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Effect of pH on the Interfacial Tension of Lipid Bilayer Membrane

Aneta D. Petelska and Zbigniew A. FigaszewskKi
Laboratory of Interfacial Electrochemistry, Faculty of Chemistry, University of Warsaw, 02-093 Warsaw, Poland

ABSTRACT The dependence of the interfacial tension of a lipid bilayer on the pH of the aqueous solution has been studied.
A theoretical equation is derived to describe this dependence. Interfacial tension measurements of an egg phosphatidylcho-
line bilayer were carried out. The experimental results agreed with those derived from the theoretical equation obtained close
to the isoelectric point within a range of three pH units. A maximum corresponding to the isoelectric point appears both in
the theoretical equation and in the experimental data.

INTRODUCTION

Natural cell membranes have been studied by numerous o)
techniques including physicochemical ones. An important [
property of a cell membrane is its interfacial tension, whichGO— P—OH
determines its rigidity and, as a result, affects its stability. | +)
A cell membrane is a very complex system, and it con- O—CH,CH,N (CH,)4
tains various structural components that can influence its
interfacial tension. Therefore, it is easier to study the effect (La)
of various factors; e.g., pH of the medium using atrtificial o
phospholipid bilayer model membranes. The properties of I
the artificial membrane should be well known and generally . GO—P—OO) I
similar to the properties of the membranes of living cells. h |
Lipid monolayers, lipid bilayers, collodion, cellophane, O—CHZCHZ(KI)(CH3)3
milipore, ion-exchanger, or other membranes have been
used as artificial membranes (Przestalski, 1983), but the (Ly)
interfacial tension of a cell membrane is best measured by
means of a bilayer lipid model membrane. O
The specific purpose of this work is to investigate the [
influence of pH on the interfacial tension of a bilayer GO—P—0"" + HOH
formed from egg phosphatydylcholine (PC). Our general (+)
research goal is to understand the physicochemical proper- ~ O—CH,CH,N (CHy)s
ties of lipid bilayer, including interfacial tension, in its L
dependence on the membrane—solution interface (Liu et al., (v (2)
1994). o -
The PC molecule is an electrically neutral, but zwitteri- I
onic lipid that can be in equilibrium with Has well as with —|Go—P—0") + HY
OH™ ions. When hydrogen ions are in excess, equilibria 1 | “
and 2 are shifted to the left, which means that PC catigns L [O—CH,CH,N (CH,)5]OH")
dominate in the solution. However, in basic solutions, the
equilibria 1 and 2 are moved to the right and the solution is (Lg)
dominated by | anions.

(1)

In the above equilibria, G is the doubly acylated by glycerol
group (Stace, 1965; Morison and Boyd, 1985).

THEORY
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B* + OH™ < BOH, (4) Taking advantage of the electrochemical potential of the
hydrogen and hydroxide ions, we have
HOH& HT + OH™. (5) _
wa = - + RTInay: + Fo, (16)
It results from equilibria 4 and 5 that
Mor- = mdy + RTIN agy- — Fo. 17)

B* + HOH< BOH + H'. (6)
The results are the following equations:
The dissociation constants of the lipid membrane are pre-

sented as the equations, dwy+ = RTdIn ay. + Fde, (18)
‘- an- - ay- - duoy- = RTdIn agy- — Fde. (19)
T aw Substituting Egs. 18 and 19 to 15 yields
aBOH . aH‘r d'y = _FH+RTdIn aHf - ].—‘OHfRTdIn aOHf
Kb = T (8)
— (T — Tow )Fde. (20)

Letus assume that Hand OH" ions_ are ads_o_rbgd on the The ionic product of water is
phospholipid surface. The adsorption equilibria are de-

scribed by the equations, Ky = ay: *aoy-- (22)
A +H" & AH, (9) Hence,
+ - Kw
B" + OH < BOH. (10) Aoy = " (22)

The lipid is present in the membrane only. Therefore, the

volume or surface concentration of the lipid is equal to its Inagy- = InK,, —Inay.. (23)
amount related to the solution volume or to the membrane;_lence'

surface area. These concentrations, and the concentrations

of hydrogen or hydroxyl ions, determine the acid—base dinagy- = —dInay-. (24)

constants according to the relationships, It follows from Egs. 20 and 24 that

Kl — aAH — FAH , (ll) d'y = _(FH+ - FOH—)RTdm a.H+ - (FH+ - FOHf)Fd(P.
aAf ¢ aH+ FA’ ¢ aH+ (25)
- Beon Teon 12) It follows from Egs. 8 and 21 that
 agtaon  lgeraon Kp _ 3oH (26)
The concentrations of the dissociated and nondissociated Ky 8" 80

form concentrations of the lipid appear in the same powerherefore,
(one) in the above equations.
Let us write the Gibbs equation, Kp =Kz Ky. (27)
_ e The second term of Eq. 25 was neglected because the
dy = -2 I'dp;. (13) electric potential of the solution is assumed to be unchanged.

In the case where the adsorbed molecules are electrically Let us write Egs. 25, 11, and 12 in the form,

charged, the molar free energy of charged components _ _

depends on the internal potential of the considered phase. dy = ~(an = TeowRTdIN &y, (28)
Therefore, the chemical potentials in Eq. 13 should be Fpy =Ko Ta--ay, (29)
replaced by electrochemical potentials. The Gibbs equation

assumes the form, Fonw =Ky T agy- (30)

dy— -3 I'd The surface concentration of the lipid is denotedshyhe
Y= Kk - (14) following equations can be written depending on the form

If the H* and OH ions are adsorbed, then the above©f EQS- 3 or 6 of the acid-base equilibria:

equation assumes the form, Tay +Ta =5, (31)
d'y = _FH"dI-_lfH* - FOH’dI-_LOH" (15) FBOH + FB* =S (32)
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Equations 31 and 32 can be considered as independebaplace’s equation (Adamson, 1960),
because they are connected by the water self-ionization
equilibrium, which has not been considered in the deduction 2y = RAp.
of the equation system.
Equations 28—-32 will form an equation system, and the
I'any Ta-y I'gows @andI'g+ values will be eliminated. Measurements

We therefore have .
The apparatus and the measurement method were described

Ka ay+ in a previous paper (Petelska and Figaszewski, 1998). The
v _SRTIn[(aw i 1><Kb+ 1)] +const.  (33) lipid membranes were formed by the Mueller—Rudin
method (Mueller et al., 1963). They were formed in a Teflon
It follows from Eq. 33 that maximum interfacial tension diaphragm of 1.5-mm outer diameter containing an orifice

occurs at along its axis. An electrolyte solution was present on both
sides of the orifice.
Ay = KKp. (34) The convexity of the spherical cap was measured by

+

Taking into account condition 34 and Eq. 33, we obtain themeans -Of a microsgope with an objective equipped With a
. . . ’ , scale with 0.1-mm-interval scale marks. Therefore, the in-
d_e_pendence of the interfacial tension on hydrogen ion aC%trument readings of the lipid spherical cap were made with
tivity, from 0.05-mm precision. The convexity of the lipid membrane of
the spherical cap, together with the Teflon element diameter
Y= Yax + ZSRTIn( \f;: + 1) corresponding to the lipid spherical cap diameter, yielded
b the radius of curvature. The measurement of the spherical
K a. cap was difficult because the spherical cap is hardly visible.
—sRTIn[( S 1)(K + 1) While using yellow light its visibility gets better.
Eh b The interfacial tension was measured on freshly created
Here, K, and K, = acid and base equilibrium constants, egg PC bilqyer membrane 12-15 times for each pH elec-
respectively:s [mol/m? = lipid surface concentratiorR trolytle solution. F'or. each m.embrane, gbout 10 instrument
[J/mol - K] = the gas constant [K] = medium tempera- readings qf the lipid spherlcal cap.dlameter, formed by
ture; y [mN/m] = interfacial tension of the lipid membrane: pressure difference applied on both sides, were made. These
Yenax [IMN/M] = maximal interfacial tension value of the measurements were made in the whole range, from the very
lipid membrane: and’ [mol/m?| = the surface concentra- low values of the lipid spherical cap dh_':lmeter to those
tion of adsorbed ions. almost equal to the Teflon element radius. From all of
Equation 35 presents the dependence of the interfacidiStrument readings (100-150) the arithmetic mean and
tension of the lipid membrane on pH of electrolyte solution.Standard deviation were enumerated, marked in Figs. 1 and
Dependence 35 is an equation of a straight line thaf- Measurements Wlth preparation of the electr_o_lyte solution
makes it possible to easily assign the maximal interfacialVeré made 2-3 times to test the repeatability of these
tension value of the lipid membrane,,, and the lipid detéerminations. .
surface concentratiors, The solution used to form the model membrane contained
20 mg/ml of egg PC im-decane. The PC was dissolved in
Y = Ymax + S (@) (36)  chloroform to prevent oxidation; the solvent was evaporated
in an atmosphere of argon, and the residue was dissolved in
A n-decane, which had been additionally purified by distilla-
flay:) = 2RTIn( \E + 1) tion, yieldinge = 1.991 (293.15 K). The pH of electrolyte
(37)  was carefully controlled during the measurements.
Ka ay Lipid bilayer membranes in the form of liposomes were
—RTIn{( + l)(Kb +1 also used for these measurements. These can be formed
because most phospholipids undergo spontaneous aggrega-
tion in water or in aqueous electrolyte solutions if shaken or
EXPERIMENT subjected to ultrasound. Bubbles of spherical or cylindrical
Methods shape, having sizes ranging from less than Qi to a
fraction of millimeter, are then formed (Jahnson et al., 1971;
The interfacial tensiony, of the lipid bilayer was deter- Zietkiewicz and Stomski, 1984) as follows (Lasic, 1995): 10
mined by measuring the curvature radiisof the convex mg lecithin (99%, Fluka) was dissolved in 1-2 ml chloro-
surface formed by applying a pressure differerge,on its  form, and the solvent was evaporated in the atmosphere of
sides. The method used was based on Young’s andrgon until 25-50um?® lipid film remained in the beaker.
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FIGURE 1 The dependence of the interfa-
cial tension of a lipid membrane formed
from PC of the pH of the electrolyte solution.
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Fifteen milliliters of an aqueous solution of 0.9% NaCl was Materials

then added, and the beaker was placed in a water bath at

~280.15 K. The head of a UD-20 ultrasound generator waggg PC (99%) from Fluka was used in the experiment; it
then immersed in the solution, and the solution was subhad the following fatty acids composition: 16:0 33%,
jected to ultrasounds five times for 1.5 min each time.18:0 ~ 4%, 18:1~ 30%, 18:2~ 14%, 20:4~ 4%.
Liposomes of 10—20-nm diameters were obtained (Huang, Buffers of 2—12 pH ranges were prepared according to
1963). Britton and Robinson (Engineers Handbook, 1974) and
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used as the electrolyte. They were prepared by adding 0.2 M The acid—base equilibria 1 and 2, written in an abbrevi-
sodium hydroxide to a 100-ml solution having the following ated form, yield
composition: 0.04 M acetic acid (80%, POCh), 0.04 M .
phosphoric acid (POCh), and 0.04 M boric acid (POCh). A Lae by +H, (38)
suitable pH of the buffer was established depending on the Ly& Lg + H, (39)
amount of added sodium hydroxide.

where L, = the acidic form of PC; | = the basic form of

PC; and ly, = the neutral form of PC.

RESULTS The dissociation constants of the membrane are presented
The dependence of the interfacial tension of a lipid memby equations

brane formed from egg PC on the pH of the electrolyte [LJH']

solution is illustrated in Fig. 1. The maximal interfacial K.o=—+F 5", (40)
tension of the PC membrane was found to be 3.53 mN/m at [Lal

pH = 4.15, in good agreement with the value given in [LellH']

Coster and Simons (1968). The interfacial tension of lipid Ky = (42)

bilayers has been determined before (Chiu et al., 1995; [Lxd

Roux, 1996; Jahnig, 1996; Feller and Pastor, 1996). ReThey were determined by titration of the previously ob-

ported values ranged from 0.2 to 6.0 mN/m (Tien, 1974;tained liposomes with hydrochloric acid and with sodium

Tieleman, 1996). The interfacial tension of lipid bilayers hydroxide. A 736GP Titrino apparatus (Metrohm, Switzer-

was also determined by measuring the energy of the memand) was used in the titration. The acid—base equilibrium

brane formation. Depending on the electrolyte compositionconstants ar@K, = 2.581 andpK, = 5.687.

the reported value was 34 0.6 mN/m (Coster and Simons, ~ Having determined the dissociation constants of the

1968). membrane, we can calculate its isoelectric point. The iso-
The experimental values are marked in Fig. 1 by pointselectric point of an ampholyte like PC is the pH of its

and the theoretical ones obtained from Eq. 35 by lines. Isolution, meeting the relationship

can be seen from this figure that the theoretical and the

experimental interfacial tension values of the lecithin mem- [Lal=[Le]. (42)

brane agree in the pH ranges 2.5-5.8 but they diverge in thgpstitution of the concentrations resulting from Egs. 40

2.0-2.5 and 5.8-12 pH ranges. The deviations from theq 41 to Eq. 42 yields (Greenstein and Winitz, 1961;
theoretical curve may be caused by the interaction of the P@obczyk and Kisza, 1982)

membrane with the solution components other thanadd

OH™. The electrolyte contained orthophosphoric acid, boric [H'] = \/m. (43)
acid, and sodium hydroxide. The interaction with those

electrolyte solution components was not taken into accoun-{hus’

in Eg. 35; perhaps other ions like phosphate, acetate, or pK, + pKy

borate are adsorbed at the PC membrane in addition to the PHisoet = —% (44)

H* and OH  ions.

The change in the pH of the solution induces changes in Equation 35 describes the dependence of the interfacial
electrical charge of the membrane due to the variations itension of PC membrane on the pH of an electrolyte solu-
acid—base equilibrium of the groups present in the lipidtion. It allows one to determine the maximal interfacial
molecule. At a certain pH value, the number of positive andension value,y,,., at pH = 4.15 and the PC surface
negative groups is equal. The membrane then attains itsoncentrations.
isoelectric point in which the total electric charge density is The dependence resulting from Eq. 35 is presented in Fig.
zero. It is thus worthwhile to check whether the maximum2 in the coordinate systemy versusf(ay+) in which it
interfacial tension of the egg PC bilayer appears at theshould be a straight line. Equation 35 was plotted in the pH
isoelectric point of the membrane. The isoelectric point of arange 2.5-5.8 because the theoretical interfacial tension
lipid membrane can be determined if the acid—base equivalues of the PC bilayer agree then with the experimental
librium constants are known. However, it was difficult to ones. The PC surface concentratigramounting to 1.96<
determine their magnitudes because PC is insoluble in wak0 © mol/m?, was calculated from the slope of the line. The
ter. For this reason, it was necessary to use liposomes ime determines they,,,, value equal to 3.53 mN/m on the
determine these values. It was accepted in the calculatiorebscissa; both values were determined by the least square
that only the PC molecules present in the outer layer omethod.
liposome took part in acid—base equilibrium. Thus, the PC The surface area occupied by a PC molecule could be
concentrations used in the equations were half of that introdetermined from the determined surface concentration, and
duced into the solution. was 85 K. The surface occupied by an egg PC molecule,
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depends on the way the phospholipid is prepared, becauseos, P., and R. A. Demel. 1969. The interaction energies of cholesterol
this affects the Iength of the fatty acids chains and degree of and lecithin in spread mixed monolayers at the air-water interface.

unsaturation. Therefore, the values of the literature ran Blochim. Blophys. Actel83:447-457.
' v gEasic, D. D. 1995. Liposomes: from Physics to Application. Elsevier

between 57 A and 96 X (300$ and Demel, 1969; Jain, science B.V., Amsterdam, The Netherlands. 63-100.
1972; Smondyrev and Berkowitz, 1999). Liu, H., R. Z. Lu, J. G. Turcotte, and R. H. Notter. 1994. Dynamic

interfacial properties of surface-excess films of phospholipids and phos-
phonolipid analogs. 1. Effects of pHl. Colloid Interface Scil67:
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the isoelectric point of PC bilayer. Mueller, P., D. O. Rudin, H. T. Tien, and W. C. Wescott. 1963. Methods

for the formation of single bimolecular lipid membranes in agueous
solution.J. Phys. Chem67:534-535.
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