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The electro-osmotic velocity is the velocity of a fluid near an interface produced by an electric field parallel 
to a surface. The velocity adjacent to fixed phospholipid bilayer membranes was measured by observing the 
velocity of small vesicles suspended in the fluid. The charge densities of the bHayers ranged from 0 to 1 
electronic charge per lipid and experiments were performed at temperatures above and below the transition 
temperature of the phospholipid bilayer in I, I0 and I00 mM NaCI solutions. The Helmholtz-Smoluchowski 
equation correctly predicted the electro-osmotic velocity from the known value of zeta potential of the 
phospholipid bilayer. 

Introduction 

The  impos i t ion  of an electric field para l le l  to 
the surface of  a muscle  cell m e m b r a n e  redis t r ib-  
u tes  macromolecules  on the m e m b r a n e  [1,2] and  it 
has  been  suggested that  e lectro-osmosis ,  the field- 
induced  movemen t  of  f luid adjacent  to a surface 
[3], p lays  a role in this red is t r ibu t ion  [4]. Earl ier  
work  showed that  the e lec t ro-osmot ic  veloci ty ad- 
j a cen t  to m a n y  surfaces can be descr ibed  b y  the 
He lmhol tz -Smoluchowsk i  equat ion  [5,6]. W e  in- 
ves t iga ted  whether  this equa t ion  can descr ibe  elec- 
t ro -osmot ic  flow ad jacent  to a phospho l ip id  bi- 
layer ,  an i m p o r t a n t  componen t  of all b iological  
membranes .  

The  inner  surface of  a cyl indr ical  glass mi- 
c roe lec t rophores is  tube was coa ted  with a thin 
layer  of l ipids.  U p o n  add i t i on  of  an aqueous  solu- 
t ion,  the l ipids  ad jacen t  to the water  should as- 
sume a b i layer  conf igurat ion.  Elec t ro-osmot ic  fluid 
f low ad jacent  tO the b i layer  was p roduced  by  

Abbreviations: DMPC, L-a-dimyristoylphosphatidylcholine; 
DMPG, L-a-dimyristoylphosphatidylglycerol: Mops, 3-(N- 
morpholino)propanesulfonic acid. 
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app ly ing  an electr ic field a long the axis of  the 
tube.  The veloci ty of  the fluid at  var ious  dis tances  
f rom the surface of  the tube was es t imated  by  
observing the veloci ty  of  small  vesicles of  known 
elect rokinet ic  mobi l i ty .  The  fluid veloci ty ad jacent  
to the interface,  the e lec t ro-osmot ic  velocity,  was 
ob t a ined  by  ex t rapo la t ion  *. 

Strictly speaking, the electro-osmotic fluid velocity at a dis- 
tance x from the membrane surface, v(x), is zero both at the 
surface x = 0, and at the hydrodynamic plane of shear, which 
is about 2 ,~ from the surface of a phospholipid bilayer [14]. 
v(x) increases monotonically with x across the diffuse dou- 
ble layer and is predicted to be proportional to the difference 
between the zeta potential, the electrostatic potential at the 
hydrodynamic plane of shear, and the electrostatic potential 
at x [6]. Thus, v(x) is more than 90% of its maximum value 
when x is larger than a few Debye lengths. As the Debye 
lengths in the 0.1, 0.01, and 0.001 M NaCI solutions used in 
these experiments are about 10, 30 and 100 ~k, respectively, 
and the vesicles cannot approach closer than a few microns 
to the surface, the fall in the electro-osmotic velocity within 
the diffuse double layer immediately adjacent to the surface 
is ignored. 



Materials and Methods 

L- a -  Dimyristoylphosphatidylcholine (DMPC) 
and L-a-dimyristoylphosphatidylglycerol (DMPG)  
were obtained from Avanti (Birmingham, AL), 
3-(N-morphol ino)propanesulfonic  acid (Mops) 
from P-L Biochemicals (Milwaukee, WI), NaC1 
from Fisher (Fairlawn, N J), EDTA from Baker 
(Phillipsburg, N J) and spectrophotometric grade 
CHCI 3 from Aldrich (Milwaukee, WI). All solu- 
tions were prepared using 18 Mf~-cm water ob- 
tained from a Super QTM System, Millipore Cor- 
poration (Bedford, MA). The concentrations of 
the NaC1 solutions were verified by measuring the 
conductivity at 20°C. The N 2 used for drying the 
lipid was of the O2-free grade (99.99% pure) ob- 
tained from Linde (Union Carbide Corp., NY). 
The electrophoresis apparatus was obtained from 
Rank Bros. (Cambridge, U.K.) and is based on the 
design of Bangham et al. [7]. 

The inner surface of a cylindrical electrophore- 
sis tube was coated with the zwitterionic lipid 
DMPC, the anionic lipid D M P G  or mixtures of 
these two lipids. DMPC and D M P G  were chosen 
because they have the same transition temperature 
(23°C) and, therefore, do not undergo phase sep- 
aration [8,9] and because they are less susceptible 
to oxidation than lipids with unsaturated hydro- 
carbon chains. The capillary portion of the electro- 
phoresis tube ( 2 m m  inside diameter, 150 mm 
length) was filled with 0.5 ml of a 3 m g / m l  solu- 
tion of the lipids in CHC13. A gentle stream of N 2 
was passed through the tube and the excess CHCI 3 
solution that flowed into the electrode chamber 
was removed with a syringe. N 2 was passed through 
the chamber for an additional 2h:  during this 
period the chamber was maintained at 30°C. For 
most experiments the chamber was cooled to 20°C 
and the appropriate aqueous solution was added 
to the tube. Both D M P G  and DMPC are in the gel 
state at this temperature. The thickness of the lipid 
coat .was negligible ( <  30 #m) in comparison to 
the radius of the tube (1000 #m). 

We initially at tempted to use multilamellar 
vesicles formed from the zwitterionic lipid DMPC 
to measure the fluid velocity. However, we ob- 
served that the mobility of these vesicles changed 
with time when they were placed in a tube coated 
with DMPG. We concluded that the initially neu- 

tral DMPC vesicles had become contaminated in 
some way with the anionic D M P G  molecules *. 
For this reason we estimated the fluid velocity by 
measuring the mobility of multilamellar vesicles 
formed from the same lipid mixture as was used to 
coat the tube. Chloroform solutions of DMPC and 
D M P G  were combined to yield a mixture (3 mg 
l ip id /ml  chloroform) with the required composi- 
tion. A fraction of this mixture (0.5 ml) was used 
to coat the tube and the remainder was used to 
form multilamellar vesicles by the method of 
Bangham et al. [10]. The solution containing the 
vesicles was placed in the lipid-coated tube and a 
potential difference was applied. The mobilities of 
the vesicles were determined at 8-10 points vary- 
ing in distance from 25 to 1000 /zm from the 
lipid-coated surface of the tube. 

The electrokinetic mobility of vesicles from the 
same preparation was measured at the stationary 
layer of an uncoated electrophoresis cell in a sep- 
arate experiment. The zeta potential of the vesicles, 
~', the electrostatic potential at the hydrodynamic 
plane of shear, was determined from the observed 
values of the electrokinetic mobility, u, using the 
Helmholtz-Smoluchowski equation: 

~ =  u~/ (1) 
¢O~r 

where % is the dielectric constant of the medium, 
c 0, is the permittivity of free space and 71 is the 
viscosity of the medium [ 11-13]. EDTA was added 
to the solutions containing vesicles prepared at low 
NaC1 concentrations (1 and 10 mM)  to remove 
any divalent cation contaminants; EDTA did not 
produce any significant change in the zeta poten- 
tial of these vesicles. 

When DMPC multilameUar vesicles that had been in a 
DMPG-coated tube for 45 min were transferred to an un- 
coated tube their zeta potential was -35 mV, which corre- 
sponds to a DMPG content of over 20% [ 14]. However, when 
DMPC multilamellar vesicles were dialyzed against DMPG 
multilamellar vesicles for 6 h at 20°C the electrokinetic mo- 
bilities of both sets of vesicles remained unchanged, i.e. no 
transfer of lipid occurred across the dialysis membrane. 
Thus, it seems unlikely that the acquisition of DMPG mole- 
cules by DMPC vesicles occurs by a solubility-diffusion 
transfer of monomers through the aqueous phase [26]. When 
vesicles were formed from the same lipid mixture used to 
coat the tube, their mobilities did not change with time. 



Results 

The observed mobility of DMPC vesicles was 
zero at all distances from the surface of a tube 
coated with this lipid (Fig. 1). That is, as predicted 
theoretically, there was no electro-osmotic flow 
when the tube was coated with the zwitterionic 
lipid. Electro-osmotic flow was observed when the 
tube was coated with the anionic lipid DMPG 
(Fig. 1). At any distance x from the surface of the 
tube the observed velocity of a vesicle, v(x), is the 
sum of the fluid velocity, vf(x),  and the electro- 
kinetic velocity V~k: 

V(X) = Vek + vf(x)  (2) 

The fluid velocity can be described by Eqn. 3: 

2 2 v,(x)=V¢o[2(a--x ) /a --1] (3) 

where v~o is the electro-osmotic velocity, the fluid 
velocity adjacent to the wall, and a is the radius of 
the tube [3]. The mobility of the vesicles, their 
observed velocity divided by the electric field 
strength, has been plotted as a function of the 
distance from the surface of the tube in Fig. 1. It is 
apparent that the observed mobility of DMPG 
vesicles is zero, within experimental error, at the 
surface of a tube coated with the same lipid. 
Similar results were obtained with DMPC: DMPG 
mixtures in 0.1 M NaCI. The results of experi- 
ments performed at different salt concentrations in 
tubes coated with a 10:1 D M P C / D M P G  mixture 
are illustrated in Fig. 2. It is apparent that the 
observed velocities of these vesicles are also ap- 
proximately zero at the surface. Note, from Eqn. 2, 
that if the observed velocity of the vesicles at the 
surface of the tube, v(0), is zero, then the fluid 
velocity at the surface, vf(0), must be equal in 
magnitude and opposite in direction to the electro- 
kinetic velocity of the vesicles, Vek, i.e., v f (0)= 
--V~k. The fluid velocity at the surface, vf(0), is by 
definition, the electro-osmotic velocity, %0 (Eqn. 3). 
Thus, our experiments confirm the theoretical pre- 
diction that V~o = -%k.  

The data described above were analyzed 
quantitatively. The electro-osmotic velocity was 
determined from each experiment by a least 
squares best fit of the data to Eqns. 2 and 3, 
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Fig. I. The observed mobility of DMPC(O) and DMPG(A) 
vesicles plotted as a function of the distance from the surface of 
the tube coated with the same lipid. The vesicles were prepared 
in 0. I M NaCl buffered with 0.01 M Mops to pH 7.4. Both 
experiments were performed at 20°C. The vertical bars have 
lengths equal to twice the standard deviations for the DMPG 
measurements and the circles have diameters equal to or greater 
than twice the standard deviations for the DMPC measure- 
ments. 

treating both V~o and V~k as variables (Table I, 
column4). The electro-osmotic velocity was also 
calculated from Eqn. 1 using the value of zeta 
potential, which was determined in a separate 
experiment. These values are listed in Column 5 of 
Table I. The agreement is considered satisfactory, 
in view of the uncertainty about the uniformity of 
the lipid coat, which was always thinner than 30 
pm. 

It was also possible to obtain stable liquid coats 
above the phase transition temperature, where the 
lipids are in the lipid crystalline rather than in the 
gel state. We determined electro-osmotic velocities 
in tubes coated with either DMPC or DMPG as 
well as 10: 1 and 2.5 : 1 mixtures of the two lipids 
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Fig. 2. The observed mobility of DMPC/DMPG(10:  1) vesicles 
as a function of the distance from the surface of the tube 
coated with the same lipid mixture, at 20°C. Vesicles were 
prepared in 0.1 M(rq), 0.01 M(O) and 0.001 M(O ) NaCI solu- 
tions buffered with Mops to a pH of 7.4. The vertical bars 
represent twice the standard deviations. 
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at 30°C. The particle velocity vs. distance plots 
obtained at 30°C were similar to those at 20°C. 
The calculated electro-osmotic velocity agrees, 

within experimental limits, with the observed val- 
ues (Table I). 

Discussion 

The electrokinetic velocity of an insulating par- 
ticle and the electro-osmotic velocity of the fluid 
adjacent to a fixed surface formed from the same 
material as the particle are predicted theoretically 
to be identical in magnitude if the radius of curva- 
ture of the particle is large compared with the 
thickness of the diffuse double layer; this predict- 
ion has been confirmed for several systems [5,6]. 
Our experimental observations extend this conclu- 
sion to phospholipid bilayers. As the electrokinetic 
mobility of a phospholipid bilayer vesicle can be 
predicted from the Gouy-Chapman-Stern theory 
[14-16], the electro-osmotic flow adjacent to a 
phospholipid bilayer can also be predicted from 
the Gouy-Chapman-Stern theory of the diffuse 
double layer. 

Can our conclusions about electro-osmotic flow 
adjacent to fipid bilayers be extrapolated to bio- 
logical membranes? We consider this question to 
be important because endogenous electric fields 
are present in some biological systems and the 
possible effect of both endogenous and exogenous 
electric fields on growth and regulation is a matter 
of current interest [17-22]. We anticipate that the 
Helmholtz-Smoluchowski equation can describe 

TABLE I 

Temp. [NaCI] Lipid composition 
(°C) (M) D M P C / D P M G  

Electro-osmotic velocity 
(field strength = 3.33 V/cm) 

Observed 
(~m/s) 

Calculated 
( ~ m/ s )  

20 0.1 0 :1 --10.5 
2.5: I --7.8 
4 : I --7.0 
5 :1 --6.3 

10 : 1 --4.0 
I :0 --0.2 

30 0,1 0 : 1 -- 15.0 
2.5:1 --11.5 

10 : I --5.5 
I :0 0 

20 0.01 10 : 1 -- 10.4 
20 0.001 10 :1 --18.9 

--11.9±0.6 
--9.2±0.4 

--7.6+0.3 
--6.7±0.4 
--4,3±0.5 
--0,3+0.1 

13,7±1.1 
-10 .0±0 .6  

5.4±0.4 
0.1~0.1 

--12.6+0.6 
--22.0+2.6 



both the electrokinetic mobility of a cell that is 
free in solution and the electro-osmotic fluid veloc- 
ity adjacent to the surface of a cell that is immobi- 
lized [23], but that the Gouy-Chapman-Stern the- 
ory can only describe the relationship between 
charge density and zeta potential if the charges are 
located in the plane of the membrane. In the 
erythrocyte, for example, many of the negative 
charges on the extracellular surface of the mem- 
brane are on sialic acid residues [24], which are 
probably located more than a Debye length (about 
10A in a physiological solution) from the lipid 
bilayer surface of the membrane. Thus, the as- 
sumption that the charges are located in the plane 
of the membrane, which is implicit in the Gouy- 
Chapman theory, may not be valid for most bio- 
logical membranes. Additional theoretical treat- 
ments are required to describe the relationship 
between the charge density and the electrostatic 
potential [25] and additional measurements are 
required on well defined systems to investigate the 
relationship between these two parameters when 
the charges are not located at the interface. Such 
experimental measurements are in progress in this 
laboratory. 

References 

1 Poo, M.-m. and Robinson, K.R. (1977) Nature 265,602-605 
2 0 r i d a ,  N. and Poo, M.-m. (1978) Nature 275, 31-35 
3 Overbeek, J.T.G. (1952) in Colloid Science (Kruyt, H.R., 

ed.), vol. I, pp. 194-244, Elsevier, New York 
4 McLaughlin, S.G.A. and Poo, M.-m. (1981) Biophys. J. 34, 

85-93 
4 Abramson, H.A. (1936) J. Gen. Physiol. 16, I-3 
6 Dukhin, S.S. and Derjaguin, B.V. (1974) in Surface and 

Colloid Science (Matijevic, E., ed.), vol. 7, pp. 49-272, John 
Wiley and Sons, New York 

7 Bangham, A.D., Flemans, R., Heard, D.H. and Seaman, 
G.V.F. (1958) Nature 182, 642-644 

8 Findlay, E.J. and Barton, P.G. (1978) Biochemistry 12, 
2400-2405 

9 Van Dijck, P.W.M., Ververgaert, P.H.J.T., Verkleij, A.J., 
Van Deenen, L.L.M. and De Gier, J. (1975) Biochim. 
Biophys. Acta 406, 465-478 

10 Bangham, A.D., Hill, M.W. and Miller, N.G.A. (1974) 
Methods Membrane Biol. I, 1-68 

11 O'Brien, R.W. and White, L.R. (1978) J. Chem. SOc. Fara- 
day Trans. II 74, 1607-1626 

12 Dukhin, S.S. and Derjaguin, B.V. (1974) in Surface and 
Colloid Science (Matijevic, E., ed.), vol. 7, pp. 52-75, John 
Wiley and Sons, New York 

13 Aveyard, R. and Haydon, D.A. (1973) An Introduction to 
the Principles of Surface Chemistry, Cambridge University 
Press, London 

14 Eisenberg, M., Gresalfi, T., Riccio, T. and McLaughlin, S. 
(1979) Biochemistry 218, 5213-5223 

15 Lau, A., McLaughlin, A. and McLaughlin, S. (1981) Bio- 
chim. Biophys. Acta 645, 279-292 

16 McLaughlin, S., Mulrine, N., Gresalfi, T., Vaio, G., and 
McLaughlin, A. (1981) J. Gen. Physiol. 77, 445-473 

17 Jaffe, L.F. (1979) in Membrane Transduction Mechanisms 
(Cone, R.A. and Dowling, J.E., eds.), pp. 199-231, Raven 
Press, New York 

18 Jaffe, L.F. and Nuccitelli, R. (1977) Annu. Rev. Biophys. 
Bioeng, 6, 445-476 

19 Poo, M.-m. ( 1981 ) Annu. Rev. Biophys. Bioeng., 10, 245-276 
20 Betz, W.J., Caldwell, J.H., Ribchester, R.R., Robinson, 

K.R. and Stump, R.F. (1980) Nature 287, 235-237 
21 Sowers, A.E. and Hackenbrock, C,R. (1981) Biophys. J. 33, 

193a 
22 Woodruff, R.I. and Teller, W.H. (1980) Nature 286, 84-86 
23 Fike, R.F. and Van Oss, C.J. (1978) in Biomolecular Struc- 

ture and Function (Agris, P.F., Loeplipky, R.N. and Sykes, 
B.D., eds.), pp. 147-150, Academic Press, New York 

24 Eylar, E.H., Madoff, M.A., Brody, O.V. and Oncley, J.L. 
(1962) J. Biol. Chem. 237, 1992-2000 

25 Brooks, D.E., Levine, S., Levine, M. and Sharp, K. (1981) 
Biophys. J. 33, 175a 

26 Cohen, J.A. and Moronne, M.M. (1976) J. Supramol. Struct. 
5, 409-416 


