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SUMMARY 

, ~ --¢ --,~rr." ' ' - - : - "  *-,~ated cells  of  
Aere~i.:zcr aer,.~gqne., .,~ . ;2ell  , '  *ern-ut, ..- . , . . . . .  

restdts demonstrate the importance of geger, lon cc~ncolfl t ~t i-n. 
z. The variation of surfece conductance of these ce]!~ !ms been determined at 

various ionic strengths. 
3. The surface-conductance correction to the ~-potential of cells is very important 

for ionogenic surfaces, particularly at low ionic strengths. In contrast the surface- 
conductance correction is negligible for non-ionogenic ~urfaces. 

4. The surface charge of A. aerogenes is unaffected by ion adsorption onto the 
basic matrix in contrast to the marked ion adsorption onto the unionized amino 
surface of the ethyleneimine-t,'raced cells (IrH xo.3). 

INTRODUCTION AND THEORY 

I t  has been suggested1, 2 timt the ir:c!usion of a correction for surface conductance 
in the equation for g-potential would remove the maxima m the ~-potential-conce:,- 
tration curves reported for many organisms s. This work was undertaken to investigate 
the significance of surface conductance for cells of A. aerogenes. Surface-conductance 
data  on small particles is at  present largely restricted to suspensions o; inorganic 
particles t, , .  s. 

Two equations have been derived for the eval,xation of surface conductance, 
Ke(ohm-1), from measurements on the conductivity of suspensions of particles; 
the first (Eqn. x) due to FRICKE AXD CUrtiS d describes the surface conductance of 
spheres in terms of the conductivity of the suspension, Kt(o.h.m-~.crn-l), the con- 
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ORIGIN OF TIlE CHARGE ON BACTERIA 2.5I 

ductivity of the suspension medium, K0(ohm-~.cm-~), the vglume concentration of 
the particles, G, and their radius, a. 

( K : - -  I ) -L G(K, 2) 
' 2 \Ko + 

~', = K0a (x) 

The second equation (Eqn. 2), due to STRFET 5, W&q derived after work on kaolinite 
particles had shown that Eqn. I gave unreliable results at low suspenslo:~ concen- 
trations. 

P 
K s  = ( F K  1 - -  Ko)-~-  (2) 

F, "the formation factor", depends upon the number and shape of particles present, 
P = I - -  G and S is the surface area of the particles in I ml of suspension. 

FRICKE e has calculated values of F for a nurnbei of different shaped particles. 
The value for a cylinder has not been calculated, but since F i,; a constant for a given 
shape and in the present work the bacteria are short cylinders then F was calculated 
assuming the particles to be spherical when: 

3 - - P  
F = - - - -  (3) 

2P 

Both Eqns. I and 2 ignore the contribution to the conductivity of the suspen- 
sion arising from the charge carried by the electrophoretically moving spheres, 
Kv-(ohm-l.em-1). This can be calculated 7 from: 

x + K a  
K~, = 2 D 2 ~ G / ( K a ) -  (4) 

where D is the bulk dielectric constant, ~ the E-potential, f(Ka) the HENRY factor*, 
K the reciprocal thickness of the electrical double laver* and ~1 the bulk ,,Sscosity. 

The surface conductance can also be calculated from the relationship: 

o L  

F ~ t  

where F is the Farad, , :  (e.s.u.-g-equiv-~), L the ionic conductance of the counterions 
m the double layer a,m ~ the charge density in the double layer. This total charge 
(a) is normall- divided into two parts, that in the diffuse or Gouy layer, aa, and that  
in the fixed or Stern layer, as  ( ref . . ) ,  and is calculated using the usual equations 
for these °: 

/ND.~T r _  i ~-*¢'.\ 

m ~  
o ,  = ( 7 )  .¥ + 

l + M"~c, exp X h2r 
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where c, and cj are the concentrations and z~ and zj the valencies of the cations and 
anions, r~pectively,  n8 the number of possible adsorption "sites" per cm z. e the 
electronic charge, N the Avogadro number, k the Bo!tzmann constant, 3I  the mole- 
cular weight of the solvent and ~ the specific chemical adsorption potential. In this 
work since n8 and ~[~ are unknown as  cannot be evaluated. The value of L to be used 
with aa is the limiting ionic conductance of the counterions (l+ for a negatiw s,,-fae~ 
while that  to be used in the Stern layer is open to some conjecture, bince tae oterh- 
layer charges are considered to be fixed the normal limiting ionic conductance cannot 
be used. In the present work and in others in the literature t° the actual surface 
conductance is much greater than that  c~Iculated from Eqn. 5 and would suggest 
that  the conductance in the Stern layer is much greater than that predicted even 
using l+. This may  be due to a Grotthuss type of conductivitv or even electrical 
conductivity similar to that  in metals ~9. STREET ~ obtained good agreement between 
the experimental value of surface conductance and that calculated us;ng Eqns 5 
and 6 without resource to Eqn. 7- The use of ~ instead of the actual potential at the 
boundary between the Stern and Gouv lavers can only be justified in the absence of 
any better  approximation to that  potent ia l  

~r-potentials were calculated from the mc, bilitv 

D~ 
-= - - - / (Ka)  (8) 

6.~,~ 

using the values of f(Ka) tabulated by HENRY 8. The c-potentials can be corrected 
for the surface conductance by the factor deduced by HENRYT: 

_ ~(Ko + Kda~ 
,~o~. fCo -/ (9) 

In work on the relationship between the ~-potential of particles and their surface 
,-;-arge it would be advantageous to have an independent method of evaluating this 
charge. The method ral~st be selective for the surface charge since it is likely that,  
particularly with biological cells, ionogenic groups would be present throughout the 
the depth. The determination of the charge-reversal-concentration by electrophoresis 
in the prese,ce of a large cation, e.g. hexol nitrate, might well lead to such an evalu- 
ation 10, although even with the hexol ion some diffusion and combination with 
internal gr, mps might take place. 

EXPERIMENTAL 

Aerobacter aerogenes (N.C.T.C 418) used throughout this work, was grown and 
harvested at -*4 h, and treated with El.  when necessa~', as described in tile previous 
paper n. Hexol nitrate was prepared from cobalt nitrate and ethylenediamine ~t and 
used as freshly pre-~ared :olutions. All suspensions for electrophores/s" or surface- 
conductance measurements  were prepared by  washing the cells at least three times 
in the required suspension medium.., Suspensions in hexol nitrate solution _made by 
mixing known omacentrations of cells in distilled water with hexol nitrate, were used 
as such. Barbiturate buffer solutions n and all salt ~lutior, s were made from ana- 
lytical-grade reagents dissoh'ed in glass-distilled ~ t e r .  l'he pH of these solutions 

Bt~g~ita. B/opkvs. Aaa. ¢,~, ( I~3)  z ~ z 6 ]  
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. O t l i t ' l  I~ was always > 5, i.e. on the plateau of the pH-mobi l i tv  curve n, unless . . . . . .  -~ 
s~ated. 

Bacterial counts were made in a haemucytometer  and size determinations by  
dire(~ measurement of indian-ink preparations at  8oo ~: magn~ca t ion  with a 
calibrated eye-piece graticule. 

Conductivity measurements were made in a bot t le - t )?e  conduct ivi ty  cell (cell 
constant o.1739- cm-X), with grey plat inum electrodes. The conductance of the cell 
was measured using a Wa~aae Kerr Universal Bridge (B~.2~) operating at a frequency 
of I~.n- ~vcles/see. Measurements at ", no. ° . -5. - ± 0.02 were recorded when a constant  
readi, was at tained;  the suspension ( I -  4- xo 9 cells/nil) was well shaken before taking 
a reading. 

R E S U L T S  

The dimensions of the cells, including the c~apsule, used throughout  were: length 
3.83. IO-* cm and radius 1.o25- IO -4 cm. The volume of a cell is thus 12.62. Io  -v'  cm 3 
and the surface area 3I.Z4" xo -8 cm * (calculated assuming the cell is a cylinder with 
flat ends). The size of the cells was unchanged by  chemical modification with EI ,  
microscopical examination showed that  the internal structure of the cell was dis- 
organized after suspension in dioxan, and also after EI- t rea tment .  

The s#~face conductance (Ks) 
The correction to the specific conduct ivi ty  of the suspension (K1) for the electro- 

phoretically moving particle (Kr) (Eqn. 4), < 6"I°--~ ° h m - a ' c m - 1  at high ionic 
strengths and < I . x o  -T o h m - l ' c m  -1 at low ionic strengths, was insignificant and 
was therefore ignored. 

(a) Normal cells. Measurements were made in barbi turate  buffer solutions and 
HCI ([ o.o5) in the pH range 1.5 to io. There is general agreement between the results 
(Fig. I) calculated using Eqns.x and z. The increase in K ,  with decrease in pH  is 
probably a measuie of the mobility of the hydrogen ion in the double layer. 

The conductivities of suspensions were determined at various ionic strengths 
of NaCI at pH  5.0 (Table I). Constant conductance readings could not be obtained at  
I < o.oor ; even after several washings and resuspensions in the solutions the con- 
ductance continued to rise for z4 h. This was at t r ibuted either to leaching out of 

, ! I 
. .  5 i 

i I i L 
2 4 6 8 10 

Fig. t. The ~a,-iafion of the ~ c o ~ i ~ : t i m ~  of a o m , d  cells o! iI. trol f fw~ with pH At I o.o5. 
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ions  f r o m  t h e  cells  o r  g r a d u a l  so lu t ion  of  m a c r o m o l e c u l a r  ma te r i a l .  S imi lar  effects  

h a v e  b e e n  r e p o r t e d  for  g lass  s p h e r e s  4 a n d  kao l in i t e  pa r t i c l e s  s. 

Tab le  I aga in  i l l u s t r a t e s  t h e  s i m i l a r i t y  b e t w e e n  va lues  of K ,  ca i cu la t ed  f rom t h e  

t w o  e q u a t i o n s .  A s  t h e  va lues  of / iSe w e r e  to  be tLsed l a t e r  for t h e  co r r ec t ion  of  ~-po- 

t e n t i a l s  i t  w a s  n e c e s s a r y  to  k n o w  t h e  va lue s  o f / f s  in  so lu t ions  of  I < o .ooI ,  t h e  

reg ion  inaccess ib le  t o  e x p e r i m e n t a l  m e a s u r e m e n t .  W h a t e v e r  t e c h n i q u e  ~o e,~v os ,  1 

for  e x t r a p o l a t i o n  t h e  v a l u e s  of K s  a t  I < o.~,32 o b t a i n e d  will d e p e n d  u p o n  t h e  m e t h o d  

tt, z~ci. O n l y  if t h e  e x p e r i m e n t a l  r e su l t s  o b e y e d  a k n o w n  p h y s i ca l  law could  a re l iable  

TABLE I 

THE VARIATION OF Ka  OF NORMAL CELLS IN NaCl SOLUTION XVITH IONIC STRENGTH (pH 5.ol 

K ,  × 1o 7 K I × 1:o: ct31slfa] , I:~ i 
(ohm ~ . c m 4 ;  (o4 ta -~ .cm- ' )  

h ~  x l oT (ohm 4;  

Egn. • Eq~.." 

O.OOI I 307 I 387 5000 O.161 O.1325 
0.OO2 2 6O 3 2 797 ~' -'50 O.311 O.260 
0-003 3 850 4 ool  3 25o 0.408 0.385 
0.004 5 085 5 ioi  z ooo o.341 o.413 
0.005 6 334 6 291 2 12o 0.285 o.3~ 4 
0.005 6 25~ 6 124 5 5 °o  0.242 °.302 
0.006 7 527 7 435 2 12o 0.233 0.323 
0.008 9 959 9 661 4 310 o.313 o.382 
o.o1 12 o2o I z 730 5 4 °0 0.532 0.553 
o.oi 12 304 12 229 2 810 0.528 0.672 
0.05 56 381 54 75 ° 4 600 2.31 1.96 
O.Io 107 160 tot  88o [I 250 4.76 4.86 
0.50 455 430 4~o 3~o 8 600 22.78 29.20 

TABLE II 

THE VARIATION OF IX'# OF E l - T R E A T E D  CELL.~ iN BARBITURATE BU[:~ER SOLt 'TION 
WITH IONIC STRENGTH AT p | ' ]  4 .2  AND IO. 3 

K o >¢ Io* K I  / ;'°7 ¢d l s /ml  × 1o e 
I (ohm- t . c rn  - t )  ' d i m  t . cm  t: 

K# ,~ lOT(Okra l) 

Eqn. ~ Eqt*,2 

pH 4.z 
O.OOI 1 4 0 8  4 8 4 b  3 .~OO - - O . I 0 8  3 ,3  o 
O.OO1 1 411, 3 138 I t~90 - - O . 1 0 2  3 . 3 8  

0.005 6 4o7 9 34,5 2 39(~ --o095 3.97 
0.0075 9 259 IO 730 2 ooo -- 2.3:'~o :c~5 
O.OI 12 i80 14 0o 4 2 380 -- 2.9~3 4.ot) 
0.025 290690 31 140 3 660 6.05 3'('3 
0.05 55 15o 56 3 ~  I 91o 7.40 5.51 
o.lo !oz 17o to 3 500 I 7~o 15.47 8.36 

pH no.3 
o.00! I 262 i 181 4 7 o0 o.178 o,o2oo 
0-005 5 2t3  5 to6 5 800 o.35t 0.0253 
0-0075 7 546 7 427 7 5 °0 o.45 t' o-o399 
o.ol 9 973 8 372 1o 000 1.75 0-0556 
0.025 a3 745 20 ~ g 500 4,t5 o . I28  
0-05 44 670 40 3oo 6 400 7.1o 0.233 
0.1o 82 860 8t  68o 5 4 ° 0  5 . ' °  4-33 

Biocl, m Bwplg's Aaa, 0¢.,{t963t 250-263 
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estimation of the behaviour of the line in the unknown region be made. On the basis 
of the results for the EI-treated ceils (see !ater) 4 possible extrapolations were drawn 
(Fig. 2, a-d); these are discussed later. Extrapolations b and c were deduced from 
the nearly linear plot of loglog I .against loglog Ks. 

(b) EI4mated cd:s. The surface conductance of these cells was measured in 
barbiturate buffer solutiors at  pH 4.2 ! o.2 and pH IO. 3 ~ o.I  of various ionic 
strengths. These pH values correspond to points on the plateaux of ihe pH-mobi l i ty  
curve of these ceils ~t. The mobility of the cells was constant at the value characteristic 
of EI-treated cells throughout measurentents. 

The result~ (Tab le  ii) indicate discrepancies, simi!ar to tb-ose observed by 
" • ~ Eqn. -" STREE'I "~, between the values of K ,  calculated from Eqns. 1 axial 2 ; the use u~ 

gives rise to some negative values of K,. 

0 

- 4 -3 -2 _ I .  

togl 
Fig. 2. The variat ion of the  surface conductance,  p lo t ted  as log /t', (calculated using Eqn.  2), 
of normal and EI - t rea ted  cells with ionic s t rength.  (D and • (different experiraents) ,  normal  cells 

a t  pH 5; A - - A .  E l - t r ea ted  cells a t  pH  4.2: Ak--Ak, E l - t r ea t ed  cells i t  pH  to. 3. 

The results of the variation of K ,  with I at both pH values calculated using 
Eqn. 2 are plotted in Fig. 2. The large difference between the surface conductances 
of EI-treated and normal cells at pH 4.2 was not due to tile disruption of the cells 
by prolonged treatment in dioxan. The surface conductance of cells after suspension 
in dioxan, when measured at pH 4.2, was the same as that  for normal cells. 

• The surface-conductance values u ~ d  in the remainder of the paper are those 

The mob~i~y a,d ~.4~ote~d 

~-potentials of the eell_s were calculnted from the measured mobility it using 
Eqn. 8. The values of D and t; used were 'hose of the bulk solutions, these only 
differ significantly from water at  high ionic stre,i~ths. 

(a) Nor ,  ud cd/s. The electrophoretic mobilities of celia, were determined in NaCI, 
Nat.SO s, sodium barbiturate buffer and BaCl t solutions. The mobility values (Fig. 3) 
are plotted as a function of the gegenion concentration (G) of the solution, i.a. the 
equivalent concentration of positive ions in the solution. The ~ of 
the curves for NaCI. NatSO . and sodium barbiturate buffer solutions demmm~ates 

B,~c~k~-,,. B,~,l~s. dd , .  66 OS6.S) ,.~,o-s63 
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the relative importance of the cation over that of the anion in determining the mo- 
b ~ t y .  The corresponding results in BaCI~ (Fig. 3) show that, ever: when charge and 
concentration are taken into account, the curve is significantly different from that 
for univalent ions. This is due to the higher specific adsorption potential (gh) cf 
these ions. 

Fig. 4 shows the variation of the £-potentiai of normal cells with i~,,dc ,, e , o th  
in NaCI solution at pH 5. 

(b) EI-a'~::M cdls. The variation of the ~-potential ,3f these cells in barbiturate 
buffer solutions of various it3nic strengths at pH 4.2 - o.z and pH "-o.3 ± o.I is 

!2.ol y 
• ~ ~ . c  
g 
. c  
n 

..... i 
I 

-~ -4- 6 
Loq 5 

Fig. 3. The variation of the mobi l i ty  of normal cells with gegenion concentration,  t; (:hole/It, 
in NaCI, Na2SO ~, sodium barbiturate and BaCI~ solutions. ~--- -':, NaCl: O- - e ,  sodium bar- 

biturate buffer; ,~.- 

ceh~ 

1 0  

O 

°2t~ 

",  Na2S()l; A - - - A ,  l;aCls solutions,  

/ 

5 
x 

>s 

o 

E 
0 
Z 

/ 
, p "  

i J 
I 

0 t / /  

2.0 4.0 6~0 8t.O 
B~cteria ~ r  ml , lO "a 

FiR. 5. ] 'he variation ~f the n,,;rmality of hexo! 
nitrate solution required for zero molfility. 
with bacterial ctmtentrat ior ,  fiL after ;.5 h: 

0 .  after 3o aec. 

Fill. 4- The v l t t ~ t i o a  of the  ~-potentiAi ~ath ~ n i c  strength of normal te l ls  in Nat't Iolution at 
pH 5. mid El*treated  cell-  m barh/tarat¢ butler eolutions at pH 4.2 and , u )  

B ~ k , . .  Bwptv~ Aaa. t,b ( i~$,  ay'~-a6 3 
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shown in Fig. 4. The range of ionic strengths used was more restricted than for 
normal cells because of the necessity for strict control of pH of the suspensions, 
i.e. on the plateaux of the pH-mobility curve It. 

Daefmination of the charge on normal cells u~.~ng hexol nitrate 

l~ne variation of the charge reversal-concentration 10 in hexol nitrate solutions 
with bacterial concentrat;,on on 3 separate samples is shown in Fig. 5. Bacteria 
suspended in o.oot N hexol nitrate ~lut ion flocculated and had a low positive 
mobility. When these ceils were washed three times and suspended in barbiturate 
solution (pH 7.0, I o.o5), however, they had the normal control mobility value in- 
dicating that hexol-complexing was completely reversible. 

8- x& bacteria per ml, which require 24.0. xo -5 N hexol nitrate for zero mobility, 
are equivalent to 24.O.lO ~ g-eqaiv of CO0 ~.. . . . . . . . . .  C . m h i n i n e , ,  this ,,,ith,, .. the surface 
area of the cells gives the surface-charge density as 2.78. IO 6 e.s.u./cm s. This value is 

10 high due to the dissociation of the hexol complex , the corrected value, 2.34" IOs e.s.u. 
. . . . . . . . .  ~:~,~a ~,,, Eqn. f~ from mobility per cm i is about IOO times greater man L l l a t  V I ~ U  . . . . . . .  . - - 

measurements in buffer st,lution pH 7.0, I 0.05, viz. 2.78. Jo 3 e.s.u./cm*. 
This large discrepancy was originally attributed to the penetration of the large 

hexol ions into the capsular layer. To test this the hexoI nitrate solution was mixed 
with the bacterial suspension and the mobility of the cells measured within 3 ° sec 
i.e. befo-e the hexol ions had time to penetrate to and complex with the underlying 
groups. The value obtained did not differ significantly from a control left for z.5 h 
(Fig. 5). This indicates that either diffusion is a very rapid process, w~ich is unlikely 
considering the large size of the cation and the pore size in tbe capsule, or that the 
calculated value of the surface charge (2.34" to 6 e.s.u./cm ~) is in fact correct' 

DISCUSSION 

The correction to the g-potential for surface conductance (Eqn. 9) has usually been 
ignored in the electrophoretic study of small particles. This is due to the lack of 
experimental data and also the fact that the :heoretical calculation of the surface 
conductance generally introduces a negligible correction t4. The observed values of 
the surface conductance of both normal and EI-treated cells of A. aer~er,~s are 
greater than those calculated from Eqn. 5 using values of o from Eqn. 6 ('table III). 
The values of 1+ or l_, the limiting ionic conductances, used are for the ions indicated 
and a correction was made for the electroosmotic effect ( +  3 8 ohm-l ' cmt ' equ iv  -1 
at 2,~ "° cot . . . . .  ,,'~:,'r) The g-potentials used in the calculation of the charge densities 
were obtai~..~ from Fig. 4 and the data of Fig. 3. 

If correction for the surface conductivity of the Stern layer was available this 
would increase the calculated value of K ,  The actual experiw.ental value is not only 
larger than that calcnlated in every case, L, at there is also a more marked increase 
in Km at higher ionic strengths than that predicted by the calculated values. At higher 
ionic strengths the ekperimental values of K,  for all surfaces tend towards a similar 
value, 3oo-8oo. zo-' ohm -l  (see also Fig. ~). T i ~  suggests that, ~t these ionic 
strengths, the major contribution to surface conductance comes from the large concen- 
tration o! ions to he found in the electrical double layer, which is then exceediniOy 
thin. In contrast, at low ionic strengths, the major contribu~.ion to suffice coat- 
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T A B L E  I I I  

S'ling O ] ~ E R V E ,  D A. '¢~ C,~,~*Ct. '~ATED V A L U E S  roF  T H E  S U R F A C E  ~ O N D L ' C T A N C E  

K s • r o ' f o ~ m - U  
Cells pH I I± lot .... 

O b s , . , ~ /  C a c t ~ , ¢ /  

Normal cells 1.5 o.o`5 H* 733 o 
7-o o.o`5 Na" 270 o.798 

~o.o 0.0.5 Na + 220 o.7q,q 

5.0 o .oo i  Na + t3.z 0.245 
y o  O.Ol Na + 55.3 o..571 
5.0 o.1o Na* 486 o.914 

E I - t r ea t : d  cells 4.2 0.001 H-  330 0.504 
4 . 2  O . O I  i t -  4 0 0  ! . 0 4  

4 . 2  O. IO  H "  83b 4 . 5 4  

1 0 .  3 ~. ~.o.1 ( - t -  7 . . 9 9  .".. O 3 ~,,~:. 

1 0 .  3 O.O1 C I -  .5..5(, O . 4 1 4  

lo. 3 o. lo CI ~33 0-797 

TABLE IX" 

"/'HE V A R I A T I O N  O F  T H E  ~ - P O T E N T I A L  O F  N O R M A L  C E L L S .  C O R R E C T E D  FOR ]x" s. 

W I T H  I "~'; . . . . .  S O L U T I O N  ( p [ i  .5.O1 

,7,-~-t. ;~;'~ 
l 0 C (mid 

(aJ (b; fc ~,,( 

0.oo001 -- I8.5 - z52 -- 120 
0 .00005 --22. 5 - i.59 -. 124 
o .ooo I --27, 4 -- 194 -- 127 
0 . 0 ° o 5  --34.3 - - to3  -- '~3-: 
o .oo i  --34-4 -- 70.8 -- h4,3 
0.00.5 -- 29.3 - -  45.7 
o .o ,  --26.2 --38.2 
0.0.5 - - t7 .7  - - ~  7 
O.1  - - 1 3 . 7  - -  I.~.{~ 

0 .  5 - -  7.',~ - -  I 2. 3 

I . O  - -  5 ~  - -  1o .  7 

. . . . . . . . . .  2 . . . . . . . . . . . . . .  

-- qz.~ --55.8 
-- 8c,.l --70.8 
- 1o4.! - 84.¢~ 
-- $4.4 -- 'q4.4 
-- 7 o o  - 7o., 'l 

ductance is probably provided by the ionogenic groups present .n  the st face, since 
t:,:~re will be few electrolyte ions present in the double laver. 

T h e  g - p o t e n t i a l s  c o r r e c t e d  for  K a  for  n o r m a l  ce l l s  iv. NaCl  s o l u t i o n s  a r e  g i v e n  

in  T a b l e  I V ;  t h e  v a l u e s  o f  Km in ~ l u t i o n s  o f  I < o .oox  u s e d  w e r e  o b t a i n e d  f r o m  t h e  

f o u r  e x t r a p o l a t i o n s  a--d  o f  F ig .  z. 

S i m i l a r  c a l c u l a t i o n s  w e r e  m a d e  fo r  t h e  E I - t r e a t e d  ce l l s  a t  p i t  4 .2 a n d  zo.3  

( ' f a b l e  V}. 
T h e  c o r r e c t i o n  k ' p  t o  l ( !  r e c a l c u l a t e d  u s i n g  t h e  n e w  v a l u e s  o f  ~ s t i l l  m a k e s  a n  

i n ~ m i f i c a n t  c o n t r i b u t i o n  fo r  a l l  t h e  s u r f a c e s  s t u d i ( d .  

W h i l e  t h e  s u r f a c e  c o n d u c t a n c e  v a r i e s  s i g n / f ~ ' a n t l y  v d t h  t h e  c h a n g e  in  p H  o f  

t h e  s u s p e n s i o n  (F ig .  z} t h e  s u r f a c e - c o n d u c t a n c e  c o r r e c t i o n  na_~ n o  ~ffect  o n  t h e  g e n e r a l  

shape M the  pH-g c u r v e  a t  l o .o3 a l t h o u g h  t h e  a b s o l u t e  v:-due of  ~ is  increa :~ :d  {e.g. 

a t  p H  ~I. 5,  t e e n .  == 7.6.  ~ ~ : i . t5 mV;  and  at p H  7. ~or . .  = ~3-4. {; = t6-7 mV).  

Bwc;Una. Bsopbys. Ard~. 60 (1¢o3~ z$o-~oj 
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T A B L E  V 

I'HE VARIATION OF THE ~-POTEN'~flAL OF El-TREATED CELLS, CORRECTED FOR ~ .  
WITH I ,  a~ p H  4.2 AND 10. 3 IN BARBITURATE BUFFER SOLUTIONS 

1 ,." (ml,') ¢eorr. (,ml.') 

259 

pH 4.2 
o o o i  -;- 17 .o  + 3 2 5  
0 . 0 0 5  - r -2 t . 6  + I t 9  
0 . 0 0 7 5  + 2 z . 8  ~- 9 3 . 0  
o . o I  + 2 0 . 6  + 75-!. 
0 . 0 2 5  + 19.1 + 44 .6  
0 . 0 5  + X 7 . 9  + 34-5 
O. IO + I 5 . 4  + 27 .9  

pH zo.3 
o.ool - 4 . 5  - 5.1 
0.005 - 6.6 - 7.0 
0.0075 - 13. 4 - 14.l 
o . o i  -I5,1 --15.7 
0.025 --14.6 --152 
0.0 5 --It .  5 --12. 3 
o.to - -  9.3 --- 13-9 

x..) 

The correction to the ~-potential for surface conductance is negligible for EI- 
treated cells at pH Io.3 in contrast to the large effect at pH 4.2 (Table V). The absence 
of any effect at  pH xo. 3 is of significance in the general elucidation of the origin of 
surface con.4_uctance, if  the charge on EI-treated cells at pH xo. 3 is due to adsorption 
of anions {i.e. non-ionogenic ~urface) as is believed n then a different situation to that  
encountered with an ionogen,.'c surface obtains. The experimental surface conductance, 
of the EI-treated cells at pH I~ .,, is much lower than that  of any other surface, even 
allowing for the high pH of the suspensions. This brings thevalue nearer the calculated 
value of K ,  and also accounts for the small correction to ~ (Kda L~ ~mall compared 
with Ko). This indicates that the abnormal Ka of normal and El- t reated cells at 
pH 4.2 is due, in part  at least, to tt:,, ionogenic groups on them surfaces. The large 
value of the correction to ~ at low ionic strengths further supports the h3q~othesis 
that  in this region it is the ionogenic groups, or some factor closely associated with 
them, on the surface which contribute the major part of Ks. 

The results obtained support the statement that  the maxi ,um in the [--concen- 
, tration curves can be accounted for by a surface-conductance orrection t, provided. 

however, that  the surface is ionogenic. The statement is incor :ct for non-ionogenic 
suriaces, i t  would have been most instructive to measure the value of Ks of DAM- 
treated cells -a where there is app'irently no adsorption and no ionogenic groups; 
unfortunately these suspensions were not stable enough to study. 

There is a gradual decrease of ceotr, for El- treated cells at pH 4 .~- as the ionic 
strength of the suspension increases (Table ",'L similar to that  obtained using the 
surface conductance Irom extrapolation {a) of Fig. a for the correction to ¢ of normal 
cells. This decrease can be explained by  postulating a direct adsorption of anions 
onto the positive groups of the El- treated cells and cations onto normal cells. The 
results for the El- treated cells at pH to. 3 can he explained in terms of the generally 
accepted theory. The maximum in the (-.ionic strength curve is interpreted in t e r m s  

I J i ~ m ,  B~t,Ays. Aaa. 66 ( t~3) a5o.-~3 
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of an increase in the surface-charge density as the ionic strenl~h increases, due to 
simple adsorption of ions, accompanied by a decrease in the thickness of the double 
layer; the latter is the more important factor in solutions of high ionic strength. 
If either of the extrapolations (b) or (c! of Fi 7. 2 are accepted as correct, then ~ tends 
to a constant value as the ionic strength decr~ tses. This could ag*Mn he explained on 
the basis of direct adsorption of cations onto the negative surface. One of *h, ~ "ra 
polations (a), (b) or (c) on the basis of these considerations would thus seem mo>t 
probable and this would allow a fairly comprehensive theor3: to be proposed. 

The ~-potential depends mainly on the following: 
(I) the adsorption of anions or cations from the solution onto the non-ionogenic 

areas of the surface or onto ion pairs formed from (2) ; 
(2) lhe neutralisation of the charge on the surface due to the ionogt.nic groups 

by  the association of these with ions of the opposite sign (gegenion association), as 
the ionic strength increases; 

(3) decrease "~n the thickness of the electrical double laver as the i6nic ~trength 
increases; 

(4) the alteration of the position of the shearing plane due to the changes of 
viscosity in the double layer associated with the increase in field strengths at high 
ionic strengths, i.e. thin double layer. 

The following evidence obtained using A, aerogen~s supports these ideas. When 
the carboxyl groups on the surface are esterified the mobility is zero and ivdependent 
of ionic strength ~1. Thus adsorption only occurs onto or in association with, the iun~ 
genic groups. Gegenion concentration is an important factor (Fig. 3) in the electrolyte 
solution. Ion adsorption, onto the uncharged smface or non4onogenic areas on the 
charged surface of A.  cwrogenes, is probably inhibited by the presence of a hydrated 
layer on the polysaccharide surface. This for;as a barrier to the adsorption of ions 
from solution unless they have a high specific adsorption energy. The non-ionogenic 
surfaces of some hydrocarbons ~5, ~6 possess a negative charge at neutral pH value~. 
These surfaces are not hydrated because of the absence of slightly polar bonds, e.g. 
hydroxyl m'oups, over the greater proportion of their surface onto ,,vhich the water 

4 

0 

Z 

0.5 i 1.0 

Pill. 6, The var~tiot~ ot surlace-charge dens/ty (~,) o! nermal celts CpH .~.ot with ionic strength 
lot v a f ~  malt i ; i t i i t ~ .  ~: ';--~. Na;.'i; O - - O .  NasaL),; &-- . -A,  BaC! s iolationl.  
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molecules may bu,d.  There is thus no hydrated layer to fo.,~n a harrier to the ad- 
sorption ot ions. 

The calculation of the surtace-charge density (g~) of no.anal and EI-treated 
cells of A. ~zrogenes can be made using Eqn. 6. The results of such calculations using 
~-potentials calculated from Eqn. 8 are summarized in Figs. 6 and 7 and Tables VI 
and VII. These charge densities are, of course, the algebraic sum of the surface 
charge and that in the Stern layer (ihside ~he shearing plane when using ~ instead 

- 2000 pH "10.3_._ [ 

,., - t000 

J 

g" 0 ~ ' o-3[ o.o~ o'o2s o!o_~ o.o7~ 

"o 

Fig. ~., . . . . . . . . .  Th, variation of s-zrface-charge de~,*v. (oa) of El-treated .:ells with ionic strength of barbi- 
tur,tte buffer solution at pH 4.2 and :o. 3. 

o! ~o). The charge density calculated for su~pensions in ~nl,~tinns containing the 
sodium ion a.~ the gegenion increase a.s the ionic strength increases while in BaCI: 
solutions it passes through a maximum (Fig. 6). The ,c~Mts are in complete accord 
with those of HAyDos 1: for E. coll. He explained the curves in terms of considerable 
non-ionogenic areas on the surface interspersed with a few negative groups. The 
sodium "salt curves are due to preferential desorption of the sodium ion leaving the 
an:an nearer the surface thereby increasing the net negative charge; surface i~nogenic 
g rou~  are unaffected. This process occurs for divalent ions, e.g. barium which also 
absorbs specifically onto the negative acidic groups. This theory adequately explains 
all the results except those for the :ero-mobility DAM-treated cells~L 

Charge-delmity curves have beei, , t e d  in the past as a means of differentiating 
sudaces where i o n - a d s m ~ o n  plays a significant or major part ,  from those where 
ionized groups predominate. Ideally the charge density of an ionogenic surface should 
decrease as the ionic strength increases due to specific adsorption at  the ionized 
Stoups, thus reducing the apparent surface charge. The ~urfact--chaxge density for 
a non-ionogenic surface should immea~ due to ion adu~ptmn or desocption or 
remain constant at  zero (of. DAM-treated cells n) if this does not occur. T h i n  a corn- 

B i o ~ .  B~phys. Ad~. 66 (t963| z5o-~6~ 
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T A B L E  v I  

T H E  V A R I A T I O N  O F  TH~ ~ L ' R F A C E - C H A R G L  z D E N S I T Y  (fiG) O F  N O R M A L  C E L L S  IN  

- ~ a C l  S O L U T I O N S  [qEFOF:E  A N D  A F T E R  C O R R E C T I N G  T H E  ~ - P O T E N T I A L S  F O R  S U R F A C E  C O N D U C T A N C E  

1 ~ fe . z . l ,  

wvxoFr~ct~a cort~'tcd for K m 

o . o o o o l  - 5 8  

0 . 0 o 0 0 5  - -  i 2 7  
0 . 0 0 0 I  - -  2 1 2  

O . O O o  5 - -  5 ( ~  

o . o o I  - -  8 0 4  

0 . 0 0 5  - - 1 5 o  3 

o . o i  - -  1 8 7 7  

0 . 0 5  -2780  
0 . I o  - - 3 0 0 0  

0 . 5 O  - -  3 7 1 o  

I . O O  - - 3 8 3 0  

- - 7 5 4  ° - -  6 4 6  3 2 4  - -  I 4 7  
- -  2 7 6 0  - -  1 2 5 0  - -  ¢ )8o  - -  4 5 9  

- -  7 7 1 o  - -  z o O ~  - -  1 3 o o  - -  8 7 3  

- -  2 8 ( o  - -  2 3 4 0  - -  I 9 0 O  - -  z g O o  

- - 2 5 3 0  - - I 7 8 0  - - 2 0 7 0  - - 2 0 4 0  

- -  2 5 . ' 0  

- -  2 S 7 o  

- ~ 7 0 o  

- 4 1 z o  

- ~ ' 4 o  

- -  7 3 8 0  

T A B L E  V I I  

T H E  V A R I A T I O N  O F  T H H  S U R F A C E - C H A R G E  D E N S I T ! "  {OG'} O F  E I - T R I ~ A T E D  CEL:. .~ ;N  

B A R B I T L ' K A T F .  B U F F E R  S O L U g I O N S .  A T  pH 4 , 2  :~ND IO .  3 ,  B E F O R E  A N D  A F T E R  

C O R R E C T I N G  T H E  ~ - P O T E N T I A L S  F O R  S U R F A C E  C O N D U C T A N C E  

a G ~':.s.u.;C~a '2 

I p H  4 ~  pH zo.3 

Umcorrected Corrected Umcor,ecltd Cc, rvected 

o . o o l  + 375  + 3  v ' o o o  --  98 .1  -- I I I  
0 . 0 0 5  - t - i o S o  ~ 1 2 6 o 0  3*-9 -" 339  
0 . 0 0 7 5  + I 3 3  o + 9 0 o 0  --  8 0 4  --  845  
O . O i  - ~ - i 4 5 0  ~ 7 2 5 o  - -  ;G.~O - -  i 0 ~  

0 . 0 2 5  + 2 1 2 o  + 5460 --i~0o --1o7o 
0 . 0 5  + 2 6 7 5  ~- 5 7 ~a -- )7 go -- 1 9 o o  
o , 1 o  .-338o - r  O l loO - - 2 0 2 0  - -  2c ( f f )  

p r o m i ~  may  exist as HAYDON indicated for E. coli. T h e  results for DAM-treated 
cells, indicating that no ion a&~)rption occurs on the A. aerogenes surface, are in 
accord with the conclt~sion of DOt'GLAS ASD SHAW m that ionogenic and non-ionogenic 
surfaces are not necessarily differentiated in this manner. 

Valaes of georr, from Tables IX' and V were also used for the calculation of the 
surface-charge density from Eqn. 6 (Tables VI and VIII. The values for EI-treated 
cells at pH xo.3 ,(Table VII) further indicate the resemblance oi this surface to a 
non-ionogenic surface with simple iota adsorption giving rise to the charge. The cor- 
rected charge densities for El-treated cells at pH 4.2 (Table VII) completely alter 
the shape of the charge density-ionic strength curve. They show that if the surface- 
conductance correctior, i~ applied the suriace charge density now decreases with 
increase in ionic strength at least t,p to I o.o5. The increase above this ionic strength 
nfight be. attributed to adsorption of cations onto the dipoles formed by gegenion 
association. 

The results for normal cells are less conclusive (T~ble VI) since nnly surface- 
conductance values from h~3~otheticai extr~.,polations are availabio. All the cxtra- 

Bio¢;~im. B~opJy;. Acre, 66 ( t~$)  z~o, x6) 
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polations except (a) give rise to the normal variation of aa  with ionic stre~qgth. 
Extrapolat ion (a)~ the one most like the curve for EI- t rea ted  ceils at  p H  4.z (F~g. 2), 
gives rise to  an increase in charge densit v ' a t  low ionic strengths, although not com- 
parable • ~ t h  tha t  for EI- t rea ted  cells a~ pH 4.z. I t  is probable ,h~.~t, d~te to  the in- 
accuracy of the surface-conductance determination (at least =k xo %), the EI- t rea ted  
cells have been overcorrected, and normal cells under-corrected since results are not 
available in the most critical region. 

These preliminary observations on the effect "Of surface conductance on the 
~:-potential and surface-charge density of biological surfaces emphasise the need for 
further measurements (the subject of current investigations), and caution in the 
interpretation of existing data. Surface conductance plays a more important  role in 
electrokinetic measurements than was previously, imagined, particularly at  low ionic 
strength. The major  proportion of the observed surface conductance appears to  
arise in the Stern layer or the region inside the shearing plane since the calculated 
value of Ks even using aa  correcte~ for Ks (Eqn. 5J is still much lower than the ob- 
served value. ~he charge on the organism obtained from measurements with hexol 
nitrate and DAM n m a y  not be altogether ii~correct as a measure of purely surface 
cha, gc. The values 2.x5" xo ~ and z.34" xo ~ e.s.u./cm ~, respectively, agree exceptionally 
well and compare well with the charge densities obtained after surface-conductance 
correction, e.g. 3.x6.xo ~ e.s.u./cm s for El- t rea ted  cells at  I o.ooz. The latter value 
of the charge density means that  one charged group would occupy an area of x5.z A ~, 
on ti~e surface. Since the area of a caxboxyl group is approx. ~o A s, for surface- 
charge densities of this order to be possible successive layers of charge must  con- 
tribute to electroki~etic measurements as suggested by HAYI~O~ TM. The action of some 
of the compounds used for specific chemical modifications confirm this n. 
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