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1. Introduction 

The passive clcctricnl or "dicleclric" properties of biulugical cells have 
been st udicd since the last century 111. Important advances in our 
knowledge that have accrued rrom the application ul' didcclric spec­
troscopy tn bi1,ilogkal sy'.->tem<; include the recogniliun or lhl' molecular 
thickness of' hinlog!cal membranes 121 and of the cxistcnci;· of voltage· 
gated icin clmnr1d~ as embodied in tlw Hndgkin-Huxlcy I ::IJ equations. 
How1.:'ver. as judged hy its complete omission from a book on Rio/ogi<'ul 
Spectroscopy 141. the technique has nnt achieved as widespread a recog­
nition and l~xploitatiun in biophysics as it warrants [5J. Nntvvithstand­
ing. and due in large part to }tdvanccs in inslrumcntatinn which make 
the acquisition, display and interprl'lation of biological dk~lcctril: spec­
tra much 11w1T t'onvenient than has historically heen the case. the 

Supplied by the British Library 24 Feb 2020, 11 :09 (GMT) 



I f.IJ C. L I lavcy ;rnd D. B. Kdl 

last l 0 or l .'1 yt·ars have s1..:t:n a f·dgnilkant increase in the use of the 
technique f I Xaj. 

Our scope in this chapter is tl11..~rcrnrc as !'nllmvs. Firsc we shall 
outline the din:cl methmls llSl~d to 11H.·wrnr1..· the low-frequency dielectric 
propt"·rt of hinlngkal 1m11erials. and give an outline of the relevant 
theory or hinloi_~1cal und utht~r diekctrics. After this the linear. lmv-frc­
quency dh:ll'clric prnp1.~rtics uf t.:dl su'ip,:11siuns an' c1u1sidcred in detail. 
Lastly, the nnnlinear dkler1.ric properties of biological materials are 
considt:re<l, a Ionµ wi1 h I ht: pntcntial applka tinns nf this branch of 
d ielcl'l rics. 

2.1. Tile c'Oll<'C[lf.\' of i1111>1'dmw1' rmd 111/111ff/wll'C 

In this section we dcscrlhe thi...~ me~111s by which one obtains a direct 
cstimailon or the dielectric properties nr biological ( nr other) systems. 
Somewhat more indirect 111ethnds such as ulect rurota lion and dielec­
trophoresis, through whkh one may also infer the clielectric properties 
of hiologk·al cells, in some cnscs in morn detail, ure desc~ribed in extenso 
in chapter 6. 

The generalised dir!eclrk l'Xperiment may he described with reference 
to Fig. l. In this. a ~;imtll-airq1litudc, sinuslliJully modulated current 
I = llli Sill 10t, ul' frequency II) radians s I (ul = L where r is the 
lh·quem:y in I IL), is applied lo the system of interest. ln the (quasi-) 
steady state.\ al'tcr any transients have died down, a potential difference 
is gcnl'rafl'd across 1hc sys1cm \Vith a limc-dcpcmknce or waveform 
IJ ~ U,

11 
sin(Pi t - 0). when« tJ is known as the phase angle (Fig. 1 ). 

Provided that lhi: sy:-.tem Is linear in the !'>eme I hat tht.' potential difference 
gcncrn1ed is proportional tn rhc curn:nl llowing, the current and the 
potl'nl ia l di ff1..~l'l't1CC an: si 11 usnids or lhe SHn1t' fretj uency, and the dielectric 
prOpCfll1~~ an:· Ul1iqudy dctcrtnlllL'd by thL' rnacroSCOpic ohservabJes Um• 
1

111 
and I{ 

For pn:s..:nl purp1)scs. the :;ystem under test may he taken tn behave 
(at a · vcn freq ucm:y) e1 l her as a or ( R') and ci..l paci tor ( C') in series 
ur ;1s a cnnduclur (Ci) and capacitor (C) in parallel. Both models are 
l'.(jllttlly \'alid allU it is considcra!ions of the convenience in handling the 
matht.'matics and the nt:tual lllL'US\lr1.'.mcnts which dictates which is used. 
Thus didcctric spl'drnscopy provides a 'dear separation bet1,vccn the 
t_'Xprrimcntcr and the system under test, and may indeed be vic\vcd as the 
''archetypal" hlack box appruad1 in which the prnpcrtics or a system nr 
interest arc inl'l'rrt:d from its lllL'itsured response to a known stimulus. 

Physically, one way In nrnsidcr the relationship het\veen the phase 
angle and the nrng11it111.k·s \)r the resistance and capacilnncc in the 
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A 

Fig. I i\ d11·1\'d 1 ir n1eu 1mr0111t·nt 111 wl11d1 a :;inu:;u1dally modulakd a.i:. c u1 rc11t of amplitude 
1

111 
1~; itpplkd tu thL· system of intcrl'~•L in tlm; r11s1; :i i;cll suspc11sio11, Tin: t\1•;1111 uf this is th:it 

~I pokntiul dtlll-rt'IH.:l' lJ (amplitude 11".,) ol lht~ S:tllll' rn.:qucncy, phase ~hil'led hy :in amount 
(/J f'<!di1tl1S) \Vhtrh r\'.fkds lhe lll<ICf\ISCllf'ltc t';(p:il'flillll'C and COl1dUCll11\l'I' of' Ilic· ctll~f'Cll'iklJ1, j~ 
gc111.'.r<1lrd :11·rnss lh1: sy~'(l'lll i'<H a putt' 1'<1pad111r 1lw c11rrent ll:'ath tlw p11ii111!inl dilTi:renre by 
1Ti2 1:idiilll'•, wldl~I lnr a purt: re~:istnr 1·11111'111 and pdkntial Jiffcn:m..: ill•' <'.Xadly i11 pha1i('.. (!\) 

Ci<'llLii<d1·a·d1m·;1".ur 1·m.cnt :.ystem. ( B) Wn v1..·frn 111:.; ul polen t ial di!fon:11c,· a 11d cu tr Gil!: lh1~ mud ulus 
orth1· llilfh'll:111n· I'> till" 1atiu U,.,.1 ... and litL' !!Hldlllus of the admlllanc,· b lht: rniin of !m:Lrn' 

sy•ncm is to begin with the fnct that all of the energy in thi.: exciting 
electrical lleld lllUSl either he ~lured (as a capacitive icrm) or dissipated 
(as a resistive lcrm), and tlrnl slnrngc lakes Lime whilst dissipation to 
heal is im;f:llllilfll'.()LIS on the limc~scale or present interest. The result of 
this is lh;ll for a pure resistor the phase angle is zero. I lowt•ver, ii' the 
system under test is a pure capacitor the current leads the potential 
difference by rr/2 radians; in other words, the potential difference is 90' 
out-of'-phw:;L' \\'i!h the currcnL Real biological systems, al a given 
l'rcqucncy. hdrnvc as a n:•sislnr ;111d t.:apncitnr in series ( nr parallel), so 
llwl the plwsi.: angle takes a v:ilHL' lwtwrcn zero and 90 , 

l111pedancl~S a11d admiW111L'L's arc cornpJex, vector qtm11t1tks (in the 
sense !hut they contain both real and imaginary parts). The impedance 
is gjvrn bv /, ""- W + iX where R' is the resistance, X the rcnctancc 

tc, lo 

z 
II 

Z' = n' 
Fig. 2. lllJJH,'ditl!Ct' h iJ ,_·ompln~ 4u;rnll!\'. c'!\fltaiiii11g b1ith real and llii<If!illar~ pans Thr: nrndulus 
1lf th1: m1p(d:1m·,• :md rhe ph:i.~e angle ~1n· 11>.cd ti.• Phtam the r..:si:;Lrnn· ( W) .rnd read.me•.: ( X) 
au.:ordmi; to tlw ri:L1tion~ R' - IZI C•i!; /! .rnd X sin 11. 
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(= 1 C')anui=( 1) 112 .Th~~relationshiphelwecn U"'.J"'and 
0 is given in Fig. 2. 1z1 IS known a;;; the modulus or the impedance and 
0 the argument. From simple trigunomctrit:a] consideration ii is cvi· 
dent that R' jZj cos 0. X = IZI sin 0 and R':' + . The units of 
Z. R' and are ohms (Q) whilst tht~ SI unit f'ur capacitance is the 
farad ( F). The admittance Y is the n..:ciprncal ol' the impedance (i.e .. 
Y = (I = ( + iB)) when: Ci is the cond uctancc and I3 ( wC) the 
susceptnnce of the system. Tht uni ls of' Y, G and B arc sicmcns ( S). ll 
is ohvious that since these COllCCpls nf impedance:, admitl.ance. co11dtlc· 
tance. resistance. susceptancc and rcaccance arc only diflt:rl~nt ways or 
treating the system under tl'.st, they must be related to each uth(~r in 
some way; Table I groups together the n:lcvant rdalionships. 

\Vhilst any linear system may hl· treated, al a giwn freq11~ncy, as 
consisting of a resistc>r and capacitor in si:ncs or in parallel. regardkss 
of the ::ictunl complexity of the equivalent dcctrical circuit. il is only 
possible to Jistingulsh the appropriate i:quivalent dcctrical circuit if the 
frequency is varied. Indeed. it is because one studies the absorpt.itm hy 
the system of electrical energy ( el0ctromagnctic radialinnl ti\' o /unf'linn 
uf' jtCljW'llC)' that lhe technique is indeed a form Of SflCC(roscopy. 
variously referred to as Dielectric Spectrnscopy I IOI, lmpt:dance Spec~ 
trnscopy f 11)] nr Admittance Spectroscopy [I Pint'\ nr the inrngimuy 
part or the impedance or admill<mce versus the real part ( wtth fh~­
quern:y as the parameter) tend to give semicircles, each sl'rnicircle 
cMresponJing to a capacitive element in the admittance domain and 
with the lime constant T given by RC' (\vhich has units ors). 

l11trinsic system pmperties: pamillil'ity, co11d11t1ini1y wul 
dielecrric relaxation 

ff the system studied consisls or a cell suspension co11m•cfl~d lo lhl· 
measuring devk:e vin two planc-parnllel electrodes, the currents men· 
sured in response In an exciti1 voltiige will depend upon llH: area i\ ol' 
each electrode and the separnlinn d hctwccn them. The Intrinsic proper­
ties of the system held between the L"kctrodes arc the conductivity rI' 

and the relative permittivity 1;, which arc related rcspt~divcly lo till' 
observable admittance domain conductance G and L'apacitam;c C hy 

1; Cd/( A111) 

a'=G(<l/A) 

( I ) 

( 2) 

where 10, usually knm.vn as the "permittivity nr llw free space", is the cap· 
acilancc or a unit cell conlaining u vacuum, and cqunl to H.854 x 10 1

··' 

F/m. The quantity a' has units of S m 1
, but 1: is the permittivity nf th1.~ 

material relative to that of a vacuum and is 1lwrcrnn: dinicrrninnk~ss. The 
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• 

T;1hle I. The reliitin11•.hip" hrtwi:i.:11 1111pcLLIIlcL' (/)and ;idrn11!amt· ( 'i'L nmi their n;,,pt'cli\l' 
1c~d and 1magi11a1y JMlb ·1 hi: .:k1.·uicttl propc1lic:; 1)! the ,\'\'f,·111 111 11 Blw/,. 1111!1 can h" 
dc'scrib;.'d (;ti a [!fl.t:ll frequency) by "lumping"· all 11\ LapatilivL· pn•Jh:'lties inln ;i :;inrk 
i:q1rn.1knt c;1p;ic11.iwv t<1111p<1il<'i\t .rnd "lumpi11g'' .di 11~, 1c·~.j·,1h«: 1n11pnltt':< i111n :i ~illl'..k 
c-qu1valcnl n:si:;tH11r•.' <'Plll)HllWlil Tht'H" ;u l' l\\O ~ilk1 naliw 1111:111ge1ni:n1:; for these c'qrnvah.>111 
"lumped" nllnp111wn1·,, l'itlier 111 ·;rm·s nr rn parallel. Tlir :tn:rn1•i:mcnl t:h\lscn will cfkcr the 
value~ of i:ad1 CO!l1J1Pl1Clll. In the impl'Jancc uom:dn tlw ~y~lt'm i~ 1nuddlcd hy a earacilor 
(C') and resistor (IC) in :·;cries wliilsl in the adn1itt;1nn• do111;ii11 the L'quivaknt circuit i~ a 
capacitnr (C) a11d 1·ni11.lw·l111 ((i, 11·hcn' Ci= l/Rl in parnlkl. <>m· uses lhi:sc simple circuits 
lo describe lhc ek•1 .. •trivt1i J11il(ICI tic's 1lf lhc lCS[ syslclll ilS I/ 11•//11/1• (al ii gJVl.'O rrcqllCll\'.}') 
irrcspcclivc or tlw ;1ct11:1l eornpk:dty of the sys!i:nL One should nnte that only when the 
n:at:lHncc 1.X) or :rnsn•ptann· (B) are 7ern doc~ rnw get R' ( l,1Cll Rand that C' and C 
arc l\t)t usually cq1111l In 11·:1lity rile lc~;I ~1ystcm ma~, ad1i.1lly h,: made lip ur (ur mDJdkJ hy) 
;1 11C!Wt>lh or ll'Sl.'>l<lf.•; :tlld 1·;1p;witnrs which IS l'rtXjllClllly f:.HrlV ('llrllplic;i\cd, wh:.'rC earh 
elt:~·trirnl •'l>lllp111h'lll i:, ftblHtJly) lrnjUCl\C)' ilJdcpt:mkn! ;l11.! c'itdl CllliipfillClll 11111.Jeh ii 

ph)si~ally mtamn~flJI pr11n''''· By ch,rnging the frcqu•cm-y· ;q•pli,,d In rlw te~l ~).">lc111 and 
recording !inw 1h1: "lt11n1wd" <'OIH!HJJWf!h R' :ind('" or { i 111111 ( · d1m1g,: orw nm back,caku· 
Lik the value,; 11f tlt1: pliv·,ic·ally 1m·:rninl{f11l re;,J)t;mn' and rnpaciLnlve !c'rn1~ in !he detailed 
m11t.li:I t•f tlw ~~:,t•.'llt. i\1 till' lPp ol the t:ihk the 11111wd:nhx :ind ;1d111ill<lllC<' arc dellned i11 
!t'.fnlS or lhc ch:ctncal cornp1Hll'lllS in tltcir O\'/ll dnmilifl'i ( i I'' Ill lt'llll~ nf R and C" •H (_, 

and C) .• In the 111\\1•1 II'.'(• rnw~; uf the l;1bh· !he im11t·1l1111v<' dnrnai11 rc~;istanct' ( R'J and 
reaclance ( XJ arc ddli1t.•d in t1:nw: "' the ~·quivuknt aJniiltanu; dumain rnmp()ncnts and the 
adn11llam:c domain 1·undtH.:lil!ll'c (U) and su~c(;ptnm:t' ( B) a11: dcllned in terms of lht 

e4uiv;.1lcnt impt'.dnncc domain 1tm11s. Thus mca»tll\'lllt•llt~: t:ik1~11 iii rlir impedance dumain 
can he convcrlcd lo tlwi1 <~q11iv:tl1·nt admillance dnnrni11 \':tl1ws (111 till' samt: frlXJUem:y) und 
vwe versa. 

lmrcdancl' Dmrn1111 

I 

R' 

(-'' _,-ffraclanee X 

Cr 

w 'C 

Ad1n1tta1HT Dn111:1111 

1\d1rnlta11vL· 

Y = I 7 · <, · iB, \1 li1·r« B 

1 
A 

w 
R.: X 

x 

I 
(•JC Jnd (r = -

ll 

factor d/A is known as the cell constant and ha:1 Lhc dimension 
length 1• Water at l)"(' Ila~ a relative permittivity nf sorm: 78.4, St) ii 
nrny be calcululed !'rom Eqn. I that a unit cdl containing it has a 
capacitance of some (J.94 pl·. 
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lhc rclativt~ 1wnnittivity (1;) n.:lhTts the ca;..c with which localised 
dcctriL'. drn in the material c;111 be 1wlarisc<l hy the application of an 
dcctric lkld, whilst lhe e1111ductivity rdkct~; 1hc l:ase with v,1hich free 
ekctrir charges can rnigrntc through the nrnterinl under the influence of 
th~.~ ck:l'lrit' lidd [20]. 111 the case ul' the diell·ctrk properties of biological 
cdl suspensions, the conductivity is 11ormully ckm1inatt'd by the move­
rnenl nr inorganic ions, nnd rellccls the ~·tmce11trntinn or lhe ions, their 
valency and their nwbilitics. 

As with itnpl~du nee and admillnncc, one may define a complex 
relative permittivity 1 ~ (; il :', which has both real v:) and imagi­
nary (1 ;') purt~. Tile quantity 1:; i~ the pcnl'iittivity already discussed, 
and relkcts lhc dcclrical energy stored by the system, whilst t:;' is 
known as !ht:'. dickclric loss and rclk:cts the energy dissipated by lhc 
systern. 

The pt'rrnittivity (1 :) and coml11c1ivity (rr ') or hinlngical (or other) 
syslcms generally changes as a function or the l'requcncy, typi1.:ally 
between high- and low·~frcqucncy "plateau" values. As the frequency is 
increased, the pt'rmillivity decreuses whilst cnnut1t;'.tivi1y increases. These 
clrnngcs in tho didcctrk properties ol' a material arc called dispersions. 
A substance whose passive electrical behavior is that of a parallel RC 
circuit. having u s111gle rel:ixutin11 ti111c, ubcys 1l1c Dcbyc equation 
(f7ig. J) 

1 ,.,, 1 11 , + :11 : ( l I iun) (Tl 

where .~lr; ' 
t rl I rh • 

( 4) 

and 

I/ 

t J ~ ,j 1i ,:(wr) '( I + or'r ·') ( 5a) 

( 5b) 

Ht:ic t ;1 and 1
1
h ;m~· !he linuting rcb!ivL· pcrmittiviliL~s al frequencies low 

anJ high wi!h respect to the dispcrsiun. The qwrntity r is the time 
constant l'nr the dispt:~rsion and rdlec·ts thL' time for the electrical 
(drn ) polarisations to ncntr in the material. It is 1\::latcd to the critical 
(charadcristk) lh1q11e11cy r. \11' the dispL'l'SlOll by r = l,1(.2rr!'cl· The C: of 
dispersion is the freqm~IK'Y when the rail in permittivity (or rise in 
cond11ctivi1y) i'> lrnlr n>mpll'lcd, i.e., the frcqul'Ill'Y at \Vhich 1:,, 
r ; 11 + (lfr; ~). These ti:rms art~ related tu the slrnpl~ of the permittivity 
and comluctivi1y di-.;pcrsion plots in Fit',. ,'.~. 

The magnitude of lhc drnnge in cunductivity ( 11a") corresponding to 
a given disperniVl'. rail in pcnnittivity. is given, l'nr the Dchyt• equations, 
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l~ig, .l (/\)All eq1m:tlc111 1;kdncal circuiL flH a 'uhs1;111cl' lwvi11g hut :1 sin11lc rcbxaliun tinw. 
such a~ ,1 'Y~·ll'ill ~·:dithilmp Dt:hyt' h1:haviour, 1 ll) A 1c'<1111pk, I"" 111iltivity plut of the didcdnc 
thta ohtainnl tlwrd'rllln ''( ," am! ''C," 111dirnte ti!<' I: \ldlll',; ar1:>ing rn1m c, und l': 
accmd1ug In Fq11 I 

by 

( 6) 

It is ckar l'rom this equation that permittivity und conductivity cannot 
vary independently frnm each other and 1lrnt 1IH' measurement of one 
allmvs (for syskms obeying the so-called Kranwrs-K ronig relationship) 
the cakula1im1 or thr other. The other point to notice is that the size ol' 
LIO"' fur a givrn ,k~ depends on the relaxation time nr the dispersion. 
Thuc; a given ,1,; \Vill lwvc a larger co1respomling .lri' as the rdaxalion 
time decreases, i.e. as its ( increases. 

Figure: 5 is ;1 pint ur !he Vilriation in I; and i ;· as a function of 
frequency ror a dispersion for \Vhich /j{; 200, ( l MHz and 
i<,, = 80, rakulatcd usini_~ Eqns. 4 and 5. It i~, st~cn that' ;1 exhibits a peak 
al the C. or the dispcrsinn (in this ca~c I !\HV). I I' nnc plots the values 
or 1 ;.' in Fig. ~ against their equivalent <; values (using frequency as tht: 
ran11nclc:r), Olll' gets a semicircular graph (Fig. 6). This diagrnrn is 
called the ( 'nh>< 'olc 121 J or complex permit I ivity plot. and traces out an 
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A 

0 1 c' /:.r'c;;.r; 1 -t1 

G r r I r rl rh 

6.5 

LOG FREQUENCY (Hz) 

a' 

6.5 'I 7.5 

LOG FREQUENCY (Hz) 

a' h 

8.5 

l'ig. 4. The changes in rel:1tive permillivily (1 ;) and conduclivily (a
1

) with lh~qucncy are 
cltaractcrist:LJ by the \'HlUC8 ur (; and IJ I bl'l'orc the dispersion has started (l ~J- ai) and aflcr it 
is rnmplclc (t ;11 • a;,), the size of the change8 (,:It; and d(7 ') and the frequency al which .df; and 
.JO"' arc half completed (U. The effects of frequency (ln r; and rr' are shown respectively in 
(J\)and(ll). 

arc obeying the formula 

(Lk~/2) 2 = [l;m ( J + A .1 ;? )] 2 + ( I/ ) i f rh /Jf r 1 - f rw ( 7) 

Formulae or this structure correspond to the general equation for a 
(semi)circle, namely radius2 = (x - h) 2 + (y - k) 2

. The radius of the 
semicircle must therefore be /ff ;/2 and its centre will have lhc coordi­
nales of((< :11 + llf; /2), 0) [8, 22]. As negative values or c;' are physically 
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:mo 

!JOO 

!Otl 

fiO 

t.\ 6 '/ II !I JO 

1,0r; f'HF.QUENCY {Hz) 

Vig 'i. I !w d1a11g0 in f:; and r;· with fr•:q11t~1wy for a disfk~rsion smrnlakd ll'>inp fapi,; 4 and 
~.The \:i!m·~ w:td for the c:1kulation \'.l'11·· .ff; :lOfl, 1: I i\UL-: and 1.;i, :::o. lht· t' \aluc:, 
p:hs fr,1111 ;1 lnw !(1 a iligh frequc11cy pli1tl'all :1~ frl'l)Ucncy i:, incre;i•;cd wh1bt the t, cur\'c 
cxhihil'i ;1 peak al I.he f,. of the <li~pU:iillll. 

lfiO 

JOO 

100 IMJ 
pl 
r. r 

200 250 :100 

r:ig. (i, A cn111pk'; pcrmil!ivity. nr Cole l 'nlv plii!. 111 the dau rn Ftt'. A:; :,1.:l'll, liK· lm·us or 
the point~ 1'111 rl\tll~! the data is u s..·midrdc whi"·li ha~ ih 1xntn: on lh•: 11b,e1:;>;l. 

disallowed l'nr purely dissiputivL.~ systems, the Cole~Cok~ pint is usually 
displayed with positive <'<' value~ only. 

111 practice, real systems give semicircles whose centres lie below the 
nbscissa, according to an empirical modification nf' lhc Dchye equation 
due to the< ~nle brothers (21 J 

( 8) 
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This equation is widely used in biological work, with the coefficient Cf. 

( 0 s: et. < I), called Cole-Cole a, usually being taken to reflect some type 
of distribution of relaxation times, though we would stress that other 
interpretations arc possible [23-25]. A value for ll. of 0 implies that there 
is no distribution of relaxation times (i.e., that there is a single relax~ 
ation time) and corresponds to a Debye process. As with the Debye 
equations one can separate the real and imaginary components yielding 
new equations for c; and c ~: 

c ;w = L1c;l l + (wr) 1 "'sin( 0.5ctrr)l/[ l + 2(wr) 1 
j sin(0.5c1.1r) 

+ (<or) 2 2
"] + r ;11 ( 9) 

c;',,; = 1k;[(nn) 1 7 cos( O.Scac)]/[ I + 2(wr) 1 "sin( 0.5c1.1r) + (<or) 2 2·~i, 

( 10) 

The effect of increasing ct. on the dispersion given in Fig. 5 is shmvn 
in Figf 7, where increases in Cl.. arc reflected in a reduction in the 
steepness of the fall in £~ vvith increasing frequency a.nd in a broadening 
and lowering or the (- ~ peak. In neither case is the r,. moved by increasing 
the value of a. Similarly, as ct. increases the centre of the semicircles on 
the Colc~Colc plot move further below the abscissa (Fig. 7C). 

Certainly lhc fll of data to Eqn. (9) is generally very good, but as 
pointed out nearly 40 years ago by Schwan [26), a great many relax­
ation-time distributions give behaviour virtually indistinguishable from 
each other (and from the ra thcr complex distribution of relaxation 
times implicit in the Cole-Cole equations [21, 27]). In other words, the 
use of CJ. as a Cree variable permits one to fit the equation to most data 
obtained in biological work. regardless of the physicnl mechanisms at 
work. Jonscher, Dissado and Hill [23-25] in particular have argued that 
the wide distribution of relaxation times commonly observed in work 
with solid-·state systems is better ascribed lo a hlerard1ica/ interaction of 
the relaxing particles \Vith the matrix in which the:~y arc embedded, and 
have proposed an alternative and highly successful fitting function. This 
seems much more reasonable biologically, since in enzymology it is well 
known that the functional linkage between enzyme nrncrostates implies 
that proteins make transitions between different conformational 
mat.:rostates sequentially am] not independently [28-30). 

Irrespective of the distribution of relaxation limes present, for all linear 
and many nonlinear dispersive systems, there are general relationships 
bd ween l; and r: ~, kno\vn as the Kramers-Kronig relations (sec, e.g., ref's. 
8, l L 23, 31 ). These relations mean that the electrical energy stored 
(as reflected by r;) is always related tu the energy dissipa tee! (as reflected 
by l~). In general, the value l'or i:; al a given frequency depends on the 
complete area under the c ;'spectrum. Similarly, the value or ( :1 at a given 
frequency depends on the whole area under the t~ dispersion. An 
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exception to this rule is the Dcbye system where (; at a given frc·· 
qucncy depends only nn the t ;

1 ul the same frcq1w11cy I 22). The rela­
tionship between energy storage and lnss alsn means that when a fall 
in t; occurs during a dispersion then then.; must he a corresponding 
increase in a' (i.e. energy dissipation), and this linds expression in the 
relationship between the dielectric incrcnH~nt, conductivity i111.:1Tme11L 
and relaxation time Cor a Dcbyc process givL~n in Eqn. 6. 

A further consc4uence or a dis1.ributinn of relaxation times (i.e., 
() < ·:t. < ]) is that Lhc t:rilical frcqt1t:l1L'll~S of ll1l~ fall in permittivity, (,,, 
and the rise in conductivity, ( ... 7 , no longer occur al the same frc~ 

qucncy. In fact, f~. 0 is always greater than I~.,. This follows rrnm the 
superpositioning of Debye processes with different C values, as illus­
trated in H. In b'ig. XA two 11cbyc dispL~rsinns nf >'it; IOOO, 
1:: = I UO kl Iz and r ;11 = 0, arc supcrpositioncd ( i.L'., added together). 
The frequency dependence nf the 1; data fnr cac:h dispersion wt:rL~ 

calculated using Eqn. 4. The Ja' values torrcsponding to each foll in 
1; were then calculated using Eqn. (,, and tht.: frcquency-dcpcmknce nr 
rJ' \Vas then cakulalc<l using the DcbyL' equation fur t.:nnd11ctivily (with 
a·;= 0): 

( I I J 

After this the twn permittivity and 1.:ondudivity pints were supt:rposi­
tioned. /\.s expected, Fig. KA shows that the supcrpnsitinning nt' l.\li/O 

identical dispersions results in no dilfon:m:c he! ween the ( valut.:s of 
the conductivicy and permittivity curves. 

Figure 8B n:prescnls data similar lo thusl' in 8A. except that lhe 
( Value of Ol1e Of the dispersiOl1S WaS !(}{) Kflz Whilst that Of tht: othL'r 
\Vas )00 k H1 .. The ratio nf the two values of r \Vas I.) and. according 
lO Grant t:l al. [ 6]. using sophistii:ated deconvolution sort\vare, OIH.:' 

should just he able to distinguish tw\1 such owrlapping dispersinns as 
separate enti1ics. rather than as a single dispersion with a distribulion 
of relaxation times. Thus. this rnli1l nf r values pnwidcs a convenient 
upper limit lo a distribution of relaxation times. ·1 o see lhc tllh·t of 
this "distribution" of i:.: values nn the disr1L~rsion data, !he cakulatinns 
were repeated as ahovc, except 1hat the appropriate ( values were 
used. This time (Fig. 813) lhe C .. "' i:, greater than lhc I: .. , just as one 
finds \Vi th real disrasinns, even though visually one cannot dcconvo­
lute the two underlying dispersion curves. The shift or 1: ·" to higher 
rrcq uencies is a nm sequence or Eq n. 6. 

As \Vas mentioned abLWC, the Ar1' L'nrr·espumlillg to a given 1lt ;. 
increases as the I~ of tliL· dispL:rsion increases. This 111ea11H that ir OllL~ ha~• 
a distribution of(. values then the "high-(" di,;pcrsions in 1: contrihute 
disproportionately larg1...~ tin' 11..~rms lo the resulting supcrpnsilinm:d 
conductivity curve. The net result of this is that till' conductivity curve 
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fn:'qut·1wit'" ,,r 1hc ';and n plots made up by :1 s11rw1pnsitin11 11f lkbye prnccsses. Si;:"' tn.l f111 
ddmh OJI li1lW tin• 'llllUiatiu11 W<!S pnronm:d (/\) [ h•: ~Upcrpnstllllllillg of tWU i<klltii:J[ 
lkhyc dispcrstons J\111.':i a rcsull;mt dtspasinn wilh lhc· :,;1mc: d1ara.:teri-.lic frequency (f.;) fPr 
bnth tlw I; and 11 Cll!Vt''. (BJ Superpositmni11.e !WCI Ikhv1• disprr•dn11s \Vith differing r. v:1h1r~ 
l'iill'i\'.'> th·· [l,"'1ilting I l ilJHI Ii. H;1Ce> lo haw diffn,;111 '·· v;illlt'c>. I !J,: 1: val!!<: or the ti. tfal::l " 

always l111!h•:1 th;111 tlwt ol lhe i:quirnh:nt m:t 1; run1: 

becomes biased towurds higher frequencies and so iLs ( becomes greater 
than the 111cn11 1;.,,. As I~ ..... is sensitive Lo the high-(, components in the 
distrihulion of' 1: for 1:, one may expect lo uhlnin a heller understand-
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ing ol' the underlying distribution of' relaxation Umcs hy taking into 
account both the <; and o" 1.fota. 

The simplest molecular mechanism underlying a dielcct rk: dispersion 
l.nj is that or the rotation of ll muleculc, sud1 as a protein, with ll 

pcrmat1cnt ( elt;cl ric) dipolt: n10mc11t 11, where we imagine (Fig. 9) 
thal an cnscmhlc or such lll<)kcuks is held hct\>..1ccn two electrodes 
cnnncl'lcd l(l an a.c. source. If this dipole consists or single elemen~ 
tary charges (()I, Q ) of' oppnsi[e sign SCpHnt(Cd by ;] dis(al1CC .\', 

lhL' molecular dipole momt'nl. Jl, which is an intensive property, is given 
b.Y p = Qs, with units nr Cm. ( 1:nr historical reasons, dipole moments 
are nl'lcn given in thL~ no11~SI unit lkbyc ( D), \Vhcrc I D 3.33 x 
I 0 ~° C 111. and the displacement ()j' a singk dcclronir charge through 
10 111 m gives a dipnk~ nwmcnl ur4.8 D.) Protd11s typkally hll\'l~ perma­
nent dipole moml'tHs of a rev,.· hundn:d lJ I J3]. equal Lo some 3 ~~ 5 
elementary drn si:parnted by th1.: mnkcular diameter [ l 7, J4}. 

tr a sinusoidally 11wdula1ed c!L~etrk:al lit:ld is applkd to till' protein, 
using a pair or electrodes (equivaltnt l.o !he plates or a capacitor), the 
pn1tein will attempt ln rntak so that the negative 1.·lmrgt:: is facing the 
positive ckctn.H.k' and vice versa. llci:ausc the net cha on the protein 
is zero, no d.c. dcctrophon.:sis is possiblr:. If the frequency 1.1f tlw lleld is 
"low", thl' protein will have ti1m: lo orient, and this will bL: accompanied 
by a displacement current \Vhcn the direction of the tidd is reversed the 
prntcin will rcoricnl hi face the 11pposilL'. dcctrodL·. Under these comJi~ 
lions the uril~nll~d dipoles of the protein solution 1\!Sult is a Jh.'t positive 
charge next to thl' negative dectrrnll: and an equal and opposite charge 
next to the positive ckctrudc. This charge ne:.,:t to the ckctrodcs then 
neutral stHHc 1)f the cha already un the ckctrndc (capacitor 
"plate'') :rnrfan.:s. The net resull is I hen al a given voltage applh:d across 
the electrodes more charge can be stored 011 these capncilor plates in the 
presence nf the protein than in its absence. In !'act, the capacitance C is 
related to the charge Q stored t1n tht: plates (clcdrndcs) and the 
pokntial difference l.J applied by(' ()/l I. T'lllls, when mic11tcd dipoles 
arc [lfCSCl1i the t:Upadfal1CC of the S)'S!Cl11 is il1iXt';\SL'd. 

If the frequency or lhc cludrical fldd is high ClHlllgh, the protein will 
not have time In reorient, since it lakes time to overcome the viscous 
drag exerted by !he solvent hath! .Dj. This means that as the l'rcqucncy 
is increased nnl' finds tlrnt the capacilancl'. (<11HI hl'nce 1 ;, sec Eqn. I) 
Calls. The rntaHnnal relaxalion time t l'nr a (hard) ;,pllerc in a Newto­
nian fluid is 

r o~ t~ /( 2kT) ( 12) 
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f'i 0'. IJ, The rota\lng dipolar billiard hall. In this 1111Jih:I :,yskrn 111' d1di:dric relaxation, till' 
sy·;km pf inlcrc:>t i:' <1 h111d sphn,: pu\:,e~smg unit charges al opp11~ik pok; .. ! 1.c. it ha': a dipole 
n101rK11l} The al!ern:1tin1c 11:111111· nl tl11:· clcc1ric field mean~ that tlw dipult' :..cck' to rntak 111 
an ork·ntatinn nf mininrnm c1wrgv \\ltli rcspccl lu lhc lldd. 

where ~ i~; a molecular fricf.ion coefficient, k is Bnl111mmn's constant 
u11d T the absoluti: tempera! un:. 

If on(: models the prn1dn as a hard sphere of radius a, rotating in a 
i'kwtnnian fluid or ly I/, the Stokes-i:inskin relation g1ws 

= 8mp1', so that 

( U) 

Th11s nnc may expcl'I ( rrom Eqn. 4. and docs indeed find) that the 
cupacitance (or permittivity) of a protein solution is rrequency-dcpen­
dcnt, \Vith the form nl' an invcrtL'd sigmoid when plollcd against lhc 
logarithm of the frcquem:y, and with lhc dispersion heing half-com­
pleted., as usuaL at " frL~lJ Ul:ncy ( = I!( brr). 

I he dielectric incrcmen! depends upon the nwlCL'Ular dipole inn· 
1m~nt 11. the concentration nf the protein, and ollKT fodurs accordmg 
to 

( 14) 

where N is Avogadro's 1nu11hcr, c the protein t'.unccntrnlion in kg m _i. 

g a parameter i11lrndt1ccd hy Kirk\VOOcl r351 to m:L~UUnt for mole­
cular associations, ;1 the dipole moment in Uchycs, nnd M the 
prntcin's molecular Wl'ight. Ellipsoidal globular protc·ins give didcc~ 
I ric spi:ct ra whose Cok-Cok• x is larger than O; in the ca~~e of a very 
high axial ratio. separate relaxations of the two t:llipsnids of n~volution 
may hl" discerned 13.n Othe1 prrn .. :esse~, notably surr:wc proton movc­
mcnls, which may co11trihule lo the didecr.ric r;1 of sol11ble 
proteins are discu:-.~l'd by Ci rant et al. [ b], P1.:-thig I XI und Takashima 
1171. 
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174 C. L. Davey and D. B. Kdl 

4. lVlechanisms of dielectric relaxati.on in cell suspensions and tissues 

4. I. Ouerview 

A "classical" dielectric spectrum or a biological cell suspension or tissue 
(which may be treated as a concentrated suspension of cells) is illus­
trated in Fig. 10. This shows three major and two minor dispersions, 
which arc usually attributed to: (ct.) the tangential now or ions along cell 
surfaces, (Ii) the build-up of charge at cell membranes via a Max\vell­
Wagner effect, ('}') rotation of small molecular weight dipoles, especially 
water, (6) the rotation of macromolecular side-chains and "bound'' 
water, and (/1 1) the rotation of intracellular proteins. 

Not shown in Fig. 10, which is the "classical" representation~ is a 
lo\v-frequency p-dispcrsion [ 10, 36-38] observable in some mcrnbrane 
vesicle preparations and ascribed to various field-induced motions of 
membrane lipids and proteins. At all events, the take-home message is 
that any permanent or induced dipole may give rise to a dielectric 
dispersion. 

Except for very-high-frequency work, which we cover but little here, 
electrodes are necessary to connect the measuring device to the sample 
of interest. This is because the current carriers in the wires are electrons 
whilst ions carry the current in the aqtieous media characteristic of 
biological systems. The electrodes thus represent (and indeed arc 
defined as) the interfaces between the measuring system and the mea­
sured system. As a result, what one measures in a system such as that of 
Fig. I is the behaviour of the electrodes plus the biosystem. At frequen­
cies below I MHz or so the electrode effects (electrode polarisation) can 
often dominate the properties being measured. For reasons of space; 
this extremely important problem, and approaches to its solution, must 
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Fig. 10, Classical dielectric Jlspcrsions cxliihiti:d hy a typical biological tissue. 
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Fig. 11. (A) A rel I with a nel ~urface charge surrounded by a dill\1t;e layer of countcrions. (II) 
The pmd11,·li1111 llf a11 imlt1c<!d dipnlc moment hy 1111• applkatio11 11r an electric field. 

remain largely outsitk the scope of lhL~ pn::scnt chapter, but arc dis­
cussed in many rnvic\vs (sec, e.g., !'l)C'l. 5, 6, 12, .19, 40, and references 
therein). 

Cell surfoc1.'.S arc generally negatively charged, but the surface charge 
density depends on the cell type [7, 41 4J]. Thus, erythrocytes have 
neuraminic acid residues projecting from the glycoproteins and glyco~ 
lipids of the rlasma membrane forming pa1't or thdr glycocaly.x. Grnm~ 
positive hacleriu have u high surface charge due to lhL~ tcichoic acids in 
their cell \Vnlls, a rcature or some taxonomic imporlance since Grntn­
negative hach.·ria lack these hig:hly-drnrgcd wall <:umpnncnts [ 44J. 

The presence (1r this cdl surface drnrgt~ rcsulh in a diffuse counterinn 
layer around !ht' cells as shown in Fig. I IA When an electric field is 
applied tn s11cl1 a n~ll. lht' counterinn" nwve tangentially to the cell 
surface, resulting in the production of an induced Jipole along the 
length nf the t'L>ll (Vig. 11 B). It is obvious that since the effective dipole 
moment is the prnduc1 nr lhe numhcr 1>1' charges and lhc net distance 
moved, and tlw latter is the uiametcr of lhe cell, such induced dipolu 
mernents can he very large indeed. As it takes a finite time for the 
countcrions 011 the cell surfaces to reach the end of the cells, one c;:in sec 
that the numlx~r of" inns managing lo <ln so will increase with decreasing 
frequency. This means (us usual) that the apparent rdative pennittivity 
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176 C L. Davey and D. B. Kell 

or the material between them drops as the frequency rises. As before, 
the permittivity falls and the conductivity rises between two plateau 
values as frequency is increased. 

Several theoretical attempts to r;rivc a quantitative description or the 
Cl'.-dispersion have been made, though none has been really successful 
because of the rather restrictive assumptions that underlie them [ 11]. 
Sdnvarz [ 45] ha:c; modelled the low-frequency dielectric properties of 
spherical colloidal particles which have a surface charge and found that 
the value of r is given by 

r = Q/~/(2ukT) ( 15) 

where Q1 is the charge of' the countcrion, r is the rat.Hus or the particle 
( \vhich must be much greater than the thickness of the electrical double 
layer around the particle) and u the surface mobility or the counterinns. 
Given typical values of the parameters, 1: values for the et.-dispersion are 
expected to be around I 02 -103 Hz. An important point to notice is that 
the value of r is proportional to the square of the radius. This is broadly 
consistent with the data observed, and is in contrast 19 the situation for 
the /I-dispersion, where r is proportional to r (see later). 

Al frequencies well belo\lv' the !~ of the fl ~dispersion ( \Vhere the 
O'.-dispersion is typically centred) the plasma membrane of biological 
cells effectively screens off the highly conducting cell interior. This 
means that to all intents and purprn>es the cell is a nonconductor 
suspended in a conducting suspending medium. Ir the cell is surrounded 
by a porous wall which contains fixed charges, then one would expect 
counterions lo distribute themselves both inside and outside the wall [8j. 
A model for this system has been developed by Einolf and Carstensen 
[ 46j using an extension of the Schwarz model 10 account for the 
dielectric properties or suspensions of ion exchange resins [ 47]. They 
showed that the r value \Vas successfully given by Eqn. 15. However, it 
may be noted that the Schwarz [ 45) model does not take into account a 
possible exchange of double layer counterions \Vith the bulk phase. 

Manv studies have been undertaken to investigate the effects or the . ~ 

fixed surface charges on the low-freq ucncy dielectric properties of bacte-
rial suspensions (38, 48 55). In all cases where a significant fixed surface 
charge was present the 1:; and rJ

1 of the cells at lmv frequencies were too 
large to be accounted for by the {J-dispersion alone. Tt thus appears that 
at low fi·equencics the cell surface charge and the resulting a-dispersion 
make a very important contribution to the dielectric properties or 
bacterial cells. 

Several investigations have been made on bacteria lacking cell wa!ls 1 

lo see if one finds the expected reduction in the low-rrcqucncy f; and 
suspensions conductivity. Two :c;lmlies have been done on the wall-less 
Mollicute group of bacteria. Carstensen et aL f 53] showed that /14r­
coplas111a /aid!all'ii and M. galliscpticum both have small low-frequency 
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cdl C<)111luctivities. llcn\'ever. Schwan and tvtorowitL's study (48] on an 
tmitkntilkd plcmupneurnonia-likc organism ( PPLO) di<l demonstrate the 
presenre nLin :.:.dispersion in the t; datri_ albt~it Olll' quite small compared 
to that orihc ff-dis1w1~ion. A substantial rnl1H.:tin11 or near total abnlilio11 
1)f lht: •;,-dispersion by removing tltl~ cell wall or haderia (to produce 
prntorl:ist~.;) has l1ci.:·11 seen in the SI udics nr Einolr C!lld Carstensen [ l 
a11d lhirris and Kell [J8]. In the latter study the magnitude uf the residuul 
'.'1.-dispcrsiun or the bacterial protoplasls ruuld also be reduced by the 
addition of the cross-linking agent glutaraldchyde. This suggests that the 
'.X-dispersi()ll or bacterin must also contain contributions from the diffu"· 
SiOtllll llHlliDllS uf prnteins andfl>r lipids ill t!Jc Cell envclope. 

As was slaled earlier, one might cxpl'.L'l lhal Oram-posilivc bacteria will 
in gL'ncral have much larger ::t.-dispersinns than Gram-negative bacteria 
hy v1r1.ue o! lhcir more highly charged cell walls. Harris and Kell fJXl 
studied lHil' lirnm-positive bacterial species (Bacillus suhti!is) and two 
Gram ncgalive species (Mcthvlotihi/us mcthylotmphus ;:ind Paracocrn1· 
drnitrifirnns). Both B .. ;uhtilis and P. dn1itrific1ms had substantial <1-dis" 
persions while :\I. 111ethy/01t·oplws did not. Alt hough notionally Gram~ 
ncgativt'. P. de11itrifirn11s is very scnsitiw to lyso1.ymt..· in certain plrnscs 
of growth (sec, e.g., rd. 56). This serves to crnphusizc that more extensive 
and sy):lemalic sludil's of the correlation between wHll structure and the 
a-dispersion arl' needed. We also know of' no data concerning the effect 
on the ,·1,-di•)persion or the presence or absence nf charged capsules, or 
indeed or tll(' \!lft:cl of cell morphology f!Cmcrally. 

The f-dispcrsiun or yenst ( Succlwnimrn'S ('('f'efisioc) is notable hy its 
<1hscnn· [57 hlJ, and this is also true for e1d111rcd animal cdls [62 6'.5J. 
I-f owcvn one cannnl rule oul the possihility of a small x-dispcrsion bci 
pre~.;enL lx'.i:au~.e the cfa~lectric data at thes1: wry low frequencirs in 
conductive media are inevitably distortt:~d by ekctrode polarisation. 
Recent prngn:ss in e!im1nating such artefacts I 40] may be expected to 
greatly improve our knowledge of the /~-disru:rs1n1L 

The u11i111al cell type that has been studied most extensively is the 
erythrocyte (rL!d hlnod cell, R.B.C.). Sdl\van [66J has indicated I.hat 
normal erythrocytes do not possess an c1.-dispcrnion \Vhile erythrocyte 
ghosts do [ 67, 68]. ( Ghosls are erythrocyll' membranes prepared by 
osmotic treatment of erylhrocytcs. and lacking their normal internal 
contents.) The reasn11 for this efrect i:> not at all clear and it is likely that 
such thin,!!s as the ~;nurce (e.g. fresh as 1lppnsed to hloud~bank blood) nnd 
!he and pn~paration of the hlnod v ... ill havl~ some dfect on the 
magnitude nltlw ~-dispersion seen. f't111LkT and Ponder [69) (sec also rd'. 
70) showed tlrnt the dcctrophorctic mobility or erythrocyte ghosts varied 
with the preparation 1m~thod and that the 1nohility or freshly washed 
crythrocytl'.s dn:rcased with storage time (at 4 C). 

The major problem in \Vorking with whole blood is thal it is highly 
conducring, sn thaj electrode polarisation can become a severe prohlem 
at low l'rcquc11dcs. Figure 12 shows lhc i:r.~dispersinn or erythrocytes 
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Fig .. I 2. The effect of neuraminiJuse lrea1ment 1m tho: h.1w 11\'l[UellL'Y dielcctrk prupnlti.·s <.lf 
human crythrncytcs. I he blond wa-. nhtuirn:d lrum a lwspit:tl hluoJ hank and was stored at 
4 (' until used. In order to reduce clcetrmh' p11l:1ris:11i.rn the rell~ v.erl' washnl thre~· tillll'~ 
and res11~pe11Jed in a mcJium 1.'(1nsisting of I mM NaCl. O,;i mf'v1 KCI. :in 111M llEPi:s. 
280 mM D-sorbitol. pH 7.60. /\l'tcr lhl' first wa;;h lhc 1xll.~ were irn:uhatcd at .\7 ( · for I h !11 

allow the pl I to slahilisc. 2 .~ 1 ml ali•Jllnl\ 111' 1111: slnd; bln11d Sll'if~nsirn1 (' .·: Hri 
cdl~ ·ml 1) were taken and urn: had lO trnih nf 11r:111;1111111idast• nddcd. Buth 'iillllpk' \\L'll' 

then inn1hat1:d at .\7 C tor l h before being washt~d once ln phosphalt' hull(·rcd ~.;ahm: and 
then twil'C in the suspending medium. Alkr this ln"al111e111 11i,~ n•lls W<~lt' again adi11,11·d In 
3 :.: lt)9 cells· ml 1 in the >u~pl'11dl11g. mnlimn anJ th.:11 Jil'IL'clric prnpl'l'lk'!i rqfr;kn:il •.ll 
JtC as Jcsnib.:d by Davey ct al. l40I. ( t\) The l·ontrnl ( 1rn1H111.ymc-(n:akd) ~wspensinn 
and (Ill the enzyme-treated suspension. The squ~tn'\ iii<) tlh~ data aclually mca\ured, the 
dianrnmis arc for a sample uf the L'dl ~usp~'IJ~ion medium adj11s11·d lu lht• •;umt! ,·n11duda11c«~ 
(al I kHt:) as the suspension, and thi: ~olid line rl'pn:s..:nh f>1:rm11t1vi1y daw for all the ndl 
'•UNpcnsion minus those for the adjus1cd rni~diurn (th,· prindpk behind this i•; ~~\plained i11 
dl'lail in ref. 40). Tlw graph~ clearly »how lhl' In·:•; ul tlw low fr,·qucncv d1sp0r'iio11 l'<'Hlrcd at 
:1hrn1I 10 kHz (lhc ix-dispersion) due to the re111oval ol the n.:urn111i11ic •ll:ld res1dm:s :1! tlw 
c·ry!ltrncyte surface. 
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Fig. 13. The conductivity data equivalent lo lht: permiuivity data in Fig. 12. The symbols arc 
the same ;1~ in Fig. l 2 but l'or lht; rnnductivity duta instead. Oni::c :,igair1 the lo~s nr the 
a-dispersion is clearly seen aftct the enzyme treatment. 

lhal had been washed and resuspended in a sorbitoL low salts medium, 
and demonstrates that the surface charge of the R.B.C. that gives rise to 
the a-dispersion is largely due to neurnminic acid residues. The cells in 
Fig. 12A were washed, and shcl\N substantial o:- and /1-dispcrsions. Figure 
12B sho\vs cells or the same suspension after they had been treated with 
the enzyme neuraminidase. This enzyme removes the neuraminic acid 
residues from the cell surface and so reduces its surface charge. As one 
can see, the enzyme treatment has removed at le~tst 90% of the O'.-dispcr­
sion. Figure 13 displays the conductivity data equivalent to the permit-
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tivity rcsulb shnw11 i11 Fig. 12. ()nee again the lnss or the .:x-dispersion 
on the cnt.ymc trcalmC'lll is VL'ry dear. 

It is not irnprnhab!L~ that nther factors may contribute to the a-disper­
sion, as was alluded It.) abnve for bacteria. These processes may include 
such things as thl' lidd-i11dt1ccd gating or trnnsmcmbrnne ion transfers 
and it is certainly !rue to say that tlH.' classical explanations (see, e.g., 
rct:,:. 71, 72) do not ;llnne account for the imkpemlcncu of the magni­
tude uf the r1,-disrmrsion from l}1l' Jllll11ber and Vtl lency ol' COUnlerions in 
bacterial chrnmi1tnphnr1.~s [3hl. The a-dispersion of muscle is known to 
he dominated hy the access impedance o!' the sarcotubular system [ 11, 
7 J. 741 hut it probably still contains ront.rihutions frorn the normal 
~1..dispersion processes. N1nwtht~foss, the low-frequency dielectric prop­
t~rf ics <>f cxt1..~11dcd, charged macromolecules such as DNA arc clearly 
caused by countcrion rcln:rnlio11 1m:cha11is111s of the type described 
earlier 17'5, 76]. ( iiven lhl· mnrrhnlogical and molecular complexity or 
hinlogic~il cl'lls, further theoretical and cxpcrirncntal <levelnpmcnts in 
describing the 1.-disp~~rsion would hcnd\1 f'rom lhc adoption of simpler 
experimental systt~rns. ( 'hargcd HPLC resins of unifurm size and surface 
charg1..~ dc11sily seem an obvious L'andidate [77]. 

"'"· 3. Flit' /l-di.\'jWrsion 

Biol1Jgkal membranes havL~ c011duc1:rnccs ur the order of perhaps 
IO 1 mS ·rm 1 and may be rcgankd (with respect to the intracellular 
and cxtrarcllubr spaces) as l'Sscntlally nonconductors. On each side of 
this ''insulator" arr cunductmg it1nic :mlutinns ( thl' cell cytoplasm and 
lhc suspending mcdillln) and so :1 ct~ll ml'.mbnuw is analogous to a 
classical elcl"lric•ll capacitor. fhis means that \Vhcn :m exciting potential 
diffcrtncl' is applied across :1 cell suspension the mcmhranc capacitanc~ 
cm is charµcd up by ions 111oving 1.llHkr the inl1uence of the electric Held, 
l.C .. ('m is diargcd lip Vla the C011dUL"tiVitiCS Of the l'.t.'ll l11CdiUn1, 17 :,, and 
the cylt)plasm, <. Thu~> the rneinhrnne charging is equivalcnl to a 
resistor (rcllecti n; and n-:,,i in >;cries with a capaciwr (retkcting cm 
and the volume rn1c1inn P nf cells). Th ts series circuit is then in parallel 
wilh a resistor c1,1uiv~1k11l ft) ih1: cllrr\'111 llowmg around the cells and a 
capacitor rellccting the higJ1-rrcqu1,;ncy rL·sidual rermittivity of the sus­
pensinn. Lih~ all such networks ii possesses a ti111c constant (relaxation 
liml': equivalent to RC), 1,vhich rclll'ct~ the lime lakcn tn charge up the 
membranes. An equivalent drc11i1 f(lr this arrangement is given in Fig. 
14, together \Vilh lhl' highly nvcrsimplilicd struclurc nl' ii cell in the 
su.spcnsi1)!1 which this rnodcl as1>111rn:s. 

The physknl i11ll'rpn~1atio11 of 1his electrical model is that as the 
frequency r rises, rc~wer and fewer io1rn have time lo charge up the 
mcmhrnnc(s) hcl'me the llcld dwngt's direction. Thus the charge stored 
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Fig. 14. A model used ll"l d1arnc1eriq· 1!1t• didertrk prope1tks or cdl SU'irwnsion~, (I\) A 
•;pJierkal 1·elj nf radii!~ I. lllClllbr:lll\' l'<tp:ll'llllll\'C flCI" llllit ilfl'a ('Ill' illlU internal llfld l'Xtel!l:tl 
t'Oltductivitics or o;.~rnd a;,. 11.'Sfl\'.l'livdy. Ihe i11ternal permittivity of lhc cell i~ ( :,. (I!) The 
cqui1alcnl circuit of a su~pcn~;ioo or such ndls pre-;1·111 at :1 volume frndion P. toµt,lhL•t with 
th1' ,;quivalcnt physical parts of 1lw ~.y~.km 1.11 whid1 they reftr. 

by the suspension for a given \'.\.ciri11g polcnlial diffaencc falls and the 
c:1racitance and permittivity ,)r the suspension dn)pS with increasing 
rrl'(jlll~ncy. At krn· frequetH:ies lhe admitl<lncc (conductarn:c to ahernal 
irh! cmrcnt) of the cell mL·rnhrancs is vcrv knv and so the cells bchavt: as 

L• • 

nrnH:onductors suspcnckd in ii cundllrling medium. Thi::i means that 
most of the current must fluw arnund the cells. As the frequency 
incn.~llSCS, the membrane\ :idmitl:tlllT JiSt'.S :tlld an increasing amnunl o( 
c·111Tcnt can How through 1 he nwmbrancs and the relatively highly 
conducting cytoplasm of the cells: thus the conductivity of the susrH.:11-
siun increases. This !'all in pcrrnittivity and rise in conductivity with 
increasing frequency is illustrated in Fig. J 5. 

Although the dominanl processes underlying the /1-dispersion can bc 
seen purely in terms ur lhe above cquivulcnl circuit. it should not he 
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l;ig. 16 .• The amplilkalinn hy 1!1L' plaNma rncmhrnnc of an applii.:d t:Xugcnous eln:trir field. 
For a rull di.~tclJf,slon S(!!~ lcXl. The angle ti Oil the diagram allows one to rnlc11latc the 

field-indm·t:d 11w1nhrn11c pntcntial at any poi111 on the pl:i~ma 1111m1hr;rnc wlwn usi:d in 
conjum:lio11 with Fqn. l<i. 

forgoltl'n lhal lhL: underlying physical process is a Maxwdl-Wagncr 
interracial type rif polarisa tinn due lo the differences in cumpkx JK·rmit· 
tivitics between the cells and the: medium. Also, one should not rof!.!l'I 
that the basic kh~a underlying dielectric theory generally is the nee 
in 1he sampk' ul' pt'rmarn:111 m induc~·d dipok~. Very few rdcrcn1..·cs nn 
the /I-dispersion, as observed at low Held strengths. dea I wi l h I he idea 
that nne can regard the /1-dbpcrsion as producing a dipole across the 
ceJl ( bt1l SCC ref. 78 ). l loWCVcr, the l'fft.;'l'.( Of lhC proCCSSCS Which CUil hL• 

observed as lhe /J-dispcrsitrn in causing such high-electric-field phe110m· 
ena as cell rnlUlinn is ul'kn l~Xprcsscd in terms of dipoles [ 79j. 

As the admiltuncc oC the cell plmana membrane increases, and lhc 
extent to whkh it is charged decreases with increasing freqw:ncy during 
the /f-dispcrsinn, nnc rnn s1:c thnt the potential difference induced across 
the membn111c nrnst tdso dccrcasL:. The induced membrane potential 
Llq1"', which adds vcctorially to any naturally occurring nne, is given by 

1,vhere r is lhe cell radius, Ii,, is the applied exogenous lielu stn:ngt h, (}is 
the angle shown in Fig. I(', and rand I'_. are, respectively, the frcqwmcy 
or the applied lkld and the critical rrcqucncy or the ff -dispersinn. ·r his 

Fig. 15 ll1c l'!frcl ol !'r.:q11t.:n1:v l!J'Ull the pnlarisatinn, current now and didci:lnc prnpcl ti<•:, 
of sphcricil -;hell •-;mf"'Jhlnll··· Tlw fr1•q11•'1li:y inc1cascs from top to botLom. II;, a~surncd lhal 
the 1:k<.'ln•dt',; ilte tn Ilk ri)'ht <!lid kft or 11!,• t't%i illustraled. and that thl' sy.<.tcm nb<,crvcd .11 
an instant when the nght-liaml clu:tr11dr '' n,·gall\c Tht: lef1-hand porlt•Jll ~hows tlw rcl.lliH· 
polarisa 1 inn nf !hl' pl;1s111a-mcm hr a rw, l he middle portion the flow ul t•urn·111 M(l\llltl a11d:11r 

through !ht• c·dk ;1mf llw liµlil hand prnlinll the ;:ipproximatc frequency (ri'lativ1· lo (.);it 
which !hl'. bl'h:t\'l!!UI indic;1tnl wuuld he nho;1.'l'\'t•d. Fnr runhcr di'ICUSShln ~Ci.' tc~;t 
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induced llK!rnhranc potential drp"'· then drops across the very thin 
plasma membrane, resulting in a very considerable inuuced ticld across 
the nH.'mhrnne (see, e.g., n.~rs. 79 81 ). This field amplification effcel has 
two nwjnr co11scquenccs. Th<: first is that the proteins in the membrane 
can easily be exposed to quite high local Held sl.rengths in lnw~h:vul 
exngcnous fields, resulting in the reorganisation or their dipolar strnc~ 
t urcs and hence lo effects on their biological properties. The conse­
quences of this urc considered later in the context of nonlinear effects. 
The second conscq!lencc is that when high exogenous lidd ::;trcngth:.; arc 
applied lo the cells lhc VL~ry high induced fields can result in the 
breakdown of !he irn;mbrane. This phenomenon, and such processes as 
gene trnnsfrr and cell fusion which may follow frorn it, are now nl' great 
importance in hinkchnology. 

The foll it1 <; and risl' in n · uf the #-dispersion may he modelled hy 
the appropriate Dcbye equations ( Eqns. 4 and l l l. The values of ,11;, 
/Jrr' and tn he inserted intu the equations can be c.:alculated from 
Schwan's equation~' rnr the fl-dispersion of a suspension c1f spherical 
cells [ 26]: 

Jc; 9PrC111 /( 4( 11 ) 

rr; =er;',( I ·- JP/2) 

rr;, = rr.',[ I + JP(a; + a~.)/(rr; + 2a;', l] 
r' 1· I ' 1 I '(.' 1 

. ]. r = I\_ "' . I a; + I L..IT o) 

where lhe symbols used are those described in Figs. 4 and 

( l 7) 

( IX) 

( j<}) 

( 20) 

Over tht' years, many sets nr equations have been derived ln describe 
the /J-dispersinri or cells. Single-shell models describing cells or vcsides 
with a plasma membrane and homogeneous cell contents and suspend­
ing media have been given hy (among many others) Fricke r82] and 
Schwan I 2<ij. 1"v1odilicd nwdt:ls ul' cells have been made lo allow fnr the 
prc:.;cnCL\ of internal membrane-bound organelles [62, 83] und the pn~s­
encc of a \Vall external to the plasma membrane [ 58, 60, 84). Tl1corcti­
cal cxprcssiuns have also been derived for nonspherkal cells [ 82. 
84 ~:XJ. 

Eq11:11io11 17 shows that the c:.1{; value of the /I-dispersion urn:: c·xpccts 
for a given volume fraction is pruporl ional both to the cells' membrane 
capadtancc per unit area. C,n· and the (mean) cell radius, r. J\s lhc value 
of C," appc;ns to he npproximatcly l ± 0.5 ;tF/cm: for biulogical cells 
[X9j. then one wuuld e.xrcct the li1crature values of ,,:.h ;/P lo im:n'ase 
linearly wit.h L'L'll nidim1. However care has to he taken when extracting 
!he ,-11; values from the literature as one must ensure that the volume 
fractions used arc lc!;s than ( In O.J hetHuse above this ~fr; P ratio is 
no longer eonst:inl [ l l, 61 ]. At volume fraccion.s greater than 0.2 to 0 .. 1 
ck~ctricul i11lerm:tions between the cells start to occur and this r(~stdls in 
the .-11:: for n given P being less than thal expedcd from Eqn. 17. This 
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Fir 17 S11mt• liter:1turt' \ alw·' fnr df 11; hll' c'.:<.!ra1:kJ frnm the lint>ar luw vol um.: fractwn 
11••rtinns of Jr r l"cr~u,; V(J]tllliC lr;tdinn ( P't graph'>. 1111: upper (d'.iC letters ne>.l lo the <law 
pi.1int-; rt'ld \l) the type of cell mcusun:d. V -- \ L'•,rcl.:. B h:ic!eri;l, Y R red hlor1d 
cclb ;11lll A :mim;il cells (other th;rn red hl<>od c(:!ls) Tlw numbers refer 10 the rderem:e used 
lit 1•sl!'ael ll1t~ data plotted. Tht' snlid line is fu1 11 rm:111br.ine n1pacitanlT of I 11F/cm''. 

rr'f ·n, .~<wclwmmn·e_, n'tTdviac. J 7 C: 2: rel' 11 (1, a J/alobat1eri11111 lw/ohium, 
b /lo/uhrfl'ti'fit1111 muris/llorlui, both :it 75 ( '. .l: rd. B7, il ~pherical rabbit R.B.C., 
h S1wr/i11rom1•1·e.1 n'rcrisioe, c - rahhi1 ll'tlr'<>Vyks, all al !l'C: -1: ref, 192, a= dog R.fl.C., 
h r;ihhir R.11.C .. l' =sheep R.R.C, 1111 ar ~I C; 'i td. 84, F.11·hcrid1i11 coli; 6: ref. 19;1. rnnlll>l' 

ly111plweyt1:s, 21l C: 7: rel'. s~;, S11<'1·ht1ro111,1·1·c.~ n•rc1·i.1i1w, 14 'C; 8: ref. 108, rat brain cortex 
~ynaplD:wmcs, 25 C; 9: ref. 194, mouse lympliot•y!l•s. 20 'C; 10: rel'. 64. cultured rat bawphil 
lc11karn1ia edls. 30 C; 11: ref. 88. human R.B.C'.: 12: rd' Ci). LS,L92'-l mouse llhrnhlast~. J7 C; 
I ·1: 1\~r. (i l, S't11'(/t1mm1rccs 1·erc1 1isia<'. 20 C 

foci has not been laken intu acc<iuni hy many authors, particularly 
Lhos<: Working \Vith tissues. who have t.:alcu!aced Values of Cm (and SO 

forth) frnm data al volume fra<:tions wla.~rt' the equations do not apply 
(thus underestimating C111 ). Modifa·ations to the standard equations to 
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allow ror these IHH1~·1incar effects at high volume fractions have proved 
prohlenwtic 111] hut at.tempts have been madt: l 11, 90aj. To prevent any 
errors due to thcsl~ dfccts. the "11 ;;P data ror the 11t;/P versus r graph 
shown in rig. 17 wi:rc la ken from the gradient or Lil; versus p graphs in 
the linear "low P" region. As can be seen from Fig, 17 the relationship 
between i1<: /P and Cl1 ll radius r is in good agreement with thal expected 
for the ti -dispc~rsion. The scaller in lhe dal<l may be taken largely to 
reflect dilfrrl'm.:t:s in C,,, hct\veen cell types. 

l;quation 17 also shows that the dielectric increment Al;. of lhl" 
/>-dispcrsio11 is proportional to the volume fraction of cells. P. Thus, if 
1mc mnni1ors the permit livity (capacitance) of a cell suspension al a 
fixed rrcqucncy in 1.lw low~frcquenry plateau region then the signal 
mc;1smTd \Viii be prnporlional to the volume fractioo of cells present 
(provided rC., 1 is approximately constant and that the P value does not 

0.2 co O .. '\), A~~ the measurcmL'nt or bio1nass is of critical impor~ 
wnce in l\:rmcnl.ation techn11logy [91. 92], this laboratory has developed 
a dielcctriL' spcctro1m~tcr (the Biomass Monitor, Connerly called lhl· 
/Jugnll~lt~r'l suitable for lllt)fliloring lhl~ biomass of fermentation broths 
and bast:d on thl.' ahuve principles (see, e.g., refs. 92 98a). 

Figure 18 shows some literature values for the membrane capacitam:e 
C111 of various cell types. ;\s may be seen from the graph the majority of 
the C\11 vulucs are dustcred about the expected l 11 F/cm1 value that is 
often taken as a "constant" I'm all biological cells. The cell types thal 
show the grt'alcsl variatio11s in Cm an_: animal cells. The cxtrcmdy large 
valw.:s of' memhrnnc capacitance all from ref. 99, which uses transmcm­
bratll' electrodes) arc l'or muscle cells. T'his effect has frequently hccn 
seen in thL~ past and indeed led to the discovery of the sarcotubular 
system or muscle I 73J. At low frequencies the sarcotubular system 
becomes charged up nn the application of an electric field and this 
results in an increase in the permittivity of the cells. Thus, the measured 
p1.:rmittivily is not dul' solely to lhl' charging up of the plasma mem­
brane hut contains a substantial component from the sarcotubules. This 
in l llrn lead~. ln an apparently artificially high value of cm when it is 
calculnted from the measured pe1111ittivities r l J). 

The high values fnr the mcrnbrnnc capacitance from the animal cell 
suspt~nsions givt.'ll by Surowicc et al. [ 63] and Davey et al. [ 65] nn I he 
diugnim tkmn11stratt: thL' effect or cell surface morphology un the 
rncmhi:am~ cap:Kilann~. Jn hnth these cases the cells had highly folded 
plasma membranes \Vhich resulted in the true membrane area being very 
la in comparison tn rhe area estimated by rneasuring the cells' 
diameter aml assuming them to he spherical. As the membrane aren \Vas 
so high ii gave the Ct:lls an abnormally large .Jr;/P value ror their 
visually 11bservahle radius. Tims. when C,

11 
was csLimatcJ using the 

measured 1._:dl radii I', the resulting values \vcrc much higher than 
~ ~ 

cxpeclGll. Similar effects or surface morphology on ell\ haw been 
repurll'd by Rothschild f IOOJ. and by lrimajiri et al. [IOI]. 
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The focl that rno~t of the C111 v:tltlL'S in lhe literature ;m· clustered about 
l 11 F/cm ·~ is in itself problematic. Black ltpid membrane studies have 
shown I hat Ille capacitance one would expect for a lipid bilayer is aboul 
half th:1t 1111..'.asun'd for biologkal membranes (sec ref'. 55 and many 
references therein). In the dassical explanation of tlrn {J ·dispersion, C111 

is a stalk membrane capacitancl~. However, studies ol' the effect of 
cross·linking agents [37, 38] and lcmpcralurc [55] on thl' /)-dispersion or 
natun1I membranes imply thal the discrepancy may be Jue in part to the 
partially rest rit.~tl'd motion or clrnrgL·d membrane lipids and prntdns in 
such mcmbram:s. 

Figure It) is a plot of some literature values for the internal nrnductivity 
a: of' cells. 11 is dear that tlw greale~·.:l spread of 1J; valuL:s occurs amongst 
the bacteria. The l\VO vory high internal conductivities arc for the 
archachuctcria Jlalohac/cri11m l1<1/ohitm1 (tJ~ = 40 mS/cm) and 11. 11wris­
mort11i(a: 58 mS · cm - 1 

). As both these bacteria arc halnphilcs the very 
high er; values are in line with expectations. The other dear trend in the 
boch~rial data is that the Grnm-pusitivc organisms generally have higher 
internal conductivities lhan the rn11Hwgatives. Again. this has a kno\vn 
physiological basis, since Gram-positive bacteria generally haw higher 
K · co11lrnts than do GrnnH1cgative ones [ 102]. 

Tho only other dear feature shown in Fig. 19 is t.hl' l'act that. both 
erythrocytes and other animal cells have internal conductivities of about 
5 mS/cm. Pauly and Schwan [ IOJ] determined the electrical conductivity 
or lhc erythrocyte cytoplasm al frequencies of between 70 und I 00 MHz. 
At these lh:-qucncies the membrane capacitance of the cells is completely 
~honed 011t, and the cells behave :is conductive particles embedded in a 
condul'liw suspending medium. These authors found that the a; values 
for erythrocytes nf different speck'.s Wi..'rc all approximately S mS/cm. They 
also showed that after the haemoglobin content of the cells had been taken 
into acL:nunt the internal conductivity of the cells was roughly half the 
expected valt1c. This implied that the ions in the cells lwd :1 lower than 
expected mobility, either due to hydrodynamic or dtx:lrnstatic effects. 
Whal is alsn dear from this \Vork is 1hat the ' values calculated from 
high frequency srot readings agree w1.~ll with those deriv~:d u~ing data from 
the /I-dispersion at lower frequendL'S. 

Figun: :w shows a literalurc survey nr the internal pem1ittivities c ;, of 
cells. The reason for the rather wide range nf permillivity values for 
bacteria is not dear (the halobactcrial values exceeding 400 are probably 
contaminnted hy electrode polarisation artefacts), but on the whole~ most 
cells haw values or (;I or SOll1C 50 In 60, This is in line with the per­
mittivity at these frequencies or water in the cytoplat~m being reduced by 
the prcse1H:1.: nl' ions and by I.he vnl11me fraction of proteins present [ 1 J]. 
Most proteins WtH!lJ nol be rolah~d hy the neld at the (high) frequencies 
at which the /J .Jisp~rsion is 1.:ompkte and so would give a nd pcrmiltiv­
ity dccrcmcnL 16). Once again the values of l;1 derived from the /3-dis-
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Fig. 18. A plot of some liturnturc values 11IT11 , vrrrn'; th1•ir cd! typ»s. Th«" t ":i 11d" "'iymhnh 
fr1r the hadcria ;ire- for Gram·pu~itive illld <Jram-11,·galive urg1111isn1s. n:spe(·tiH·ly. rite 1111mh1_,1s 
refe1 tu the :•oun:c nf the~ data. I; ref. l '!). a = 1111rmal hum:rn R.lU '., h hu111an h1rn101yµ1111-; 

tl-!halassernk R.B.C .. hi»th at 2S' C: 2: ref. 5J, a :\ly, •>p/11111111 /11idlim·1i. b 1\f\'1'<•/>li1.1·11111 
g11/hle1J1ict1111; :1: ref. 1%: 4: rel' 142. a dng RJU' .. h 1ahhi1 R.H < '., t' ·• slw•:p ICll l' .. 
d = ~rhcrical rnhhi! R.13.C.. l' = 1ahbi1 le111:111;yh~s. r ,'.,'11cd111tt1/ll.!'i'c'.I' ('/'/'('/'ll'iUI', 1tll ,11 11 ( ': 'i; 
ref. 116, a= H11/of!11cl«ril1111 h11/u/liw11, b lfol11hactcri111111i111/'ismot111i, both at 2'l ( . fr rd'. <i.~. 
mouse lymplmblmils. 25' C; 7; ref. K4, F.11'/1el1d1i11, 11/i: H: ref. Sun'/1r1ro111r1 <'.I' n•nTisi111'. 17 ( '; 
9: rel'. 58, S. ccrcl'isim'. J .. f C; 10: rl'f. 19:1, mnusc1 lympl1m·yll's, 20· ( ·, 11: r,·r l'J7 a· ;;quid axon 
membrane at I kl-lz, b same a~ ";1'' ut ~O kHz, b11lh at ::m C~ 12: ref. 1'14, mousi.· lymphncyks. 
WC: 13: rd. IA, culttm·d mt basuphtl ltrnkarn1ia cells. JO ( ·; 1,1: rl'f. Xl\, 1111111:111 IUl.C.; IS: 
rd. 99, a== Ano/is cristatcl/11s white iliollhularis musck ( IFM). h ,\'1'~·111(1111'11' rwt'id«11111/is wliite 
IFM. e c. J)/psosmw do1·s,iti.1 white IFM. d ·;amt' as "v" h111 red 11 1[\:1, all al 1 '1 ( ': lit: rd. 
65, U:·L929 mome lihrnhlas1~ .. WC; 17: 1·l'f. '18. a~ Mtcn>coc<'w /rs/l/ll'ik/11'11.\ i111acl cdl4, h 
'ame <Iii "a" ncepi ar~· prnloplast.s: 18: rd. !'18, H=cchuman ltB.C:, at I kll1, h ~:m1c as ";i" 
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pcrsion and from high-frequency measurements agree well with each 
other. 

Like most low-frequency biological dispersions the ff-dispersion of a 
cell suspension appears to have a distribution of relaxation times. This 
results in the dielectric spectrum measured having a Cole-Cole et. value 
greater than zero and, as ~rne would expect from the enrlier discussions, 
the (.n is always higher than the C.,,. Figure 2 l shows the Cole-Cole a 
values for different cell types as extracted from the literature. The most 
obvious feature of the plot is the extremely wide variation in the values 
for rx of bacterial cell:;;. The rx values of 0.1 and zero arc from Pauly [78] 
(number 13 on the diagram), the upper value being for intact cells or 
Jl1icrococcus ()'sodeikricus, while the lower value is for protoplasts of the 
same bacterium. This fall in tJ, nn removal or the hactcrial ct.:11 wall was 
also observed by Harris and Kell [38], who interpreted it lo indicate that 
the spherical protoplasts \Vere electrically more isotropic and homoge­
neous Lhan intact celb. 

There is also a wide spread in the values of the Cole-Cole a reported 
for yeast cells; in this case there is strong evidence that the ti. value is 
markedly dependent on the growth phase or the cells. Markx ct al. l %] 
measured the Cole-Cole a of a strain or Sacclwromyces cererisitu' during 
the course of a fermentation, and shO\ved that the a value changed from 
aboul 0.33 in the growth phase to 0.2 in the stationary one. From Eqn. 
20 one could argue that this effect was due to variations in cell size over 
the course of the fermentation. However,. flow cytometric measurements 
of the cdl size distributions [ 104-107] were carried out, which showed 
that these did not provide a spread of relaxation times that could account 
for the high Cole-Cole !J. values observed (sec also ref. 10). Also no 
correlation bet\veen the variations in Ct, and cell size distribution was seen. 
Finally, realistic variations in internal conductivity could not account for 
the magnitudes of c1. [96]. 

This failure of cell size distributions to explain the size of the Cole-Cole 
'Y. of a cell suspension has freq uenlly been seen before (see, e.g., refs. I 0, 
64, 84, 108 .. 109). As the yeast used in the study of Markx et al. f 96] was 
almost spherical, one can rule out the effect or cell shape in this case. It 
is worth pointing out that siRn(ficant changes in shape Lowards bacillary 
[38, n] or invaginaled morphologies [64, 65, 101] are certainly accompa­
nied by increases in the Cole-Cole Cl.. As distributions in cell size fail to 
explain the rx values seen, various authors have attempted to account for 
it using distributions in a:; [IOI, 108]. None of these attempts has been 
\Vholly successful and, indeed, Markx et al. [96] showed that major 

except al 10 klfa; J9: n:L 199. a spherical mouse R.B.C .. b =mouse lymplwcyles. both ut 
24 C; '.:W: rel'. 48, PPLO: 21: ref. 63, a= human U lymphocytes, b human T lymphocytes, both 
at :~we. 
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l·ie. 19. Litc111turc value,. f11r the llllL'J ll;d rnnd1td1vlt\ of cdb.. Th1: " I " illld " ~" wmhob 
01; thl' bacll'!lll dutH 1dl-r t11 tht: vdb Uram ,1;1111 and the '•) 111lwl 011 the hlnud data t<.'for 
to \~!1111:,; cak11!:ttnl from hi1d1-f1<·:q111c11cy 1111'lhmh. ·1 he numrn~r:; rc:frr tn the d::ita ~nurcc. I ref, 
1111, a lfolol>u..t1•1111111 lt11/ofi111111. b llt1!11h11• /1•1111111 11111111111orl11i, holh al '.1:5 C; . ref 50, 
a= f:11h1·rid1ii1 n•/i, h J/1uon11·•1111p. hollt ul .~~<':,I: tl'f )·I. ;1 Stn.·p/ocotTIJ~ lan·alts, 
b = Mu·rm·"ll'11s ~p .. t: · A/10""'11"·us t~·y11d«'1k1w11.1. 4: rd SH, .S111d111mmrcn (crcl'isiw'. 14 C; 
5: rel. 84. /:.,.iii: (1: rt'f. Ill\. rn11usr lymphnt.·y11:·.'· :io C: I: rel'. :rnn, ;i =human R.B.C "h = lx·cf 
R.B C. 1: .,1i1·('J• fUH d di1µ IUU .. t: cal R B.C, I~ 1ahhil R.B.C. g = ehid.en 
R.B < ·,, :di 111 2~ c·. X· td 1'14, 1111..lltM,' ly1npl1tu:ytc:,, .!O ( ': 'l: rd, M. niltured iat ba;mphil 
kukuc1oia 1:dl,, JO C, Ill: 1d. ILJ.\ u normal lmnrnn R.B.( '., h hurnnn hom1>Lygnus 
/Hhalassaemk lU!.C .. h11th :ti .:)c, <': 11 1d. Kt( h11111a11 H B.C. 12: tl'f 99. ;1 ~- A1111/i1 

i'l'i11111r//111 wl1ill' iliollhularb 1m1s1. k ( IFl\f). h .'frd11po1111 .w.·idm1<ilf.1 white 1rr-.1. 
c = !>1p1·0.1111w 1/111111/i.1 11hitt' IHvl, d - sam.: ;i:, .. , ... but red 11'1\1. nil al 25 C; 13: rd. 78, 
M!i•r11,.111 <'tl.1 lrsodl'il,1ln1s· l·l: r•:I. .~OI. ( 'l't•r/11111· 1i1rpit1 R.B.C.. ~5 C: 15; n:I'. l9'J. <I~- ~rheri<.«.tl 
mnu~c L~rythrnL'Yl\''i, h 11w11w ly1HplH11:ytc·,, hnth :ti N C: I h: rl'I'. 4X. Pl'LO. 

Supplied by the British Library 24 Feb 2020, 11 :09 (GMT) 



,100 

aoo 

:~oo 

l 00 

a l<i 

a ib 

0 :1-
llb 

BACTEHIA 

I'll 

t Ba 

• \l 

YEAST 11..B.C, 

CELL TYPE 
1-'ip :)o l111"1111d f1:."Jlllilti\i!ics a' extracted from the !tt.:r:1!Ur•!. ThL' "1 ·· .111il" .. •;jtllhnh 

11'1'1·1 tu llh· h:11·1,•n;ll G1an1 ~1.iin. while ;1sterisk' inJicatt• high r1n}\l\'lll'Y H'\lllb 'l 111.• 1111111114.'I'· 

1.·f,·1 to I he \otlr<.'c 1 l'll:rt,nc•:, I. rd l 16, a - Halubactcri11111 li1iloh111111. b 1/11/"l"u tcri11111 
11111ri1mu1111i. h11th ,1t 25 t ·: .:': rd. 5S. S,u·cha111mn '"' 1crn idar'. 14 ( '; \: rr:t. :q /11 Ito ii'/1111 
,·,di: •I 1i'I 11.J\ nhiu:;e lymphc1cytc'>. 20 C: 5 ref. 200. a hurnan R BC. h lit:d H II 1 ·. 
,. »h•·«i• fUl ( , d d<1g R.HC.. 1: cal R.RC.. f = 111bhi1 H.11 C .. g dwkrn H lit., all 
:11 .1 :i < , 11 1d l'J4. rm•u:s•.: lymphu~·yh:'.>. 20 C: rd. ::-;::;, hutn:rn lUU · .. X. 1d. 21\2, 
:1 lwn1;111 ){ IU. :11 2c, t'. h f. ,·o!i at 26 C: lJ: rd. 201 ('1·pri11111 nJF/11<>. 2~· C; IO: r<'L llJ'> 
:,plit'lfl ;ii n·1.,11•;c \:ry1h11Kytcs. :!4 C. 

dis1rih111ions in lhc values of Cm, a; and cell size, and various cmn· 
bination's of lhl~SL'. foiled lo explain the 'l. values of their yeast cl'IJ sus 
pensi1111s. 

Since variatinns in any of the paramclers 1mdcrlyi11g Utl' classical 
explanation of the />'-dispersion arc not nearly lnrgc enough to account 
l'ur I he largi.: values of the Cole-Cole rt. seen (or, one might het!cr suy, 
litll'd In the data), one is led lo the condusin11 that uther dispersive 
mechanisms must be contributing to the classical /i~disp<;~rsion. The cause 
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CELL TYPE 
l;i)',, ~I, Lill'ralt11L: values ofthl' Coh>Colr rt. The" ·I "and"· "~igns refer to the Gram stain 
or th.: harleria whil~l tlw numbers refer lo !he SOllll'l' llll!ll'I iul. I: rd'. 20.~. Slaphy/oco1·1·11.1· 
0111·1•11.1'. 27 C': 2: reL 58 Saccl11ir11mrccs n'fi't'isiac. 14 C; I: rer 62, l'Ullurcd mouse 
l~·111pliohlas1~. 25 C: 4: ref. 193. mous~ lymplrncytcs, 10 C; :>: rer. 19.'l, mouse lymphocytes; 
:10 « ': (1 Jl'f'. M, ral hnsophil lcubtmia cell~ .•. ~O C; 7: n-1'. 11 II, a lf11/nhortr·ri11111 lio/oh111111. 
b li!llolw1·1cri11111 murismorttii, both at 25 C; X: 11~f, I '.i. h11mu11 R.f:LC., 17 C: <i; ref. 65. 
LS-I •J2() nHHJse libnlhlasls. 37 C; I U: n:r. Ii I. S. rw1·1•isw.·. 20 c: 11 · rd 5:\ a= s. nn·u!.im· 
;11 Ill C, Ii - F\,·fr,y1d1ia 01/i at 25 C; 12: re•!'. .1!\, a .\f,•11n111p//i/111 1111·th\'!r11mrh11s <:1t 37 C. 
h ~ Uudl/11\ s11h1i/11 al 25 C: IJ: u::C 78, a""' intact n·lh 11f ,\Iii ru1111·, us lymdc1Jai111s, h = ;.i;. in 
";(' ,·xcvpt ,111' prutopla~ts: 14: td. 202. hum:in ICB,t' .. 11' ( ': I:\: id. 201. Crprinux corpw. 
::2 < :: I<>: rd <d. a human T lymphtH:)'IL'"· h human I! ly111ph(••.'.'.»ln, hMh at 24 C 17: rd-
18, human R !IC, .'17 C; J:( rl'L 91i, S. 1cn•rf1i11<' 
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or these contributions most probably involves the bncrnl mobility of' 
mcmhrnnous components 110, I\ I\ .16 J8J. This idea has lht~ rm:rils 
nl' t'Xplaining (f'or the j?-Jispersion) C<t<«li nf lhl' following sdS Of 
nhscrvations, which have been widely recorded und which arc nnl 
nrnsistcnt with thl' simple. classical pictmc: ( i) the pusiliVt' ((·mp1...·r;!lurc 
cucllicicnl observed for the diclccrric incremcnl, (ii) the f;1ct tlwt the 
value of C111 calculated for hiologind membranes Is signilkantly grcalt'r 
than that observed for pure ( und solvent·rrcc) lipid rncmhra w:s, (iii) !he 
S1...:nsiliVily of' the //-dispersion to chernic;d Crtl'iS··lillking agents. and (iv) 
th1.· l'Xt'.l''>SlVC magnitude or the Cole-Cole ~I typically observed. 

4.4. Memlmme properties and the /)-dispersion 

The electronic biomass prohe that has hcen derived in this lahorntory I'm 
the registrntinn of the biomass in ferrncnlors has be'-'11 alluded lo ;1bovc. 
II is·irnportant to note that the dielectric increment or the /1-dispnsion 
rnrrelates with riah/e biomass, and 1101 simply with cell number I 110, 11 I, 
11 la]. This is because dead cells do not have intact membranes um! so 
du not contribute to the /J-dispersion measured. This hus been conllnncd 
by many studies on I he fund a men ta I processes u11derlyi ng I he // .. d ispcr­
~;iun that have involved treating. cells with membranc-lytic agent::; j 60, 
I JO 116]. Indeed, the fact that one can use the charging 11p ol' mem­
branes as n sensitive means or detecting drug 1111d oilier rltcmical 
inkrnctions with membranes has alsu htx•n cxploilt:d. WhPk cell studies 
include those of Asami et al. [60]. Lap Cl a'l. [I In Plitpldt und 
Wunderlich [ 118] and Stoicheva ct al. I 111 J. Studies Oil black lipid 
rnembnrncs L~nable one to gain information mi tlie dfocts nf 1 lw drug 
tW L~ht.:rnical on the substructure of the mtrnbrane, and studies e\ploit­
ing this include the \Vork of Coster ct al. 11191 n11d Pere? and W\llle 
r 1201. 

Given that, as has been known !'or many years 12/l. 121 l 1.\]. the di-
electric properties of living systenk' at both audin- and radin-1'11:quc11cics 
change dramatically after dtath. we have suggcstt·d I\ I HJ that Ilic mL:as­

un:mcnf of c.uch properties might provide a nnvcL non-invasive and useful 
apprnach lo the estimation or the time of dealh 1.>f ii suhjt?cl in rnrrnsk 
mcdidnL'. ~lll e:\timation which is still subjl'ct lo many rn11:e11:ti11tks. 

The dbtinction between life and 11011-lifi: .. albeit lH1C that is not at all 
simple f.u make I 124]. is of course but t:n11:; exlrerm~ sub:'a~'t of the varil'ty 
pf physiL)logical states that u tissue may adnpl. Many diagnostic IL'.ch­

niques rely on dil~ledric properties, are s11111murisi:d hy hig and Kdl 
[ 1.1] and Davey and Kell [ 18), and include f 125, 126] clectncal in1pcda11cc 
tomography (sec. e.g., refs. 1 - I ), and impedance plctl1ysmngraphy 
11.rl I J8j illld pneurnography [I :19. 140j. The correla1io11 hctwn:n 
wlloh.:.body impedance and body composition, partirularly adipose 
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tissue content, is now well-established ( S('C, e.g., ref. 141 ). All ur these. 
and other, techniques rely upon the dickctric behaviour described in the 
preceding sections. 

Nonlinear interactions of cells '~1th electrical fields 

As was discussed above. lhe simplest type or dipolar billiard hall 
rotation results ultimately in the simple transduction of exogencrns 
electrical energy, via mechanical (frictional) forces, intn heal. However, 
Astumian. \Vesterhoff and their i.:nworkers have shown that the proper­
ties required of an enzyme to "harvest" energy from an exogenous 
electrical field are common to all enzymes. These properties arc rnsses­
sion of conJ'ormalional stales which possess dillerenl dipole nmmcnts 
and which interconverl hicrarclriwlly and in a fashion tlrnt is coupled tu 
their chemical environment I 81. I -- 147]. In particul;1r, it was shown 
that such energy converters m11s1 act nonlint:arly, and it was argued that 
this might be visibJe as the conversion of the frequency of an excilin!! 
electrical field to another frequency [I~. JO. 147-151]. This could he 
expected to oceur <il field stn~ngths in which traditional measurements 
(or a voltage-indL•pcndent impedance) would suggest that a purely linear 
system was being observed (Fig. ). 

In essence, this turns out 10 he a severe case of "n1sL~-roloured 
spectacles'' because of the fact that most impeclimdric devit:es assume 
linearity, such rncasuring systems are normally so organised (elccnoni­
cally) that they reject currcnls at fre4u1.:ncics nthi.1r than that of' lht: 
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Fig_ 22. The l.angt~Vin runctio11, The 11nli11a1t.· fL~[llL''>Cllt~ the lllt':lll L'Xh~llt uf nrie11lali1i11 of :Ill 
en:;ernhic uf n\l\dOtHly arrnycu (t~kctric) dipoks of dipulc lltl\IJ1Cfl( ./I (IS :I fll!ll'linll of lhl' 
electric licld strength E. rhc snlid lim~ is the Langevin functton <en~ 11;. l'IHh .\ l1x. whert• 
x = 11E1kT, whilst the d11tled lim' indi,:;1ks th .. · drnnain of li11e;1rity 111 which thr'. (dhplacc1111.·111) 
current is pniprn linnal lu titL' pokntial dilfrre11cL' ! li,•ltl strL·nglh) 11pplil'd. 
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exciting potential dilfrn:IH:c [ S, l9J. Thus a systcrn which may 0111war 
linear (in that the nhscrvahk currc1JI is lim;ar with the exciting potential 
difference) may in l'acr he' 11unlincur (in that the system causes whar. may 
be a constant frnclinn 1}f !l1t.~ t.:xcning pt)fl:nlial diffcrcm:c tu be lrnns­
fonm:?d into C"UllC!ltS al other 1lw11 the exciting rrl·qui;:ncy). One syskm 
that has been widely disl·ussed is rdt'ITcd to as the four-state 1~111ynw. 

6. A four-state mzyme t'apahle of harvesting dectrkal energy for tlw 
perfomrnnce of ns<.-'ful ( hio) chemical work. 

The average pnlLmtial in a sinuwidally rnodulated field with no d.c. hlas 
is zero. In most cases where it interacts with an aqueous system (and in 
accordance \Vilh this idt.:a) ii tncrdy produces heat under macroscopi­
cally isothern1al co11di1inns. I lnwevcr, it certainly constitutes a sourcx~ of 
ji«·e energy (as is evident from its ability to do such things as to drive a 
power drill). To provide a sitnplc illustration 1)r the properties of a 
system \Vhkh doL'S not lllL~rl'ly turn this electric field energy i11tu heal 
and which can lhcrcf1m: conserve this fret: energy as useful ( clcc­
tro)chcmical W1Jrk 1140. I~ 1 J. we discuss (Fig. ~31 a four-statt:, mcm 
branc-located p11rnp (which dnL·s not therefore rotate around au axis 
parallel to the mcmhraneL capable nf transporting ;111 undwrgcd 
molecule ( S) \vhich is present al a higher cnnccmration inside the cell 
than that outside in a dir~Tlinn opposite to its ( c!cctro)chemical pol en~ 
t ia I. 

The protein possesses a negatively charged binding site for S which 
can make tra11sitiu11s lll~t ween the inner and outer faces of the mem­
brane. (IL i~, not necessary that it crosses the \Vhole memhrarw, merely 
the region where the p~)tcntinl drnp is the greatest.) Thi;: protein pos~ 
sesses, and cycles hcl ween, four c:unfunnutional states (I to 4), which 
represent the cmnhiniltion or hound or non~bound subs!rate with the 
negatively charged binding site l'ucing either imvards or outward~~. Slat1..'.:{ 
4 and :2 have lo\ver basic l'n:c energies [ , 152] than states I anJ J, and 
thus are more stable ( i.L'. highly pupulated). Cycling of the prn1ci11 in a 
clockwise dire1.:tio11 \V~Hlld !Ja\'•~ tlll' clfotl of "pumping'' S <lg:tinst its 
chenm:al potential, such that lo ell't~·rl this an exogenous source or free 
energy is necessary. In the ahscncc of any field. therefore. nnd because 
uf a higher afflnity for ib suhstrnte rhan for any of the other sta state 
4 is the most highly pnpul:1ted (Fig. DA) in lhe ensemble of protein 
molecules. 

Jr one applies a "Juw·frcqucncy" altnnating liekl (whose rn:q1m11cy 
f <: (for the />'-dispersion, such that 1111.' mcrnbrant.:s arc charged up and 
a ( tlucluating) membrane potential is induced), the protein will be 
oriented (say). during the first half-cycle, in a direction that altracls 1 lw 
negatively charged binding site towards the inner face of the mcrnbranc 
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(Fig. B). This clfoctively ca us,~s transitions from states 4 -.; l and slate 

3 2. Thus state l will have becorr1i.:'. the most highly pnp11Iatcd stale 
and there will have been a net I ranslneat ion of S Crom outside to insidtJ. 
However, since state 2 also has its negative charge in the energetically 
l'avuurcd inner position, and since it nlsu has a lower free energy than 
stall' L there will then be a n_,:,equilihratio11 bc1wcen (lhe populations 
in) states I and 2 (Fig. 23C). Thw.j state 2 will become more highly 
populated than Lhe other slates, and bccHuse the transition 1 -> 2 re­
leases S on the inside, there will he a net release of S lo the cytoplasm. 

When the second hair or the 11.c. fidd is applied, i.e. when the applied 
dectrie field is or the oppnsitc rolari1y, the favoured posilion or lhe 
negatively charged hinding site will llOW Ix· at the oukr face or Ilic 
membrane. This will causc trnnsitinn<; from 2 - 3 and from I -'; The 
imrncdiate result now is that slate J becomes more populated than the 
n1Hcr states (Fig. 230). Jn other words, there has been a net movement 
of cn1pty binding sites frnm the i11sidL' to the outside of the membrane. 
Ho\~cvcr, since slate 4 also has its negative charge in the energetically 
more fovourc<l outside position. and has a lower rrce energy than do1:s 
state J, there is another rc-equilihratinn, this time in the direction J ··~ 4. 

The net rcsuH or this, from the protein's point of view, is that one hns 
n:turned to the starling posit.ion (Fig, 2JA), In a sense, this is lo he 
eKpected, since the 11et potential nr llw lil'ld was indeed zero. Yet despite 
this ract the field has done work on the system, since the clockwise 
eye.ling nf the protein caused it to pump S against its electrochemical 
!,!radient and under rrn.1c.roscopically lsothL:rmal conditions. As discussed 
ror instance by Welch and Kell [ 149], such transduction of non-statinn­
ary electric: field energy and cheinical energy does not violate the Second 
Law, but merely indicates llrnl proteins are nn1 ~.implc <lipolar billiard 
halls. 

A·~ indicated above, the properties rt:quircd or the 111l)del rour·statc 
cnzyrne are common to all enzymes, viz. the possession of confonna~ 
till1H1I states or different dipole moments which arc coupled to each 
other in a hierarchical fashion. which possess different free energies anJ 
the transitions between which arc tlwrel!irc cnuplcd to elt.x:tr(ochi:.rn)ical 
l'cadinns. Whilst this docs not of itself' indicate whieh enzymes one 
should seek to comidcr as the mosl likely or suitable ''targets" l'or 
low~cnergy exogenous electrical lleld~, Hild lhc metabolic control analy­
sis (fur a recent review or which see rcrs. 152 154) indicates that there 
is rarely a ··unique" target, the amplifying effects of membranes on 
electrical 11clds suggest that initi;il attention inig:hl most fruitfully hi.: 
din:ctcd at mcmhrnnous ones. Similarly, the fact that the exogenous 
lil'ld causes the re-equilibration or protein conrormational states which 
have dilfrri:nt dipole moment:-; indicatt·s that one might mnsl expel'l lo 

si.;c field-induced currents at l'rcq1wn1.·ies related tn the turnover numhcr 
ul' the enzyme in question. 
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rile low·f'rcqlll'IH.'Y dirln:I ril· prnpcrtil'.~ of biologic1tl l'Cll> i'N 

II is worlll ll1Clllin11i11g here that harmonics haw bcc11 observed 
1::.;pcrinwntally (under conditions in which !he rundame11t:il oppml'.1' 

lin~~nr) in a numlx·r of systems in which the electrical Held~; across tht.:· 
di"~kctrk l:iycr have been fairly high. Such system:·: include artilki;tl 
polymers [I 156]. nerve axons [ 15 159], blad lipid membrane~ 
I lMl._ 161 I and bilaycr"modified electrodes [162, lfl3], urnsi 1acnt with the 
argJtmcnts developed herein and elsewhere [ 30, 14 7]. More r'"Tently. wt:· 
have for the first lime observed the generation of harmu11ics in ffll 

- .... 
.. \uspcmi11n,, i.e. where the electrodes are not on either side or the 
dickctric "nwmhrane" layer [ 164-166]. In this work, with resting 
susprminns of' cells or yeast (S. t'Crerisiae), substunti;ll lhird harmonics 
were genera!eu in a lield- and frequency-dependent fashion, with an 
Pplimal f'n;q11ency or cxci!a!ion or Is to 20 H7 and an optimnl field 
slrellglh (judged from llW clcdrodc side n!' the clcclrodl>Clcdrolyk 
interface) of only 2 Yicm. Inhibitor studies (and later studies with 
mutant strains [204J) revealed that the major source or this nonlinear 
dil~lct.'tricity was (interaction of the electric lleld wilh) the 1-1 1 -ATPasc in 
the plasma membrane of these cells, whose turnover number k"111 is 
rather precisely lhat of the optimum frequency of excitation. When the 
cells Wl~re :1llmved to ~lvcolyse, the odd-numbered l1:1r111n11ics were 

I..,, • ., .. 

replaced hy cve1HrnmbereJ (second and fourth) harmonics. If !he cells 
were subjected lo two~rrcquc:ncy excitation (Le. with a wawl'nrm ere 
ated by mixing the 01npul from two sinusoidal generators), both excit­
ing fn:quencb; l'OrJfJi.'l'flfl'tf ll1 the generation of frequcnck~'\ nlhcr than 
those in lhL~ L'Xciting \vavcform: with resting cells these were f 1 ± 2f2 and 
1'.: I 2r1 whilst wit 11 glycolysing cells they were 2f1• 2f, and 1'1 + L. 
Nonlinear dickclricit.Y v.ias also observed in respiratory f 20SJ and phn­
tosynthetic ! 20<ij bacteria. where the main source appeared to be cn-
1ymcs in tlw nkmbrannus electron-transport chains. nr tlwsc mga111sm·'· 
All or lht'SC llndings arc consistent with the gcncraliscd prnpcrtics t)f 

L'nzymcs tkscrihcd above. and often referred to as "clcclrueun 
!'onrn11k1nal coupling'' 1145 147]. Although this work tn date has 
co11ccnlr~11ed on the use or sinusoius. the design of optimal waveforms 
l'nr lll!Cnll~ting With particular targets dOCS 1101 in prtllCipk differ from 
the tksign uf' drugs aimed at selective intcract1on with appropriate 
targets nr receptors ! 150]. It is clear that electrical mcasurcm1.mts nl' 
these nonHnear properties provide a particularly direL'f and cu11ve11ic11l 
rnc;111s nf' assessing the ability (sec. e.g., refs. 167 - 190) of weak electrical 
fields lo exerl biological activity. 

7. Condudinj.! remarks 

ThL· present survt:~y has enabled us to revie\V ( i) the means hy which we 
measure !Ill: diclcclric properties of biological cell !-lUspensinns, (ii) lhc 
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manner in which we extract structural and rnokcular infonnation frnm 
the macroscopic observables, and (iii) lhe,;~ state or nm knmvlcdgL~ or lhc 
Jow~frequency, passive electrical properties or biological C('.lb and their 
biophysical bnsis. Finally, we have provided a11 intrududion tu lhc 
r~ccntly recognised 11011/i11ear electrical prvpcnics or biological cells, and 
have indicated. in these b;.urnusic times. how one may use nur hard-wLm 
knrn:vledgc or the dielectric properties or living cells for thC' dcvdopl11t'!l! 
of novel and usl'ful diagnostic and thernpculic devices. 
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Appendix A. Glossnry 

SI units of qmrn!itics are given rn parenthesis. 

a 
A 

H 

,j ( ; 

j (T. 

, 
( l 

I rh 

f. fl 

I rl 

' 
( r; I 

I/ 
(I 

/,' 

(_ fnJ 

E 

thL'. Cnk-( 'ok 'Y. is a dimcnsionlc'\s quantity 11scd in the Cnlc-Cnle 
equatinns 
the raJius or a sphi:·rical protein ( m) 
the area or t'.<tCh L'lcclw<k in a plallc-paralk:I i:·kctrodc sy:-:>lcm 
(1112) 

susccptalll'C or a ~1ystcm ( S) 
protein concentration (kg m · 3

) 

the ad1nittance dmnuin capacitance ( F) 
the impedance domain capacitance ( F) 
mcmhranc capacitanct~ per unit mtmhranc :irca (Fm - 2

) 

the distance between thi: electrodes or a plarn>parallcl dcctrodc 
( rn) 
the rdatin'. pcrmi11ivity (or dielectric) inc1\•m0nl of a dispi:rsinn. 
This is the m:1gni1ude of the change in relative pennittivity 
duri a given dispersion 
the cnnductivily innemcnl or a dispnsirn1 (S Ill 1

), This is the 
magnitude or the change in conductivity during <I given disper­
sion 
induced mernhranc pnlcntial (V) 
moleculur rrktinn codlkient 
permittivity nr free space, is the capacitani.:~ of u unit cell con· 
taining a V:tl't1um. and equal tn X,HS4 10 1.~ Fm 1 

the real part ur the r1:.~lative permiitivily 
the limiting relative permittivity ill f'rcque111.:ics high with respect 
In a given dispnswn 
the relative· j1l,'.rmillivity or the inside (rytnplasm) or biological 
cells 
the limiting relative permittivity at rn:quenries low with respect 
to a given dispcrs10n 
relative permittivity al n given (angulur) frequency 
the imagin:uy par! of the relative permittivity 
the imaginary parl of Lhe relative pcrmittivi1y at a given (nngu­
lnr) rre4ui.:11cy 
the complex rdalh'l' permittivity at a !:!IWll (angular) frequency 
electric fldd ~trcngt h ( V m 1

) 
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E0 applied exogenous field strength (V m ') 
r frequency in (Hz) 
fi output rrcqucncy or the first of a pair of sinusoidal generators 

(Hz) 
1'2 output frequency of the second of a pair of sinusoidal generators 

(Hz) 
( the frequency when the rail in permittivity (or rise in conductiv­

ity) during a dispersion is half completed (Hz). This frequency is 
called either the critical or characteristic rrequency of the disper­
sion 

t::,( the rrcqucncy when the fall in permittivity during a dispersion is 
half completed (Hz) 

t:: . .-, the rrequcncy when the rise in conductivity during a dispersion is 
half completed (Hz) 

g a parameter used to account for molecular associations 
G the (admittance domain) conduc.tancc ( S) 

the square root of - I 
lrn the amplitude or the sinusoidal current flowing, in a system (A) 
k Boltzmann's constant 
k,,11 enzyme turnover number (S- 1) 

M the molecular weight of a protein 
11 the viscosity of the medium in which a protein is suspended 

(kg 111 - I S I) 

N Avogadro's number 
0 used to represent angles 
p volume fraction nr biological cells 
Q charge (C) 
Qi counterion charge ( C) 
r radius or a colloidal particle 01' biological cell ( m) 
R admittance domain resistance (Q) 
R' impedance domain resistance (Q) 
s the distance between the charges at opposite ends of a dipole (m) 
0'

1 conductivity(S·m 1
) 

rr;1 the limiting conductivity at frcquenGies high with respect to a 
given dispersion ( S 111 ') 

rT; the conductivity of the inside (cytoplasm) of biological cells 
(Sm- 1

) 

a~ the limiting condudivity at frequencies low \Vith respect to a 
given <lispersion (S rn- 1

) 

a:. lhe conductivity of the medium in which biological cells arc 
suspended (Sn1 1

) 

a;,. the conductivity at a given (.angular) frequency (S m- 1) 

time (s) 

r the relaxation time of a dispersion ( s) 
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T absolute txrnrcrature ( K) 
u tht' surfocc mobility of the cu1111tcrio11s 11ruund colll)idal p:.Htirlc~, 
U applied pote11lial difference ( V) 
um the amplitude of the sinusoidul potential difl(~rence applied to a 

system ( V) 
p the (ell'ctrk) dipole moment (Cm; ror lli~torical reasons, dipllll: 

moments are often given in the non~SI unit Debye (D), where 
1 D ~ .LB >< I 0 111 C m) 

oJ the angular frequency (radians/-;) 
X rcaclallL't' (~.!) 
''{ admittance ( S) 
Z the (complex) impt:danc:c (Q) 
Z' the real part of the compkx impedance R' (~.!) 
Z" the mwginary part of the cornpk·x impcd:.uH:c -X (Q) 
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