case, a plot of B versus G (an admittance 
diagram) would also ~•semicircle, with its centre ml the and the 
maximum value of B when the exciting frequency /,.The production of 
sueh a plot is left as an t~xercise for the reader. As we shall also see when we 
come to consider complex conduclivity and permitlivity, although the 
information contained in each plot is lhc same, the relative weightings of the 
data can serve to enhance· different frequency (Macdonald al. 
1982). 

1.1ledrorhemical 

a variety of historical other reasons, the impedance (R /)() repre-
sentation has dominated fhe electrod1cmical literature, although J. R. 
Macdonald and his colleagues (e.g. Macdonald 1980; Macdonald et al. 1982) 
have stressed the utility of the three-dimensional perspective RIX/log/plot. 
Now, the aim in st.udics of purely clcctrochcrnical and, in many cases, 
of solid-stacc (as opposed tu biological), impedances is to gain information 
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The principle.\' pot em iul elect rlcul admit t mh ·e .vwct roscopy 

about the mechan of , i.t. of nccuni a! 
tht' ekctrode/eledrolyte interface. Tlrns, since such rmx:1JsS1's are obviously 
cfopi:mdent upon the 'mean' potential of I.he working elci.:.trnde, one should 
arrange to poise this potential at a kllmvn value, eitht~r hy including both 
pairs of a L'.nuple l.lw medium ( impedanc\:) or 

ln rhe Her case in it is usual to use a 
( rd and Faulkner 1980; Bond 1980; Uabrielli. 1 

such two~ or thrcc-dt:ctrodc measu 1 of course, on1: shoul.d eithi;:r use 
identkal electrodes or make the iinpednnce of the working electrode very 
1nud1 greater than that of the couull~I' ekt::lrode. 

The interpretation of dectrochernkal Impedances is a vast, detailed 1 and 
field., and for the I shall the 

the salient ideas, are: (I.) I 

double fv1ohilner l and I Sparmmy I 
Mnrtynov and Saltun 1983) at ! In~ dcct rode/solution inh~rface possesses, due 
to ifs mokcular thickness1 a signifkanl capacitance (of some ttF per 
m:I ual electrode area, under typical conditions) which must be charged up 

current can ; (ii) that raf.e of the subsequent 
lim by a sl difTusion of ro· 

reactant to !IK~ n~Ul'.tion layer, or case nw: rinds 
lhc superposition of a straight line a1 a semicircle int plot; (iii) that 
the residual resistance at very high frequencies reprcscnf st he resistance or the 
bulk solution hdwccn the electrodes; (iv) the diffusio11al impcdan<x~ is ol'len 

1<'11.:. Very general i:quivalent drcuit for an eleclrndwmirnl \:ell. The dt.n1hlc layer 
capacitance c:JJ is in parallel with a n~sislam:c reprcscn1i11e:, ll1t: charge lrnnslcr 
(faradak) <.;!ep, they 1.1ecur in (essentially) tlu:: :~ame place. This 

ol 
parts, in es·,ence w 1diffw;io11 zone'. Finally, 

ment is in seric1> with lht: (' iR drop') hulk d(•1:t1'olyl(~ f,Olutlnn rc1;i~;1ancc R,. Ohvit1usly 
f he actual magnit utk or thest~ comp11m:n1s determines the ex:h:t fr(!quency respom;(' of 
thL' sy1;tem. The symbols used for the capadlors are to indk-atr U1t~ presence of /;oll1L' 

ht'terngeneity in the Sf 111cf u1 es which ! hey n:ptt'sent. 
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in electrochemical 

referred to as the Warburg impedance and represented as a resistor and 
capacitor in . The equivalent elct;trical drcuil dciscrihing this behaviour 1 

which is ascr to {l is it may 
be noted that \VC are here beginning to equate our rical circuit com~ 
ponents with mechanistic t:xplanations of electrode behaviour. 

b 

~ 
I 

Carbon ckrl 1 ode impedance 

(} 

0 ~~·-~--~-~~·--T--___,, ... -~--->-~--~----------1 
I 

IJ. I ~~,1·-·-,-~ 

l.J.08 

0.06 

0.04 

0.0'.1 

0.0 -,.-., 

() T 
R, 

5 
Log frequency (Hi) 

l O.OH 

R,+R,1 
,,. {k!J) 

0. I ;1 0. !11 

ll 

ll, :? 

l1'ig. 24,6 The frcqucncy·depc11dcnt impedance of u pair of graphllt: clectrodi:s 
immersed in WO mM KCL The modufotlng voltagt' was 50 m V and mcusuremems 
were performed the appurntus lkscribcd by Harris Kdl (1983). 
(a) Impedance 111udulus and plum~~ angle Vtmrns logarithmic frequency. 
(b) lmpcdrmce diagram, showing how one may derive the valt1es of R~ a11d Re1 from 
the semicircular ion of :'luch a pkH (J f ung et al, 1979). In <-1 classical Wailmrg~typc 
system, tlw low-frequency (tit•hl hand) of the imped1111ct:~ locus should an 
angle of with the abscissa. The charactt;ristk fh:qu(mcy of Hw semidn~ultu part of 
!he plot may be used io obtain rhc values of Cd1 fron1 ihe rchuion Cc11 ll21ffcRL

1
• 
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The principles and 1mtential of electrical admittance speclro.•1copy 

Now, it should sl that much more behaviour than I.he 
above: may be observed in practice. Nevertheless, .6 shows the ex 
mentally obtained impc;dancc diagram of a pair of cylindrical graphite 
electrodes (ca. 4 mm rndi11s 1 20 mm length, smface roughness tmknown, 
separation 10 mm) hnmcrned in 100 mM K<] 1 a diagram which 1 it may be 
observed, corresponds fairly accurately tri I he behaviour described a hove 
(and see Besenhard and Frilz l 98J). The folh)\Ving pnints may be made with 

tot his figure: (l) the sernkircular lot: us is hy no 111eans , and is 
poorly separated from the straight line portion, it is not realistic to fit ii 
such that its centre lit~s on abscissa !his he to hcten>M 
gcneity in the structures underlying C01 and R( 1; (2) the frequency 
oft.he impedance extends over an enormous range at least seven onkm; of 
magnitude in the present case; (3) there is no frcqmmcy dependence (in I his 
range) of the impedance of the material between the electrodes (which is 
simply an ionic solution)~- all the observed frequency dependence is caused 
by electrochemical bt•haviour al the electrodes. 

Now, it is obvious that th1~ and our 
rochemical cell is a function of the ''lcctrnde size and 

electrodes of larger area and closer st~paration will, all else being equal, 
appear to have a lower impedance. Since, in rriany cases, it is the intensive 
pmpcrlies of the system which are of interest, we must needs take account of 
this; to do so we will make use of the adrnit ta nee representation (Fig. 7), 
and introduce the notions of permittivity and conductivity. 

At any 
described by the 

111 

C' 

~ -l~-~ --~ I-

v!\/\/\/ 
G= !flt 

Ii/ 2;if 

l'=G+joiC' 

Admil!ancc of equivalent p;mdlel 
d1cui1 

the passive electrical or a syst,:m may be 
+ jwC' of the equivalent pmalld circuit. 
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P1;1rmittivitv, conductivin• und dil'lectrical . ' 

For a specimen held bet ween j wo parallel t:~lcct rodes of area A separated by a 
distance di I he intrinsic passive: electrical properties are completely specified 

the conductivil y a' and the permittivity c', \vhich arc to the 
1;onductance · by 

= a' (11/d) 
C' = i:

1c1 (.4/d) 
(24.4) 
(245) 

From eqn we find that obtain the conductivit we multiply the; 
(:<rnductancc , a "rvhich has the dimensions of h 1 

(e cm 1
) and is known as the cell constant. In eqn 1 Er (sometimes 

called Eo in the literature) is the \~apadtanc1.~ of a cell of unit dimensions con~ 
taining a vac1mm 1 equal to 8.854 x IO- 14 F/1.~m, so that any matter existing 
bet\\'een the electrodes will have the effcd of rai.i;;ing the l'apadtancc by a 
factor E', a fal'tor which was formerly called the dielectri"' but 
it is not constant) is mon' rm>Jll~rly referred to as the pennittivity. The permit~ 
civity of water at °C is approximately 78.4, so that, as may be calculated 
from eqns 24.4 and 24.5, a cdl of cell constant 1 cm 1 containing water at 
this temperature will havl'J a capacitance. of 6.94 pF. The presence of ionic 
electrolytes only a rnther modest. upon the pennil! ivity of aqueous 
solutions, such that the pennittivity of t M NaCl at C is approximately 
61.6 (Davies 1965). 

Now, for many purposes, it is useful to make use or the complex 
pcrmittivityf 1'

1 ~.if", which, as with impedance and admittance, has both 
real and lrnagimuy part&, aud the imaginary part of which, the dielectric loss 
t ",is related co the conductivity the equation 

(24.6) 

where o1' represents any or 'low frequency' contribution to the 
c:onductivity. 

In a vcn frequency the didt~ctric propcrt of any mat 
between the electrodes may not be constant (i.e. the material exhibits 
dielectric dispersion), and, as with the impedance of I he model circuit in 
Fig. 24.4. muy change b(•tw14·c11 two 1 platcu11' values 1: 1' and c:~_,, according l.o 
I he equation 

= (~, t 
1 + j(1JT 

7) 

where, as he fore, T ( = t'll'.t;) is the relaxation time. Equation 24. 7 separates 
into 

+ (wr)2 ' 
.8) 
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T1te principles and potential o[ electrical admittance 

/I (<::,' {· = ~·~_,.,,., 
· I + (wr )Z 

(24.9) 

and a plot of i: '' versus E a drdc whose centre is located on thee 
Ho\vevcr~ in it is often that st·mh::irlces result 
lies below the absdssa, and it was shown by Cole and Cole (I 
behaviour may be described hy :;rn equation of the form 

l + (jwr) 1 '* 
(25.10) 

such that a line between the centre of the circk the points at \vhich the 
,, 

11 It' locus crosses the abscissa makes an angle c¥"rr/2 radians with the 
abscissa. Although the CoJe .. Cole representation is entirely empirical (it is 
generally taken to represent some kind of dist rihution of relaxation times}, it 
is nnw commonplace to in t form of a Cole~Cok plot, such 
thatthedispersionis bythe'dit~!ectricincremenr 1 '= e:~ - (; 1 

and by the Colc~Cok cL Many othi;r dielectric relaxation time distributions 
have heen suggested (reviewed by Boyd 1980 and see Marshall and Roel 978), 
but they have not achieved widespread usage in biological systems, and are 
not discussed furt here. 

Complementarily 1 one may nut use of the \xnnplex conductivity~ plot of 
11 1

' versus a; where 

.. fJ 2 !' ('.I I) a = Tl, (:, ( ·- tco . (24. It) 

discussed a.hove, the two representations have the effect of weighting the 
appearance of the tkita diffL~rcntly; I \Vill illustrate this by (in Fig. 
t data (Fig. .6) from the carbon electrode impedance rum. 

As Fig. 24.8a shows, the apparent permittivity of the system at low frc~ 
qucncies reaches truly enormous values (2 x l()H at 10 Hz), the measured 
capacitance at this frequency bdng approximately 70 /.iF, an effect which 

the basi-. of the 'electrnlytic' type of used in electrical and 
dccl.rnnic circuits. course, t permittivity the eleclrolyk ween the 
t~k:ctrodes is only tlbout 78, a1HC iJ we use this value for the 'hhd1 frequency' 

Admiuan1cce propertks of carbon rodes. Data \Vt1W obtained as 
d1..~scribed in the . (a) Conduetivi1y pcrmit1ivi1y, as obtairH:d 
from the by means or the cell constalll. 
(b) Admittanet; (complex co1u.luctivity) plot, using t :,, 78.4. Th~· fit oflhe two semi" 
cirdes is empirical 1 there being no satisfactory way (in the abscm:c or additional 
knowledge) of separating overlapping dispersions. Extrapolation gives 11[., whcn(:c 

'for each dispersion may obrni . (c) Compll':-: permiuivhy (Cok~Cole) plot, 
the value- of the estinmtion of! n: 

which one may ohrnin ft. It may 
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noted that two dispersions are nor discernible in this diagram, illustrating how the 
admittance and complex pennittivjty plots weigh! the data differently. Note that, for 
a given dispersion in which the Cole-Cole o: is not too large, r is given by At'~/ .1a'. 
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permittivity~ we obtain the admittance plot shown in Pig. 24.8b; as in the 
impedance dingram (Fig. .4), lwo separate processt:s may bi: dis1;·erned, 
extrapolation of the to low frequencies giving the value of a 1' 
(0.4 mS/cm) to be used in consl ructi the plot in Hi.:. 
stressed by Macdonald infer uliu, the Co((>,. Cole plot is not really s11ilahlc for 
use in describing e/edmchemical impedances sinL:e pe,~rmittivity und con­
ductivity are intrinsic prnpcrt ies of n1nt1;:rials \vhich may be held hel ween the 
electrodcsj a I his should borne ill mind. the ion in 
Fig. .8 serves to illustrate the means by \Vhich W(~ treat data of this type, 
and it is hoped that this elementary exposition will assist the novice or tyro 
who may \Vish lo delve further into these matters. For completeness, it should 
be mentioned that some literature, pnrlicularly that concerned wirh electrical 
im;ulators 1 the so"calied ion facwr• 1 D tan b r 1

' : For 
rnaterials lacking conductivil f) GI wC I where is the so-
called quality factor or Q~f'at;tor. 

We are now more or in a position to consider some of the rm·chanistic 
bases the frequency~dependent behaviour of held 
bet\veen and which crnrnist not only of ionic solutions but of biolo~ 
gkal materials. However, the dielectric (passive electrical) properties of 
biological and chemkal (Stock 1984) subst.ances have attracted study for a 
great many years Osterhoui I both front a scientific and an arrn~ 
lytica1 . Thus, for instance, ewart (I 899a) noted I.hat the low­
frequency conductivity of blood exceeded that of the \vhole blood 
from which it had been derived by an amount that was u monotonic function 
of the hacmatocrit, and derived an t~quatinn wherewith to estimate the latter 
by means of conductivity measurem<mts. Since this time, a vast and 
increasing: litt•n1ture on biological impedances has accumulated, an amount 
far too adequately to be revie\ved herein. and \Vhat I shall therefore do 
is: (i) draw attention t.o the many excellent books~ review artidcs 1 and mono­
graphs mi the subject oft he diek~cl rk: specl roscopy of biological suhstances, 
(ii) outline the salient observable and mechanistic features of the dielectric 
dispersions that in 1 aud the relation~ 
ships between the dielectric increment molecular dipole 
moments underlying the dispersions, and (iii) dc~scribc some of the analytical 
methods and devices that have been used or proposed, and wbich have as 
their basis the measurement of conductivity, permittivity, or their vector 
sum. l shall then outline some of the and mcl.hodologkal 
'Nhich should be borne in mind \Vhen one making mea::.1.ircrm~nts of 
biological impedances, and draw allcntion to the distinctions one m~1y make 
between measurements in the time and frequency Jonrnin. This will lead us to 
an outline of the role of lime. analysis in blosensing generally. Finally, I 
shall to her rhc above ing 
some novel approaches w cxploitarJon or bioscmmrs. 
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or the many books available on the dielectric behaviour of condensed 
matter, those of most biological relevance, and which are especially recom-

are by Daniel (l Cole (1972), Hasted (1973), Grant el al. 
(1978), Schanne a.nd Ceretti (1978) and Pethig (1979), Schwan, the doyen of 
biologit:al impedance determinatim1s 1 has written excellent reviews 

Schwan 1957, I 1 19771 198101 b, 1983a~ b; Schwan and Foster 1980; 
oy et al. 1982), and overviews of these matters may also be found in the 

ides (l 979), Pilla (1980; Pilla et ul. 1983), Zimmermann 
(1982) and Pet hig (l 984), The latter gives an extensivl~ discussion of measure­
ments on proteins, which are discussed in the revicvn:; by Onclc>1 (1943), 
T'akashima (1969; Takashima and rv1inakata 1975), Grant and South (I 
Grant 1982, 1983)~ Petersen and Cone (1975) 1 Wada (1976), Hasted et al. 
( 1983), Kell and Hitchens (1983) and Kell and \Vesterhoff (1985). Our own 
work (Harris and Kell 1983; Kell 1983; Harris et al. 1984; Harris and Kell 
l 985a; Kell and Harris l 985a, /J) has concent.rnted on microbial membranes, 
the latter two articles containing a fair amount of review material on this 
topic. Work with natural (Pauly and Packer 1960; Pauly et al. 1960; Fal.k and 
Patt l ; Irimajiri al. l Asami et al. l 9800 1 1984) and pure phospho~ 
lipid membrane vesicles (Schwan et al. 1.970; Redwood et al. l 972; Asami and 
lrimajiri l 984; Pottcl et al. l 984) and planar membranes (Hanai et al. 1964, 
I · Tien l Fett iplace el ul. I ; Haydon et al. 1977; and et al. 
1984) may also be cited, whilst an entrcc to the microbial literature may also 

gained from the papers of Pauly (1962), Asami et al. (1976, 1980/J), Clarke 
al. ( 1 1985), Blake~Colcrnan et al. ( 1984), and Harris and Kell (l 985b), 

Almost all charged polyelectrolytes exhibit enormous permittivitics at low 
frequendes Dukhin ant! Shilov 1974~ O'Brien 1982) 1 whilst those 
displayed by DNA are discussed at some length in the articles of Vreugdenhil 
£'1 al. ( 1979) and Sorriso and Surowiec ( 1982}. Most of the papers cited in this 
section concern work at below 100 Hz or so; the higher 
frequency work, with which we have not had experience to <late 1 is discussed 
by Foster and (l l), Foster et al. I l1Hnger(l98l), Stuchlyetal. 
(1981), Clegg et al. (1982), Kraszewski et al. (1982)i Gabriel et al. (1983), 
Magin and Burdette ( J 983) and Clegg c!t al. (1984). This extensive citation llst 
indicat~~s very clearly greai, breadth and depth of literature on biological 
impedance determinations. \i\'hat take~home messages may one distil from 
this work? 

Jn general, it has become usual to point out that biological cells and tissues 
exhibit three bi'oad and morc·l>r-less separable dieketric dispersions 1 centred 
respectively int audio~, radio~ and UHF-fn;quency regions and to 
as the (h (-~~ and '¥~dispersions, Subsidiary b- and {3 1 ~dispt~rsions, located 
bet ween the {3~ and isperskms, may also be noted> especially in protein 
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solutions (E~sex et al. 1977; Ornnt I whilst u low-frequency wdispersion 
was described by Kdl (1983), Harris et al. ( l 984), and Barris and Kell 
(I 985a). Tht~ majnr mechanisms thought to unckrlie I hese disp1~rslons an.' as 
follows: relaxation of the ion cloud tangential to memlnane 
(tit··dispersion); Maxwcll~Wagner~type relaxation at the interface between 
the poorly conduct cell membranes and their adjacent aqueous solu­
tions (/3-dispersion); rotation of small and/or dipolar molecules 
(11-dispcrsion); relaxation of tissue~lmund water (o-dispcrsion); protein rota~ 
lion (/3 1-dispersion) and diffusional movements of mcrnbrnnc-assodatcd 
cmnponents (wdispersion), applicable\ the superposition principle 
states that. each or tlu:.se rm";chanisms is independent and adclitive 1 and we 
would that auy potential or dipole mobility will lead to the 

"""''''~""'or a de . In this dipOk' rotalions arc~ 
trkally in<listinguishable from any other motions such as the hopping of 

between di IT1:rent ( J onscher 197 5; Lewis 1977; Ngai et al. 1979) 1 

it is therefore obvious that a plethora of mechanisms cnn in 
fact underlie the relatively broad dielectric dispersions observed in practice. 

discussed above, we can describe or characterize a diclectrk dispersion 
by diekct time by the• or 
tribution of lhc relinrntion times as crnbodied in tht~ Colc~Cole c~. Now, the 
diekctrk increment may be said to comilitutc the outward and visible sign of 
a , the dipole moment (or, for hop pi of cl..:,\ f he 
ej}ic!ctivc dipole moment), I'· Dipole moments are traditionally measured in 

(D), where l n = 3. x 10 10 m; in other words, since the unit 
rical 1.6 10 19 c. a pair of opposih: 

f1cparated by 10 '° m (1 A) have a dipole moment of 4.8 D. It is the mole-
cular dipole moment that serves to tell us what fraction of the dipoles are 

, actually at a vcn field strength, accor<li to the Langevin 
function (Fig. 24. 9) 

L(x) coth(x) (24.12) 

where x ii kT, 1 is t local ckd rical field, k is Holtzman n 1 s con st ant, 
and Tis the absolute tempiJrature. Sinct\ in compk~x biological systems 

knO\V only the field (i.e. the 
potential di the divided by the distance 
them) rather lhan the local field, it is ar>propriatc to Uf.K~ the former and to add 
an empirical constant. Fort rotation of globular proteins with a 
pt~rmancnt dipole n10ment; we use the factor 5.B (obtained from n com-
parison between theory an<l experiment for the arnino add glycine) (Ondey 
l and we haw: 

'13) 

s number and is the molar protein concentration. 
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The Langevin ftui~'fion. This the field (at 
i:t frcquc:ncy low relative to !hat ofJJ the (effei.,:rivc) dipole of interest cosO to 
the field slr'cngth and effective· molecular dipnlr momt•nl ttEi/kT, where E1 is I he lotal 

, k i'> Boltzm1:mn 1s constam Tl absolute temperature. For x( T) 
I, lhe Lan!~evin function n:dw.:es Lt> <c~)"(.I 1111'1/3 kT1 and the dielectric 
increment is independent of the~ field strenglh (i.e. we tire in the linear region), the 
number Of partidc•s uctually rnoving in 10 the field proportional to E 1• 

The magnit.udcs of the dipole moments protein solutions observed in 
are equivalent roughly to I l relative permittivity units per 

(g/100 ml), corresponding to roughly 5-20 D per kilodnlton (e.g. Gerber et 
1972; Schwan 198Ja). One may therdnre calculate that, in a typical 

dielectric cxperim1.~nt in which the field strength is most unlikely to 
0.5 V /cm, und is likely to be as little as l/ I 0 of this, the Langevin funclion 
tms a small v;!I that the number of proldns aclual/y rotating is 

an extremely small frneiicm of the total. shnll have cause to return to 
this point later. 

To the discussions in i se1.:tion as I hey to our overall 
considera1ions 1 we may make the following remarks: (0 !here is an 
enormous liternlurc indicating that all types of cdls 1 tissues~ and blo~ 

molecules didcct ric properties different from thnsl' of sirnpk 
solution; (2) espi.~dally since dielectric spectroscopy is a non-invmdve tcuh~ 
nique, one may exploit it lo assay for the former int he presence of the Ia tier; 
(J,) because of sf.rong frcquency··depcmk~nce of dielertric properties, one 
may assay for di ffcrent substances or feal urcs by choosing di ffcrent frc~ 

q11cncies; (4) in such a consideration (>f where the field lines is likely 
to prove informative; ) bera11::ie of 1 relat insensitivily of the 
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techniqm\ and the hreadth of the spectra ohtnincd (which reflect relaxation 
rat.her than n~sonance), it is likely to be most useful in 'bulk' measurements 
when practised conventionally. From a bioanalytical stundpoint, one must 
also add thal 1 especially at low frequencies, one is Ji also to 
the propcrtk-;, in addition to t of the material 
electrodes, although this not of itst.:lf impair the po1cnfo1I analytical 
utility of the method. I would also mention that a recent and otherwise 
excellent book Biologiea/ !)'pectruscopy (Campbell and Dwck l 984) did not 
even mention the concept ol' dielectric spectroscopy, a rather dear indication 
that indeed the method is ripe for exploitation. 

In this vein, therefore, I lurn a of some of 1 articles whid1 
have lo use the prindplcs described herein in analytical 

24. 7 Some bimmalyUcal mms of condm'.timctry and 

Obviously this is a vast as , and l shall therefore airn for some 
tivity in choosing the;: with which J shall dra\Y attention rn the use 
these nrnt hods. One part kular use, which is au racting in~reasing attention 
(see Firstcnbcrg-Eden and Eden 1984; l lurris and Kell 1985/J), is in the 
exploitation of impcuimdry in assessing the numbers of micro,organisms 
present in populations, since clHmgcs in the iical properties of 
micrnhial \'ullure media known to be associated 1,vith microbial 
growth the last ury 1899h). Conductimctry (e. 
et al. l 978; Mackey and Derrick 1984), in1pt~dimetry (e.g. Cady 1978) and 
capacitimetry (Firstenberg~Eden and Zindulis 1984) have all been used 
(Firsteuberg~Eden and Eden 1984); in the la!tcr case espedally, the micro~ 
organism·dcpendent are due to effects at the ekclrmks (Hause et al. 
l IL in the bulk 
would 

Since the conductivity (at fn:quencies below I of the 
Maxwell,~Wagner type {3,clispcrsion) of a suspension is lower than that of the 
fluid in ·whkh it is suspended, one may thus defect the presence of suspended 
matter directly by its upon an electric at mewmrcment 

both in bulk ri et al. 1 
Harris and 1983; Lovitt et al. 1986) and in hydrodynarnkally 
lowing streams in devices based upon the principle of the Coulll:r Counter1M 

(e.g. Kubitschek l 969; Dow el al. 1979). Clarke and his colleagues 
(Blakc~Colcman et al. 1984; Clarke et al. 1984, 1985) havt~ also successfully 
applil~d impcdimetry to the direct <if mkrobiul hiornass 1 our 

and those of others (op. cit.) that t 
properties of of a radius monotonically with the 

volume fraetion of the suspended phase. 
As the possibilities of distinguh,·hing or identU)iing cells by th(~ir 

Supplied by the British Library 17 Jan 2020, 13:38 (GMT) 



Some hioanafytical uses of comluctimetry and imvedimetry 

, it is ct~rt true that both 
and surface charge (density), inter cilia, differ for different bacteria. 

For instance, Gram~positive and -negative bacteria have entirely different 
Harris and l 985a). and surface 

depend critically on both the pH and physiologietil status (t~.g. growth rate) 
of rnkro-org::misms, and simple diekctdc spectra are unlikely lo contain 

inforrnation, in of nthcr I Sirnilarly, 
in no1Htxenic cell susp<.!nsions, t dielccl.ric properties of the largest cells will 
tend to dominate those of the suspension, so that deconvolution, already 
difficult~ would probably impossible in all but the most favourable cases. 
However, l sec no reason in principle why the Coulter Counter·1M method 
should not be c~x.lcndcd to exploit measurements of thefrequency~dcpendent 
electrical properties of individual cells. In particular (and see lalcr), the 

ude of the fields used would allow one to make use of !he 
non-linear ele1..'.trical properties of cells, properticp, which may be expected to 
be more cell-specific than simple linear behaviour might lead one to 

Thw~, although I do see that the dielectric spectroscopy of 
microbial cell suspensions is likely to be diagnostic of the spec(lh: micro~ 
organism (measurement of colonies might be more productive), the use of 
more techniques hold out some promise for the charnct 
tion or unknown cells. Howevc:r, since published dielectric spectra of micro, 
bial cells do unt cover more than ten srtccies (of unknmvn physiologk:al 

us) to date) much more \VOrk is before m1t,; may an 
adequate assessment of the many exciting possibilities in this area. 

Other techniques exploiting the hulk permittivity, conductivity, or 
of cells and t and which have enjoyed a reasonably wide-

spread use, indude impedance plcthysmography (e.g. Nybocr 1970; \\.'heeler 
and Penney 1982; Brown 1983; Anderson 1984) and pneumography (Paccla 
1966; and Webster 1978), whilst of lhc dielectric 
properties of excised tissue have been used in the testing of freshness (Faure 
et ul. 1972; To et al. 1974; Kent 1975; Kent and Jason 1975), and quality 
(Pfutzner and Fialik l of tissue measuremenls, i1 may 
also be menlioncd tha1 I here are significant local of skin impedamx.· 
in the area of the meridian points recognized as significant in the science of 
acupuncture (e.g. and Marino l ; Jakoubek and Rohlkek 1982), 
estimations of which, it may well be arguedt really CfHtstitute 
sensu stricto. 

Obviously, measurements of 1he conductance of homogeneous solutions 
are widely used in environmental monitoring, and are the method of choice in 
es1imating the salinity of the marine environment (see for example Brown 
1968; Ben~Y;mkov 1981· Wilson 1981). Sirnilarly 1 resistivity methods have 
also enjoyed use in g{:ophyskul prospe{:ting (Kdlcr and Frischknecht 1966), 
although tl11.'! physical and mechanistk interpretation of the dala is by no 
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means free of diffh:ully (Hasted 1973; Phillips 1984), H may also be 
mentioned that the time resolution of solution condm;tivity measun~menls 
may be made extremely good by using microwave frequencies (de Haas and 
Warman 1982). Sd1ugerl (1984) n useful discussion of an elegant t:on-
ductimetric method for monitoring bubble and vdoijty distribution iu 
microbial (and see later), whilst ! utility impedimetry in 
rnonitoring of chromatographic eluents is discussed, for instance, by .Altier 
et al. (1984). 

As regards conduct imetry in biosensors generally, Lowe (1984, 1985) and 
llullot et al. (1984) lmV<.! recently stressed that a 1mwy of the reactiom; 
exploited in pntcnt.iometric and ampcrometric electrodes 1 for 
instance the and pl 
electrodes, might equally or conductimclrically. Similarly, 
Arwin and colleagues (1982) have made use of reaction-dependtmt 
changes in the double layer capacitance of symmetrical metal electrodes as a 
measure of enzyrnc or substrate activities. Workers tend t.o make such 
measurements a single frequency, and it without f;aying that yet more 

and in ive sensors might based upon multiple-frequency 
methods. 

Finally, we may mention the use conductimctry in improving t 
response time (Powley et al. 1980) and selectivity (Powley and Nieman 1983) 
of ion-selective elci.,~lrodcs that arc norrnally used in a potc.~ntiometric mode. 

one would from the properties of electrode impedances describ<!d 
there is an optimal time (frt•quency) window for I 

in this case a of 0.1 ms betwct>n the stirnuim, 
the bei 

Naturally one l:ould give many, many more examples of rhc above type. 
HoWt':Ver, what l wish to convey is !hat by choosing appropriate frequencies 
and/or analyte matrices, a great many dct.1.mninants may be monitored in 
thnc and non~invasively by the use of impedimetry in various crnbodimcnls, 
and that pn:.·dominanl may be due to behaviour of ttu: 

rode~ of the bulk solution, or . This 
us to a brief discussion smne technical of this 

measurement. 

impedimet 

l have not thus r laid much stress upon the technkal and instrumental 
underlyi impedimct since, as as the typical user is 

concerned, the met to be employed follow directly from the underlying 
principles. Many reviews discuss the measuremenl of d1cmical impedances 
(e.g. Shedlovsky l 949; Blake 1950; Rdllcy 1954; Loveland 1963; Thomas and 
Pert el 1963; Pungor l ·Bennet! and Calderwood 197 l; Hollder and Enkt< 
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AC' source 

.10 The principle of a two-ti.~rminal impedance bridge. TIH~ device under test 
(DUT) forms one.· ann of the bridge (/'.'.4), which is in many ways similar to the fomiliar 
(DC) bridge; cxcet !hat the vollagc source is a sinuimidnl oscillator of 
variable frequency, the uull 1ktector is sensitive and adjustable arm of the 
bridge (Z1) contains bt>th resistive and c:1pacilive cort1ponenl!i. When the bridge is 
balanced (Lt'. no currclll flows in the part of the circuit containing the null dcrcctor)., 
and if then since, g,cncrally, Z1 

1984; and see el eel rnchemical abov<:~) and biological impedances 
(Schwan 1963; Hasted 1973; Grant el al. 1978; Pcthig 1979; Marmardis and 
ivfarnrnrelis 1978; de Felice 1981) in the range up to 30 MHz or so. I usl~ this 
frequcnL:y criterion it is roughly here rhal the wavelength of 

ic radiarion approaches 1 he dimensions oft measuring systt;m, such 
that al frequencies greater than this1 the lumped drcuit description implidt in 
the above ceases solely to be applicable, and om~ should also consider a field 
description based on I.he Maxwell equations for example Ble(!.ncy and 

1976; and 1979; J 1). Similarly, 
impedanc<;:s are nmv negligible. entree to the recent lil.crnture on these 
very high frequency methodologies may be gained from the articles by 
Dawkins al. 1979, Burdette et al. 1980, St uchly and Stuchly 1980, hey et 

l · Fosler al. I and et al. I : \Ve do not discuss these 
1natters rther. 

In the frequency range below l<V to l()B Hz or so, bridge methods 
(Fig. 24, JO) remain the most widely used and are appropriate,~. Traditionally, 
manually balanced bridges \Vere , but modern instrumt'11ls arc computer~ 
controlled and auto-balandng. Frequency providt~, albt•it 
at sorm~ loss in prcdsion, an extremely convenient means of obtaining 
dielectric spectra (Morse 1974; Gabrielli 1980). The syslcm illustrated sche-
matically in Fig. , 11, \vhich is 1 hai used by I.he present author, nrnasures 
V1110 i0 ,. and 0 .1) by means of a veL'lor vol1mc_•1t!r and 
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lmpedam:e 

analysc1 

Floppy 

91211) 

x-y--1 

Digital 
plol!cr 

llP 722SA 

l"ig. 11. A computer~controllcd, frequency domain dielectric spectrcimeter, based 
upon commercially available cornponents usable in the 5 Hz--1 l MHz. The 
microctitnputer drives the stores 1 he data ob1ained bt)th in 
and on disc, and pennitf> the data lo be plol!ed in a variety of forms (~:ce Fig1:. 

and Harris und Kell 1983), 

whence all required information may be calculated and displayed. Its 
implementation of the I interface makes it eon~ 

venient in use, and logarithmic scans may be made at a rate of 6 s (and 20 
measurement frequencies) per decade. In this type of system the sinusoidal 
freqw;;ndes arc applied one at u time, and these methods are thus called 
frequency-domain methods. 

In systems of the above type, two-terminal measurements art~ the m.nrc 
common. means that one is 
of the sample plus the electrodes, and 1 particularly at low frequencies and 
high conductance, the latter, which may be of no scientific or analytical 
interest, can dominate meaM1 . In such f 
niqucs are used (Fig. .12), by which electrode polarization problems arc in 
principle avoid<;d Schwan 1963, 1966. 1968; Schwan and 

1968; Nakamura el al. I l), ahhi;1ugh ~t consideration t 
exact location of the electrical field lim~s is necessary (Schwan I ; Schwan 
and 1968). In such the cell consl a1H is determined by the posi~ 
tioning of the electrodes (Tamamushi and i 1974). 
minimization l)f elect rode polarization generally~ by using Pt black 

(e.g. Schwan 1963), and the preparation of such electrodes using 
electrolysis in Kohlrausch solution (Geddes 1 are discussed else\\' here. 

ln recent years, time domain methods have bct~ome popular. In this typi.! of 
, one applies a step vohage to the sarnple and follow, depending 
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Cell 

The plindpk of the fom"de<,trode tcdrniquc for meusurfog hulk. low~ 
with minimal interference from the impcdam:e of 

clcdrode/clcdrnly1e interfaces, Currc11t from the AC' source is rneasun:d with an 
tunmcter aud flows through the system via two current electrodes (/1 and /1). The 
voltage drop :1crnss the relevant part of I he system is measured using two voltage 
'pkk-up' electrodes ( V1 and V2), crnmedcd to a voltmeter of high input impedance, 
such that ne:gligiblc current nows through 1hem and lhus no pt:)larization 
impedance is Schwan and 1%8; Ferris 1974). 

upon the frequency range, the tlrnc~dependent (dis)charging current llow, or 
the wave behaviour, of the t'quivalent RC circuit. Deconvolution of such 
data, usually by use of the fast Fourier trnnsfonn (see lal the 
.:quivalent dielectric proper! Such 
value at both high frequencies for example Cole l 975; ns et at. 
1979; Stuchly awl Stuchly 1980; Burdette et al. 1980; Boned and Peyrelasse 
1982; Steel l>I al. 1984) and low frequencies (c.g,, Si11µ;h et al. 1979; Eden et a/, 
1980; Hart 1982; Schmukler and Pilla 1982; Mopsik 1984). 

T'his concept, of the equivalence of the time- and uency~domain belm~ 

viour of a us finally and naturally lo the Hia! we might 
broadly use an input wave-form of any shapt: in order to assess I he passive 
dcctrical properties of a system, and this is in fact to a good approximation 
true. We will therefore include an introductory section on modern methods 
of signal analysis. 

To sumnrnrizc this section, we would n (i) that care must always 
taken to sure of the cxicnl to which dectrode polarization is con~ 

tributing to measured biological impedances, and (ii) that one should 
properly be aware of the pathways taken by the field lines between the 
electrodes. 

as ::m of 

The means mos! i:ommonly used 1 in the general to analyse the frequency 
dependence of the response of a system to an input wavc~form (e.g. Jenkins 
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Watts 1968; Priestley 1981) arc the sarnc as t hos<' used in tlH~ proper cha" 
ractcrizalion of any timc~dependcnt signal or time series' (e.g. Bendat anJ 
Piersol 1 l; ancl Jenkins 1976; Chatfield l In particular, they 
exploit transform technique:.; such as tht~ Fourier transform (e.g. Champeney 
197:l; Bloomfield l 1978; Marshall 1 1 l and, 
whilst yet more advanced approaches and treatments may be mentioned (e.g. 
Childers 1978; Kay and Marple 198 l; Chen l 982a,b; Fu 1982; Ahmed and 
Natarajan 1983; Geckinli and Yavuz 1983), we shall confine our short dis, 
cussiun to the more standard approaches that may be applied 10 lincat\ 
statkmary, or periodic (quasHergodit: 

Any periodic signal x(t) (of period T) may be n~prcsented by a Fourier 
series, which may be written thus.: 

x(I) ( ' cJ2w// 
II 

l /Jn 
-- · x(l)e Jh/1.dt 
T ., ., 

/, 

and where j I the 1 fundamcntal 
The Fourier series may also bL' written 

I 1/T, 

SAf) '·' + 1(cos 211/t + j sin 21rft) 
+ ·l j sin 4nJI) + 
+ n (cos 2n7fft j sin 2m1/t) 

(2'1.14), 

(24. l 5) 

(24.16) 

For nonµperiodk data, a continuous spectral repn:sentation must be 
obtained from a Fouri~r integral, given by 

({) J x(t)c Jhli.dt. 
'l)U 

(24.17) 

These equalities thus signals in the t domain those in thC' 
fn::quem;y <lomaii1 1 and show thtti signal may be represented as a sum or 
sinusoids of defined frcqmmcy 1 arnplitudc, and phase. 

If we take an apparently random' signal, such as thal in lhe top half ol' 
Fig, 24, I 3a, we may \'.1ish to characterize it furl her. and to <lcc.ide, for 
instance, to what it diff1.:r materi<llly that of another, 
apparently equally random, ~ignal such as thal in the top half of Fig. . I 3b, 
A convenient means by \Vhich this may be accomplished is by determining the 
autocorrelation function )1 which mcasun~s tht~ to which a signal 
correlates with a displaced replica or itself: 

Supplied by the British Library 17 Jan 2020, 13:38 (GMT) 



b 

fl 125 
E41.~ 

v 

l~.6 
Fr03 

v 
!NS! 

0 

125 
I~ "4.13 

v 
INST 

{J 

() 

125 
g_03,____~"" 

0 

an 

LOWER nu .1\UTO POWER (Vi I f7RFO (.Hi) 

UPPER Clll TIMf 
l ~.!',~--·--··---····~·----···~---···· 

E-OJ 

v 

() LOWER cm AUTO POWER (V) I PRFJ) (Hz) IOOOO 

'rnndom' und their ;.nllopowcr specfnL The half ofrad1 
figure contains the tinw history of the signal, whilst the k)Wt.:r half b thr: uutopower 
spectrum (sec text) of' the data. II is dear llutl, whilst the degret.• of 'randomness' in the 
ori~foal dat;:i i.; uppan:ntly similur in the rwo eases, !he au!opnwer ra rnv;;al 1hat 
the in b lrns a substantial eompon~ur centred at u frequem:y or uhout l .4 k. 
In. fact, the signals are constituted in ead1 case by the output of H 'while rwis<:l' 
ge11crnto1\ !hut in b bdng mixed with thcoutptH of 11 .:;inusoidal oscillaror operutin1~ ~II 
J Hz. Th~~ LhHa were analysed using a Solnrtrou I Sig11ul plotted 
using a Hewlert-Packard 7470 digital plotlcr. 
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I 

Ji_!n ~ J x(f).x(t+r).dt (24. I 8) 

At zero time displacement ('r == 0)~ the value of R,.(r) L~quals the mean 
square value oft signal x(t ). A 4purely 1 random signal ('white noise') 
an autocorrelation function that is independent of the value of t. Such 
functions have found use in the cm~linc· imation ol' the time constanr of 
electrodes (Turner and Howell 1984). 

The aulocorclation function is the Fourier transform of the auto-
powcr spectrum 0

1
_(/) 1 i.e. R.1 (r) F- ttG~(f)), and describes the gc11cral 

frequency composition of a time series in terms of the spedral density of its 
mean square value: 

T 

lim 
1

. I Jim !_ f x 2(x, t, Af).dt]. 
:.1 ;fJ (t::.j) _ r-•;, T J · · · · 

0 

(24. J 9) 

(The autrn:orrelation function and autopower spectra thus igllore phase rela­
tions). Figure . l 3 illustrates the utility of the aut .. opow,;r spcctrurn in 
•picking out.' a periodic signal from a noisy set of data; whilst one would be 
hard pressed to perceive any analytitaI use for as noisy as c in the 
time domain representations, the autopowt~r spectra clearly ~how I hat signal 
b a ficant with a nf 1 kHz or so 
(plus harnH)nics) 1 and in this area of the spectrum the signal:noise is quite 

for 
The above analyses have considered single signals alone. We may also 

define a ion function Rn{r) between signals .x(t) and y(f), such 

that 

r 

l<,y(r) = p1,n --1 
· 1 x(t),y(t + T).dt (24.20) 

This function tells us the cnt to which one signal correlates wilh another, 
and is the inverse Fourier transfonn of the so-1,;alkd spectrum 
G,vcn. i.e. 

(24.21) 

Finally, we may us<' concepts to define tht~ transfer function a 
system, Ii(/), which serves to <lcfine the input /output relationship of a 

cm. 'f'hus 1 if in a system sw:h as that of 
Fig. 24. la, the input signal .r(f) has an aulopower spectrun1 Gx(f), and !he 
nutrmt y(t) is so rnodified by the that the cross~powcr spcct rum 
is (;_1y(f), then 
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II(/) Gv.1,(/)/G,.(/). (24.22) 

In principle, t input signal might be used to obtain 
the transrer function, and h(•nce the impedtmce, siuec in this case the transfer 
function may <tlso defined (notation as in 1 and 24.2) as 

Z(/)"" IZ(/)leff'1n. (24.23) 

In arc • for reasons conned.cd \Villi the 
measuring time (Cn~ason el al. 1973; Gabrielli et al. 1982); similarly; 
accuracy is improved by stressing frequency 1:ompom:mts rclaled to the 
relaxation times or 1he under study imagine the 
exploitation or an iterntive system (see also Kell and Hanis 1985a)). NL~ver-

, de.spite the need to the 'pseudo-random' input 
popular in neurophyi:dologkal . Marmarelis and Marmardis 1978; De 
Felice 1981; Fernandez et al. 1984) and di elect rk (Nakamura et al. 1981) 
work, is that t:xploited in 13. 

We may thcrefon: state !hat this type of analysis is already extremely 
important and useful 1 will increasingly cheap, widespread, and 
signifkant as digital electrnnic technology advances. (All the spectral 
functions are implemented in a hard~wired form and in real time int he system 
used to construct .1 . Although I have indudcd a discussion of 
matters because they naturally complement the concept of admittance spec~ 
1roseopy 1 I would i;tn·ss t !-:peel ml analysis in , Le. what is often 
referred 1.0 c:ts 'pattern recc,gnitkm', should he considen:d as an integral 
design goal by all workers actively developing bioscnsing devices. Although 
these methods have been m;i;:d for many in photometric 
Berne nnd Pecora l 976), and Fourier techniques arc widely used in NM Rand 
IR spcdroscopy, etc. MarshaJI 1983; Campbell and Dwek 1984), I do 
not as yet pen.:eive their exploitation in bioscnsing systems on the vvidc M.'ale 
that their potency rnerits. Therefore, and although the applicability of these 
techniques (o fermentation technology constit.utcs our o\vn main 
direction, I will end by describing l\VO possible general uses of fluctuation or 
spectral analysis. 

ftmc1 in of' 

Many systems, such as laboratory and industrial bioreactors and r,~rmentors, 
exhibit highly complex and multiphase lluid dymunics (e. Bryan! 1977). 
Leaving aside, for the present, particulate matter and biological cells, such 

be modelled as consisting of a sus-
pension of non~conduL·ling bubbles in an aqueous ionic solution, When 
stated thus, it is evident Orni conductivity (or inipcdimct ry generally) can 
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provide a convenient approach lo the measurement of the passage of gas 
bubbles, on a similar principle to that employed in the Coulter Cmmter1 M 

and Kdl I 985b). In particular, the use of rnore than nne prnbc in a bio· 
reactor allows the estimation of th1~ cross~correlati<m and/or coherence 
fum:tions oft he conductivity flue! nations a direct indication 
not only of bubbh; size and dynamics but of bubble velm:ity (Buchholz and 
Sc~hogerl l 979a,b; Schilgerl 1984; iguchi et 11/, I ml analysis of 
pressure fluctuations has also been to gain ot herwist~-unohtainable, and 
real-tim!!, information on the mixing dynamics in nvo·phase bioreaclors 

1980). 
Extending such ideas, we may state (aecurntely) that the 'problem of scnle­

up' (e.g. Lilly 19N3) is ascribable to the that eonvcminnal 
measuring practice· considers only the mean, and not the (rapid).f7uduations 
about rhe mean, of signals derived from probes. lt should obvious that the 
proper characterization oft he 1st a culture, by means of environmental 
measurc~ments, thus requires i he fl.di characterization oft he t irne-dt•pendcnt 
behaviour of such measurentents 1 induding their fluctuations. His our view 
that this area in particular represents one of the most fruitful in which future 
pmgres.'\ be 

Now, whilst the type nf signal analysis discussed in this section reties upon 
tlu: assessment of signals generated hy macroscopic probes in mkrobial 
ferment we \Vish finall}1 and speculatively lo discuss a potenti<tlly novel 
approach to biosc11sing sensu st ricto, based upon the mcasurcrnem of non­
linear t functions in relatively micros<.:opk protdnaccous 
systems. 

The overwhelming majority of bioscnsing devices proposed or n:alizcd to 
date rely upon tht~ j ion nf an (or protein) and either a 
tiometric or an ampcrnmetric electrode. What I wish to discuss here is lhc 
possibility of exploiting the 1wn~jc1radaic non-linear dcaI 
behaviour of proteins that are bound (or adjacent) to electrodes. 

It is now becoming widely that the atoms of even pro1 
crvstals, let alone solutions of globular proteins, exhibit. many and 
cmnplex fluctuations about their mean or average positions, even when at 
thermodynamic equllibrimn 0"' : Wekh et al, l 
Somogyi el af, 1984; \Vekh 1986; and n:.~rerem'es therein). Such intramole·4 

cular fluctuations are no! wholly from other (Kell 
Hitchens 1983). Further1 since proteins contain numerous charged and 
di polar it is to be thai intramolccular mohilil of such 

will be (i) protein-specific (ii) changed upon suh8tratc (ligand) 
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bindi enzymatic adivity, or ion (Welch Kell I 'IO 
that a non~invasive didt:1,:tric roscopic assessment of protein dynamics 
might form the basis of an entire family of novel biosensing devices (since this 
principle would apply l.o protcha~ligand(protdn) internt~tion). However, 
since (lini::~ar) dispersions broad 
(reflect presumabi)\ the numerous underlying contributing to 
the rmwroscopic observables), the problem reduces lo that of ~.;ignal handling, 
i.e. to deconvoluting the dielectrk~ spectra. To approach this, we propose 
(i) to t rwtdinear ric properties of proteins (or indeed 
other macromolecule) (ii) lo exploit l\i.ro. (or nrnltH dirnensimrnl 
analysis of the electrical transfer functions of protein-ligand systems. We 
shall also need to consider the appropriate frequency range~ for maximizing 
the protcin~specificily of the sigrrnl. 

Now, as discussed above, t fraction of or actual(y 
in to an field of the appropriate frequency is 

by the Langevin function (see 24.9), so that, in calculating the fields 
necessary to drive at least say 80% <)fa given type of dipole to Jts extremal 
position \Ve require that JLE/ k 5, a value significantly outside the 

domain (see Fig. niany of the intramolecular 
dipole moments in which our int lies probably do not 5 
dmrgc~A (24 D), and since for 1iE11 kT = 5 we require (at K) a field of 
6.1 x l(r' V m 1 D 1 (Kell and Harris l 985a), I he type of field we are likely 
to requireis of the 2.5 w~ V /m. Thus, keep t volt small 
or at ic~ we nmst. use rodes separrued by as small a distance as 
possible, a suitable design heing that of intercalated or comb electrodes 
on a silkon substrate) (Fig. 24.14) 1 us used for instance in t.hc EumetricTM 
system (Micrnmet Instrnmenls Inci Cambridge, MA 02139, USA) for low~ 
frequency permittivity measurements. 

Nmv, of the protein~spcdfic inlranwlecular connections of lhe 
different drnrged and dipolar groups, the imposition of a field (such thal 
11E11 kT is greater than say 5) at one frequency will measurably affect the 
dickcfrk. properties measured anol her frequency. Thus, by rm.·1t~urir1g t 

d as a function of tht' 
high electric field, \Ve may to dcconvulatc l he intramnlecular electrkal 
propcrtit!s, in much t.he same spiril as NMR speer rnscopists nwasurc the sn­
called J~ and NOE~councctivities or cross-relaxation pathwitys of NMR~ 
activi: nuclei by two.dimensional kchniqucs Kumar et al, 1980; 
Jardet and Roberts J l; \'.\/inrer and Kimmich 1982; Wuthrich I 
Campbell and Dwek 1984; Markley et al. 1984). ln other words, one would 
excite (with a high field intensity (l~\)) at one frequency (/1) und interroRafe 
(with a field £ 11 ) al other frequencies (/2), either simull<mcously (I 0) or 
subsequently (t> 0), with and /or t and perhaps also 
varied throughout. Whal sort of frequencies should we consider? 
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Tu gi:m·rator 
und mwly:1er 

The principle of using comb eleclrmks to a high fidd for a reasonably 
low voltagi.;, whilst ~1 rnmmnable surfm'e area (and I lowering the 

n":e). lhr electrodes here frnn1 are dosdy 
spaced {~ay I µm or and :machcd t.o tht: -analysing 
circuitry, Tht• prntein or hiolngical component or int1:.rest is placed over the surface ol' 
the dcvil:c, either hy eovalenl attachment or nlherwise, and the ligand-depemknl 
change in the multi-dimensional dieh.:i:tric spt:~ctrnm assessed. Available variables IM 
obtaining the multidimensiomd matrix include (i;ee tcxt)/1;f2, Et> , and I. 

might that m of the most interesting intrnmolei:ular 
lions would lie at frequencies in t.he more lechnicaHy dif'fkult above 
1 Ml1z or so

1 
not least because simple protein rotation is likely to dominate 

the measured spectra below this frequency. However, increasing the loenl 
solvent viscosity, \Vith phospholipids, or chemical cross~linking of 

molecules, would serve to the 
. Not\vithstanding 1 at the lower 

ficant contribution fron1 double layer and fara.dah:: elect processt:s 
would be obscrvedJ amJ whilst lhis doci.; not affect the p:ntcrn~recognitiou 
approach per se, it seems likely that the biospedfic signal/noise ratio of 
such a will be er the contribution from the protein 

The \!:<act features of m.ulti~dimensiomJ! dielectric which arc 
likely to prove of most bioanalytical value ctm not easily he defined at the 
present lime. Howevcrt it is easy to predict that a differcnct! spectrum or 
(protein"plus"ligand) minus (protein alone) is likely to give the best type c1f 
definition of the ligand~.'ielcctivc signal analysis required. whether the 
biological are a function of the occupancy or I hi,; of 
occup;nh.:y of the proteinaci~ous in question. , \'v'hilst I <l<1 
not in any way underestinHH~ the technical difficulties involved 1 one should 
state that. if proteins recognize (bind to) liga11ds and each othc~r by means of 
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such frequew:y-depcndenl elcctrkal there is no fumlumental 
reason why we should not do so as well. 

The possibility of placing such a device~ of the lype alluded to herein, on :m 
rophoretic and therc\vith irhmtf./)'ing a protein or nucleic add in a 

bund or a spot, seems sufficient juslification alone to cause one further to 

the devdopment of such a principle. 
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