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Summary 

1. The effect  of  two series of hydrophilic and hydrophobic  polymers on the 
stability, conductivity and permeabili ty towards water and leucine of black 
lipid membranes and liposomes is reported.  

2. The changes in properties of these membrane preparations is related to 
bulk phase viscosity and dielectric measurements together with monolayer  
studies. 

3. The hydrophobic  polymers dramatically increase membrane stability, had 
no effect  on conductivity,  bu t  increased the permeability coefficient of leucine. 

4. The hydrophilic polymers produced minor, but  significant changes to 
membrane properties. 

5. It is concluded that  not  only basic polymers but  also neutral and acidic 
macromolecules can interact strongly with lipid membranes.  

Introduction 

Many workers have incorporated synthetic macromolecules into lipid bilayer 
membranes in an a t tempt  to mimic protein interactions that  occur in biologi- 
cal membranes.  Most of these studies have utilized basic polypeptides [1--3].  
Such experiments have been useful in gaining an understanding as to how basic 
membrane proteins can interact with membrane lipids, for example, myelin pro- 
tein A1 [4]. However,  a large number  of  membrane proteins, possibly the 
majori ty,  are not  strongly basic [5--8].  Consequently,  we decided to study the 
interaction of neutral and negatively charged polymers with lipid bilayers. Poly- 
glutamic acid and polyleucine have little effect  on membranes containing neu- 
tral or negatively charged lipids and in an a t tempt  to s tudy macromolecules 

* Subsequent to the c o m p l e t i o n  of  the bi layer lipid membrane  por t ion  of this work, C.R. Dawson was 
tragically killed on December 26, 1975. The death of this y o u n g  man is a great loss to his scientific 
col leagues .  
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with properties intermediate between those of polyglutamate and polyleucine, 
two series of amide-rich copolymers were synthesized. The hydrophilic series 
(AP) consisted of copolymers of acrylic acid and vinylpyrrolidone and the 
hydrophobic series (LP) were copolymers of laurylmethacrylate and vinylpyr- 
rolidone. This paper reports the properties of phosphatidylcholine/cholesterol 
membranes which contain these macromolecules. 

Materials and Methods 

Cholesterol (British Drug Houses) was recrystallized twice from ethanol and 
stored under N2. n-Decane (British Drug Houses) was dried and purified on an 
alumina column. Tris (Sigma) and NaC1 (British Drug Houses) were Analar 
grade. Triply distilled mercury (Johnson-Matthey, London) was used as sup- 
plied. Sodium [32P]phosphate (5 Ci/mol), n-[1-'4C]decane (3 Ci/mol) and 
[26-14C]cholesterol (58 Ci/mol) were purchased from The Radiochemical 
Centre, Amersham. Egg yolk phosphatidylcholine was extracted from eggs (free 
range Rhode Island Red) according to a modification of the methods developed 
by Dawson [9] and Wren [10]. All extraction stages and chromatography steps 
were performed at room temperature and under N2. Silicic acid, Mallinkrodt 
SilicAR CC-4 special (Camlab, Cambridge) was used in the final chromatog- 
raphy step. The phosphatidylcholine was homogeneous to thin-layer chroma- 
tography [ 11 ]. Analysis of the methyl esters formed subsequent to the alkaline 
hydrolysis of phosphatidylcholine gave the following acyl composition: palmi- 
tate, 37%; stearate, 11%; oleate, 37% and linoleate, 15%, yielding an average 
molecular weight of 781. 

Preparation of samples for scintillation counting. A 10 ml portion of scintil- 
lator consiting of 0.2% (w/v) 2,5-bis-5'-tert-butylbenzoxyazol-2-ylthiophen in Tri- 
ton/ toluene (1 : 2, by vol.)was added to various quantities of aqueous and chlo- 
roform extracts. The counts of radioactivity were corrected for quenching by 
internal standards. Efficiency of radioactivity counting was 3H, 52%; 14C, 70%; 
32p, 37% and in the presence of chloroform (80 ~1), 14C, 67%; 32p, 30%. 

Preparation of [32P]phosphatidylcholine. Although various synthetic [32p]_ 
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phosphatidylcholine preparations are available, it was decided to label the egg 
yolk phosphatidylcholine preparation that  was used routinely in our laboratory. 
A chicken was given an interperitoneal injection with sodium ortho[32P]phos- 
phate (0.5 ml, 0.5 mCi, 5 Ci/mol). The phosphatidylcholine from eggs laid 
between the 2nd and 7th days were extracted as described above. After purifi- 
cation on an alumina column the activity of crude lipid was 0.2 ~Ci/mg. After 
further purification on a silica column, all 32p activity was associated with phos- 
phatidylcholine, as judged by thin-layer chromatography. The 32p-labelled 
phosphatidylcholine was stored in chloroform under N2 at 258 K. 

Preparation and analysis of polymers. The hydrophobic polymer series (LP) 
consists of copolymers of lauryl methacrylate and vinylpyrrolidone and was 
synthesized by the method of Bauer et al. [12]. The composition of the LP 
series was determined by 1H NMR. 

The hydrophilic polymer series (AP) consist of copolymers of acrylic acid 
and vinylpyrrolidone and were synthesized by free radical initiation, using 
H202. Quantitative analysis of the monomer  incorporation into the hydrophilic 
copolymers was achieved by non-aqueous titration, using dimethylsulphoxide 
[13]. Iodination of the polymers was achieved via covalently attached p-anisi- 
dine moieties [14]. 

Viscosity measurements were made using an Ubbelholde No. 3 viscometer. 
Dielectric constant measurements were made using a Wayne Kerr Universal 

bridge B221 in conjunction with a permittivity cell (D121). 
Apparatus for black lipid membranes. All permeability studies were per- 

formed with vertical membranes and, by necessity, the composition studies 
required horizontal membranes. In order to use the same Teflon aperture sup- 
port in both studies, a system was designed such that  the same support would 
fit into both sets of apparatus (Figs. I and 2). Teflon pieces and O-rings were 
cleaned overnight in a soxlet apparatus containing chloroform. Perspex sections 
were cleaned in haemosol and then washed copiously with water. Throughout 
this study NaC1 (150 mM) buffered to pH 7.4 by Tris • HC1 (10 raM) was used 
as the bathing solution. Solutions of lipids in decane were applied to prepainted 
apertures via a 10 pl Hamilton syringe, according to the method Bunce and 
Hider [15]. The hydrophobic polymers (LP) were added directly to the nor- 
mal, decane brush mixtures but all the hydrophilic polymers were found to be 
insoluble in decane. Consequently a search for alternate solvents was made as 
briefly described in Results. 

Ag/AgC1 electrodes were used for electrical measurements. The electrical 
resistance of the membranes was measured by a mV meter (C 10 Meter, WPA 
Saffron Walden, England), the output  being continuously recorded on a servo- 
scribe chart recorder. Capacitance measurements were made with a Wayne Kerr 
bridge (Type B221) operating at a fixed frequency of 1.5 kHz. A variable low 
capacitor was also included in the circuit to protect the membrane from rapid 
voltage changes when the bridge was switched between ranges. For estimates of 
membrane thickness the method described by White and Thompson [16] was 
adopted. The membranes were photographed using transmitted light and the 
areas estimated by projection onto graph paper. The standard deviation of the 
measurement of  the areas was less than 2% of the area adopting this technique. 

Permeability studies utilized a two-chamber system in which a continuous 
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Fig.  1 .  A p p a r a t u s  for  the  s t u d y  o f  vert ica l  b l a c k  l ipid m e m b r a n e s  i l lustrat ing the  relat ive  p o s i t i o n s  o f  the  
stirrer m a g n e t s ,  i n f l o w  and  o u t f l o w  p ipes  w i t h  r e s p e c t  to  the  l ipid m e m b r a n e .  The  d i a m e t e r s  o f  the  i n f l o w  
a n d  o u t f l o w  p ipes  o f  c h a m b e r  B ( p e r s p e x )  were  1 a n d  3 ram,  r e s p e c t i v e l y .  T h e  t h i c k n e s s  o f  the  s u p p o r t ,  

u n l e s s  o t h e r w i s e  s ta t ed ,  w a s  2 m m  and  o n e  side w a s  d i m p l e d  s u c h  that  the  t h i c k n e s s  in the  v ic in i ty  o f  the  
aper ture  was  1 ram.  T h e  aper ture  d i a m e t e r  w a s  1 ram.  In b o t h  s y s t e m s  the  cel ls  w e r e  separated  f r o m  the  
centra l  T e f l o n  aper ture  s u p p o r t  b y  s i l i c o n e - r u b b e r  O-rings and b o l t e d  t o g e t h e r  b y  brass bo l t s .  T h e  c a p a c i t y  
o f  the  c h a m b e r s  A and  B w e r e  b o t h  8 m l  and  the  c lear ing  t i m e  of  the  rear c o m p a r t m e n t  is s u c h  that  80% 
of  a 3 H 2 0  pulse  w a s  c leared  f r o m  the  ce l l  w i t h i n  1 0  m i n .  

f low of  buffer was maintained in one chamber (Fig. 1). Chamber A (Teflon) was 
attached to an optically flat perspex window which permitted viewing of  the 
membrane by a microscope (35--70 ×). The membrane was viewed either by 
reflected or transmitted light. A drop-forming spoon, as originally reported by 
Petkau and Chelack [17] was placed at the end of  a gravity-fed perfusion 
system, the perfusate being collected in a fraction collector. Both chambers con- 
tained Teflon-covered magnets driven at 60 rev./min [18].  The cell and perfus- 
ing system were placed in a constant temperature air cabinet (310 K). At the 
start of permeability studies, subsequent to the membrane becoming black and 
when the stirrers and perfusion were operating, radioactive isotopes (high activ- 
ity 2 pl) were added to chamber A. The permeability of membranes was moni- 
tored continuously at a steady state. A membrane potential of  40 mV was uti- 
lized for these studies and the capacitance was monitored in order to establish 
the absence of myelin formations (see Results) and other abnormal behavior. A 
typical profile of  the rate appearance of 3H20 in the perfusate is illustrated in 
Fig. 3. Permeability measurements were only utilized from membranes which 
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Fig .  2. (a) A p p a r a t u s  for  the  s t udy  of  h o r i z o n t a l  b l a c k  l ipid m e m b r a n e s .  The  a p e r t u r e  was  s u p p o r t e d  

over  a smal l  glass b e a k e r ,  w h i c h  c o n t a i n e d  c h l o r o f o r m  (80 pl)  and  was  t o p p e d  up  w i t h  b a t h i n g  f luid.  The  

en t i r e  a s s e m b l y  was  p l aced  in a glass cell w h i c h  was  m a i n t a i n e d  a t  310  K by  c i r cu la t ing  w a t e r  f r o m  a con-  

s t an t  t e m p e r a t u r e  b a t h .  T h e  glass cell was  p laced  on  the  base  of  the  m i c r o s c o p e ,  w h i c h  was  used  for  

o b s e r v a t i o n  of  the  m e m b r a n e  f r o m  above .  Each  m e r c u r y  d rop ,  t o g e t h e r  w i t h  i ts  m e m b r a n e  c oa t i ng  was 
co l lec ted  in  a glass b e a k e r ,  w h i c h  was  s u b s e q u e n t l y  r e m o v e d  us ing  fo r ceps ,  a f t e r  the  b a t h i n g  so lu t ion  had  
b e e n  s i p h o n e d  off .  The  b e a k e r  was  i m m e d i a t e l y  d e p o s i t e d  in  a sc in t i l l a t ion  vial. (b)  R e c o r d  of  the  po t en -  

t ial  d i f f e r e n c e  across  h o r i z o n t a l  m e m b r a n e  ( V m )  d u r i n g  the  passage  of  a m e r c u r y  d rop .  The  b i l aye r  was  

n o t  b r o k e n ,  b u t  V m d r o p p e d  to ze ro  fo r  a sho r t  t i m e  p e r i o d  as  the  m e r c u r y  d r o p  ac tua l ly  passed  t h r o u g h  
the  b i l ayer .  T h e  t race  is no i sy  as these  e x p e r i m e n t s  were  c o n d u c t e d  w i t h o u t  an e f f e c t i v e  F a r a d a y  cage. 

survived, in a steady-state condition, for longer than 45 min. 
Composition studies also utilized a two-chamber system (Fig. 2a}. The bath- 

ing solutions were electrically insulated from one another, thus enabling the 
measurements of membrane capacitance and resistance. The entire system was 
filled with bathing fluid by siphoning and the solution was allowed to stand for 
10 min before applying lipid solution to the aperture. A 1 ~1 syringe contain- 
ing mercury was held by a micromanipulator (Prior Instruments, England) and 
positioned approx. 2 mm above the bilayer and 50 ° to the vertical, with the aid 
of  the microscope. 

As the mercury passed through the membrane, interference patterns were 
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Fig. 3. Profile of  the  rate o f  a p p e a r a n c e  of 3 H 2 0  in pe r fusa te  f r o m  c h a m b e r  B, w h e n  the  two  c h a m b e r s  
are sepa ra ted  by  a Te f lon  disc suppor t i ng  a phosphatidylcholine/cholesterol/decane m e m b r a n e  (area  0.57 
m m 2 ) .  C o n c e n t r a t i o n  of  3 H 2 0  in c h a m b e r  A was 28.6 • 103 c p m / m l .  

often seen and the area of the bilayer decreased as material was withdrawn 
from the torus. Further drops were not  passed through the same membrane 
until a time period sufficient to give a stable membrane resistance (5 min) had 
elapsed. When mercury drops pass through a membrane, the potential differ- 
ence approaches zero but then rapidly recovers to its original value (Fig. 2b). 
The capacitance/area measurements and membrane resistance before and after 
such experiments were found to be constant. No isotopes were detected in 
chloroform when mercury was dropped through the teflon aperture, after 
membranes (containing radioisotopes) had been made and deliberately broken. 
The mass of each mercury drop used in composition studies was approx. 0.6 
mg. By counting a known quanti ty of a radioactive sample under standardized 
conditions, it was possible to convert the disintergrations per min into the num- 
ber of molecules present in the sample. 

Liposomes. Partially sonicated liposomes were subjected to osmotic shock 
and the rate of subsequent swelling in the presence of leucine was measured by 
changes in the intensity of scattered light at 450 nm [19]. The initial rate of 
shrinkage which is related to the permeability of liposomes towards water was 
monitored using a stopped-flow technique. Hydrophobic polymers were added 
to the chloroform solution of  lipids, before lips©me formation. Hydrophilic 
polymers were added to the aqueous buffer (100 pg/ml} used to form the 
lip©some preparation. 

Monolayers. Monolayers were formed on a teflon Langmuir-Adams trough 
[20]. Limiting areas per molecule and per polymer segment were estimated by 
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extrapolating the upper linear port ions of the force area curves [21].  Hydro- 
phobic polymers were added to the system in hexane solution and the hydro- 
philic polymers were added in aqueous solution to the monolayer  subphase 
forming a final concentrat ion of 100 ~g/ml. All experiments were performed 
at 310 K. 

Results 

Properties of membranes prepared from egg yolk phosphatidylcholine and 
cholesterol 

As previously reported by Bunce and Hider [15],  the ratio of phosphatidyl- 
choline/cholesterol  was found to be approximately  equimolar at 37°C, and there 
was little evidence for the existence of microlenses. A similar observation con- 
cerning microlenses in phosphatidylcholine membranes has been made by 
White and Thompson [16].  

The electrical properties of horizontal  and vertical membranes were indistin- 
guishable. Values of capacitance/area of 3.4 _+_ 0.4 nF /mm 2 for horizontal  and 
3.6 +_ 0.4 nF /mm 2 for vertical membranes were obtained. These values were 
usually constant  throughout  the lifetime of the membranes.  By assuming the 
dielectric constant  of the hydrocarbon  port ion of the membrane to be 2.0 at 
310 K [22],  the membrane thickness was calculated as 5.1 _+ 0.5 nm. Values of 
the membrane resistance were not  so constant,  falling in the range of 0.2 • 109_ 
4.0 • 109 ~ nm 2, for  both  membrane preparations. This range of values agrees 
well with other  workers using egg yolk  phosphatidylcholine,  cholesterol, 
decane mixtures [23,24].  With some of the vertical membranes the capacitance 
rapidly increased after approx.  60 rain, whereas the resistance remained rela- 
tively constant.  This type  of behavior has been reported previously for phos- 
phatidylcholine/n-decane membranes [25],  the authors suggesting that  a mye- 
lin type  growth process was occurring. 

The permeabili ty coefficient  of  water for the basic phosphatidylcholine/  
cholesterol membrane system was estimated as 0.68 +_ 0.24 pm/s (mean ~ S.D. 
of  four  independent  determinations).  This value is lower than that  reported by 
other  workers using 3H20 , for instance Cass and Finkelstein [26] report  a value 
of 8 pm/s, Huang and Thompson [27],  a value of 4.4 pm/s and Hanai et al. 
[28] a value of 2.3 t~m/s. Cass and Finkelstein [26] demonstrated that  addi- 
tional resistance to 3H:O movement  is introduced as the aperture thickness is 
increased. In the apparatus shown in Fig. 1, it was estimated that  an unstirred 
layer of approx.  1 mm thickness is present. By correcting for this layer [26] 
the water permeabili ty coefficient  of the bilayer becomes 0.9 t~m/s. The thick- 
ness of the unstirred layer was determined directly by measuring the 3H20 flux 
through the aperture in the absence of a membrane.  The resulting PH20 of 
6 gm/s corresponds to an unstirred layer of 0.5 nm. A possible explanation for 
the lower water permeabili ty reported in this paper as compared with those 
repor ted by other  workers [26--28] is the use of a continuous flow system, it 
would appear that  the difference cannot  be accounted for by the presence of 
unstirred layers. 

The effect  of membrane potential  on the permeability coefficient of water 
was found not  to vary significantly over the range 0--150 inV. 
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Due to the relatively small area of black lipid membrane preparations, the 
continuous flow system is only suitable for measuring the permeability of small 
molecules, e.g. aliphatic alcohols and amides. The permeability coefficient of 
ethanol, for instance, was determined as 0.23 ~m/s, and that of L-leucine was 
approx. 10-2 ~m/s, the limit of the system. 

Properties of membranes containing hydrophobic polymers 
The hydrophobic polymer (LP l l ) ,  a copolymer of laurylmethacrylate and 

vinylpyrrolidone (mol ratio 4 : 1, mol. wt. 30 000) was readily incorporated 
into decane brush mixtures. Black lipid membranes were found to form easily 
from such mixtures containing phosphat idylchol ine/cholesterol /LPll  (2 : 1 : 1, 
by wt). The electrical resistance and capacitance values of the resulting mem- 
branes fell into the same range as those lacking the polymer. Composition 
studies with ~2SI-labelled L P l l  using the horizontal membrane system demon- 
strated that  the phosphatidylcholine to polymer weight ratio in the bilayers 
was approx. 5 " 2 (Table I). 

A study of the viscosity of decane solution of L P l l  at 310 K demonstrated 
a large increase in viscosity at polymer concentrations, demonstrated to exist in 
black lipid membrane preparations (Fig. 4). An intrinsic viscosity of 9 ml/g was 
determined for LP11 (Fig. 4b) the shape of the curve indicating the presence of 
a random coil structure. The related copolymers of stearylmethacrylate and 
vinylpyrrolidone have also been demonstrated to exist in a random coil confi- 
guration in the bulk phase [29]. 

The dielectric constant of these solutions was not much larger than that  of 
decane, a concentrated solution (decane /LPl l  ( 5 : 2 ,  by wt.)) possessing a 

T A B L E  I 

T H E  E X T E N T  O F  I N C O R P O R A T I O N  O F  1 2 5 I - L A B E L L E D  P O L Y M E R S  IN B L A C K  L I P I D  MEM-  

B R A N E S  

M e r c u r y  d r o p s  were  p a s s e d  t h r o u g h  h o r i z o n t a l  m e m b r a n e s  a n d  t h e  m e m b r a n e  p o r t i o n  t r a p p e d  o n  t h e  sur-  

face  o f  t h e  d r o p  was  c o u n t e d  in  a g a m m a  c o u n t e r .  T h e  n u m b e r  o f  p o l y m e r  m o l e c u l e s  t r a p p e d  by  each  

d r o p  was  c a l c u l a t e d  f r o m  t h e  spec i f i c  r a d i o a c t i v i t y  o f  t h e  p o l y m e r s .  T h e  m e a n  n u m b e r  o f  p h o s p h a t i d y l -  
c h o l i n e  m o l e c u l e s  t r a p p e d  o n  a m e r c u r y  d r o p  in  t h e  p r e s e n c e  a n d  a b s e n c e  o f  L P I I  was  5 ± 3 - 1015  

( m e a n  o f  10 ± S .D. ) .  

H y d r o p h o b i c  p o l y m e r  L P I I  H y d r o p h i l i c  p o l y m e r  A P I I  

c o u n t s /  N u m b e r  N u m b e r  c o u n t s /  N u m b e r  

10  r a in  o f  o f  p o l y m e r  10  r a in  o f  

m e r c u r y  m o l e c u l e s /  m e r c u r y  

d r o p s  d r o p  d r o p s  

N u m b e r  

o f  p o l y m e r  
m o l e c u l e s /  

d r o p  

S p e c i f i c  a c t i v i t y  o f  p o l y m e r  59 8 0 0  - -  

( 1 0 0  t tg)  

B r u s h  m i x t u r e  ( 1 0  #1) 14 9 0 0  - -  

B a t h i n g  s o l u t i o n  ( 1 0  ttl)  1 .4  - -  
M e r c u r y  d r o p s  p a s s e d  2 2 3  2 

t h r o u g h  b i l a y e r  1 9 2  2 

2 0 4  2 

M e r c u r y  d r o p  p a s s e d  

t h r o u g h  p r e p a i n t e d  
a p e r t u r e  

0 1 

- -  2 2 5  0 0 0  - -  

- -  9 2 0  - -  

- -  3 0  - -  

3 .5  • 1 0 1 3  2 1 0  1 
3.1 • 1 0 1 3  6 5 0  1 

3 .2  • 1 0 1 3  l S 0  1 

4 2 0  1 
- -  2 . 0  1 

m 

1 ,2  - 1 0 1 3  
3.9 • 1 0 1 3  

1.1 • 1 0 1 3  

2 . 4 .  1 0 1 3  
1 . 0 .  1011  
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Fig. 4. The  var ia t ion  of (a) viscosi ty ,  (b) specific viscosi ty ,  and  (c) dielectr ic  cons tan t ,  wi th  c o n c e n t r a t i o n  
of  L P l l  in decane  at  310  K. 

value of 2.6 as opposed to 2.0 for decane (Fig. 4c). This small increase in the 
dielectric constant would indicate that  cholesterol/phosphatidylcholine mem- 
branes containing L P l l  are thicker than those without  the polymer; 6.8 nm as 
compared to 5.1 nm for polymer-free membranes, assuming the existance of a 
homogeneous hydrocarbon region. With a brush mixture composition lecithin/ 
L P l l  ( 1 : 1 ,  by weight), stable membranes with reproducible capacitances 
(4.3 _+ 0.3 nF /mm 2) result. It would appear that  these membranes are rather 
thinner than those found in the presence of cholesterol, 5.2 nm as opposed to 
6.8 nm. 

As membrane rupture is caused by many external variables, direct compari- 
son of bilayer lifetimes is difficult. However, it was clear that  in the presence of 
L P l l ,  the lifetime of the membranes was much longer than in its absence. If 
permitted, membranes would regularly survive for periods in excess of 6 h 
[30]. Indeed, in contrast to the relatively unstable phosphatidylcholine/decane 
membranes, phosphat idylchol ine /LPl l /decane  membranes were extremely 
stable. A more direct method of assessing whether L P l l  increased membrane 
stability was obtained by measuring the applied potential at which bilayer 
rupture occurs. Electrical breakdown is a measure of electromechanical stabil- 
ity, as rupture results from electrostatic compression, which itself depends on 
the mechanical properties of the membrane [31]. Membranes (phosphatidyl- 
chol ine/choles terol /LPl l  ( 2 : 1 : 2 ,  by wt.) were subjected to increasing 
applied voltages in increments of 40 mV and were found to rupture in the 
range 325--950 mV as compared to 150--200 mV in the absence of the 
polymer. 
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Fig. ,5. Force vs. area curves f o r  m i x e d  m o n o l a y e r s  o f  phospba t i dy l cho ] i ne ,  cho les tero l  and L P l l .  Expres-  
sed in  t e r m s  o f  l i p i d  m o l e c u l e s .  T h e  l i p id  u n i t  is  t a k e n  as  a p h o s p h a t i d y l c h o l i n e  m o l e c u l e  in  t h e  a b s e n c e  

o f  c h o l e s t e r o l ,  a n d  as  a t w o  m o l e c u l e  p h o s p h a t i d y l c h o l i n e / c h o l e s t e r o l  u n i t  in  t h e  p r e s e n c e  o f  c h o l e s t e r o l .  

o p h o s p h a t i d y l c h o l i n e  a l o n e ;  o, p h o s p h a t i d y l c h o l i n e / c h o l c s t e r o l  (2  : 1,  b y  w t . ) ;  • p h o s p h a t i d y l c h o l i n e /  

L P l l  (5  : 2 ,  b y  w t . ) ;  i p h o s p h a t i d y l c h o l i n e / c h o l e s t e r o l / L P l i  ( 1 0  : 5 : 4 ,  b y  w t . ) .  E a c h  c u r v e  p r e s e n t e d  

is t y p i c a l  o f  a t  l e a s t  s ix  i n d e p e n d e n t  d e t e r m i n a t i o n s  p e r f o r m e d  f o r  t h r e e  d i f f e r e n t  q u a n t i t i e s  o f  s u r f a c e -  

a c t i v e  m a t e r i a l .  
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F i g .  6 .  F o r c e  vs .  a r e a  c u r v e s  f o r  m i x e d  m o n o l a y e r s  o f  p h o s p h a t i d y l c h o l i n e ,  c h o l e s t e r o l  a n d  A P l l .  T h e  
l i p id  u n i t  is  t a k e n  as  a p h o s p h a t i d y l c h o l i n e  m o l e c u l e  in  t h e  a b s e n c e  o f  c h o l e s t e r o l ,  a n d  as  a t w o  m o l e c u l e  
p h o s p h a t i d y l c h o l i n e / c h o l e s t e r o l  u n i t  in  t h e  p r e s e n c e  o f  c h o l e s t e r o l .  T h e  c o n c e n t r a t i o n  o f  A P l l  in  t h e  

s u b p h a s e  w a s  1 m g / m l .  • p h o s p h a t i d y l c h o l i n e  in  t h e  p r e s e n c e  o f  A P l l ;  m p h o s p h a t i d y l c h o l i n e / c h o l e s -  
t e r o l  ( 2  : 1, b y  w t . )  i n  t h e  p r e s e n c e  o f  A P l l ;  A A P l l  a l o n e ;  o a n d  ~ i n d i c a t e  a r e a  p e r  l i p id  u n i t  f o r  p h o s -  
p h a t i d y l e h o l i n e  a n d  phosphatidylcholine/cholesterol, r e s p e c t i v e l y .  
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T A B L E  I I  

L I M I T I N G  A R E A S  O F  L I P I D  U N I T S  A N D  P O L Y M E R  S E G M E N T S  I N  M I X E D  M O N O L A Y E R S  O F  

P H O S P H A T I D Y L C H O L I N E ,  C H O L E S T E R O L  A N D  L P I I  

L i m i t i n g  a r e a s  w e r e  t a k e n  f r o m  F i g .  6 .  

M o n o l a y e r  c o m p o s i t i o n  ( b y  w t . )  L i m i t i n g  L i m i t i n g  t r o u g h  E s t i m a t e d  a r e a  L i m i t i n g  

a r e a  p e r  a r e a  p e r  5 . 6 2  t t g  c o r r e s p o n d i n g  a r e a  p e r  

P h o s p h a -  C h o l e s -  L P I I  l i p i d  u n i t  p h o s p h a t i d y l -  t o  L P I I  l a u r y l  

t i d y l -  t e r o l  ( n m  2 ) c h o l i n e  ( c m  2 ) s e g m e n t  

c h o l i n e  ( n m  2 ) 

1 - -  - -  0 . 6 3  2 9  - - -  

2 1 - -  0 . 9 5  4 3  

5 - -  2 1 . 3 0  5 5  2 6  0 . 4 5  

1 0  5 4 1 . 2 2  5 4  1 1  0 . 2 3  

- -  - -  1 - -  - -  0 . 0 6  

- -  1 - -  0 . 4 5  - -  

- -  5 2 0 . 5 2  - -  6 0 . 1 1  

Despite the increased thickness of phosphatidylcholine/cholesterol/LP11 
membranes and their enhanced stability, they possess a permeability coeffi- 
cient for water which is virtually the same as for those membranes not  con- 
taining the polymer,  0.7 +_ 0.2 gm/s as compared to 0.8 _+ 0.2 pm/s. This rather 
surprising observation was confirmed using liposomes. In contrast to the results 
with water, however,  L P l l  increased the rate of permeability of  phosphatidyl- 
choline liposomes towards leucine by approx. 30%. 

Monolayer studies clearly demonstrate that  L P l l  interacts with the hydro- 
carbon portion of  the lipids as the polymer induces a large increase in the area 
per phosphatidylcholine molecule and phosphatidylcholine/cholesterol unit 
(Fig. 5). L P l l  occupies less space in the phosphatidylcholine/cholesterol  mono- 
layers than it does in phosphatidylcholine only monolayers (Table II) indicat- 
ing that  L P l l  has greater difficulty in penetrating the tightly packed phosphati- 
dylcholine/cholesterol units [32]. The limiting area per lauryl segment of L P l l  
also confirms this finding (Table II). 

As the limiting area for normal alkyl chains is between 0.20 and 0.22 nm per 
molecule [21] it would appear that all lauryl segments contr ibute to the area of 
the monolayer  in both the phosphatidylcholine and phosphatidylcholine/ 
cholesterol preparations. This would imply that  the polymer is fully extended 
in a two<limensional matrix. In contrast, in the absence of phosphatidyl- 
choline L P l l  is not  able to unfold completely (Table II). The area per lauryl 
segment in the phosphatidylcholine only monolayers is surprisingly large, 
indicating a partially expanded state. 

Properties of membranes containing hydrophilic polymers 
In contrast to the hydrophobic  polymers it was not  possible to dissolve 

hydrophilic polymers into a decane-based "brush mixture".  Diamyl ether [33] 
and related methyl  ethers, together with aprotic solvents, were used in an 
a t tempt  to generate a brush mixture which was capable of dissolving the hydro- 
philic polymers. Although none of these solvent mixtures proved suitable, 
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membranes possessing decreased electrical resistance could be generated by 
adding freeze<lried polymer directly to the decane-based brush mixture. Once 
formed in the presence of  hydrophilic polymers, bilayers were very stable, 
often persisting for periods in excess of  20 h. Similar results were obtained with 
polymers possessing monomer  ratios vinylpyrrolidone/acrylic acid of 10 : 1 and 
1 : 1 but  not  1 : 0 and 0 : 1. The phosphat idylchol ine /APl l  weight ratio in the 
bilayer region was found to fall in the range 2 : 1 to 10 : 1 (Table I). There was 
no observable differences in the water permeability of  phosphatidylcholine/  
cholesterol black lipid membranes and liposomes in the presence and absence 
of AP11. 

Not  surprisingly A P l l  did not  form an insoluble monolayer.  At high surface 
pressures, similar vinylpyrrolidone copolymers are known to dissolve in the 
subphase [34].  However, the presence of  A P l l  in the subphase increased the 
limiting area per lipid unit, the polymer having a greater effect on monolayers 
containing only phosphatidylcholine (Fig. 6). 

Discussion 

The results concerning the hydrophobic  polymer LP11 can best be inter- 
preted in terms of this polymer being incorporated into the hydrocarbon ma- 
trix of the bilayer membranes. The possibility that  L P l l  is largely concen- 
trated in microlenses can be discounted as no such structures were visible in 
reflected light, furthermore it would be difficult to explain the stability enhan- 
cement if the bulk of  the polymer was localised in microlenses. That phos- 
phat idylchol ine/choles terol /LPl l  membranes are thicker than the correspond- 
ing phosphat idylchol ine /LPl l  preparations, indicates that  the polymer side 
chains cannot  be readily accommodated  in the tight cholesterol/phosphatldyl- 
choline packing. Instead, the polymer appears to be largely concentrated at the 
midplane of the membrane.  This differential penetration is also observed in the 
monolayer  studies (Fig. 5). The monolayer  studies also demonstrate that L P l l  
only unfolds in media of low dielectric giving further confirmation of the con- 
cept that L P l l  accumulates in the hydrophobic  region of  the bilayer. The 
enhanced stability of  LPl l -conta ining membranes as shown by increased mem- 
brane lifetimes and dielectric break-down studies is probably associated with an 
extended conformat ion of L P l l  in the membrane hydrocarbon phase. Shieh 
and Packer [35] have reported a similar stabilisation of black lipid membranes 
by the addition of  polystyrene.  The "microviscosity" of the hydrocarbon 
region of  egg yolk lecithin liposomes is 73 cP at 310 K which is similar to that 
found in a variety of  biological membranes [36]. However, there is a gradient 
of  "microviscosi ty" across the membrane,  ranging from 210 cP near the surface 
to 3 cP in the centre [37].  The intermingling of the polymer chains at the high 
concentrations of  polymer,  observed in the bilayer might be expected to 
increase the viscosity of  the midplane region. This enhanced viscosity offers an 
explanation for the increased time period required for thinning (drainage of  
decane) and for the absence of  membrane expansion of  lecithin bilayers when 
L P l l  was present. 

An increase in membrane viscosity need not  lead to an associated decrease 
in membrane permeabili ty as only the translational modes of the lipid mole- 
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cules would be decreased, the rotational and vibrational modes being relatively 
unaffected.  Thus the increased permeabili ty towards leucine of liposomes con- 
taining LP11 can be interpreted in terms of the high concentration of relatively 
short lauryl side chains. The finding that L P l l  does not  influence the water 
permeability of  phosphatidylcholine/cholesterol  membranes can be interpreted 
in terms of Trauble's concept  that  the movement  of small molecules across 
lipid membranes is largely a result of rotational movement  of  individual bonds 
of lipid molecules [38].  

Despite the hydrophilic nature of the AP-polymer series, these polymers 
associate with phosphatidylcholine/cholesterol  membranes, as shown by both  
the black lipid membrane and monolayer  studies. Papahadjopoulos et al. [39] 
have demonstrated a correlation between the extent  of protein penetration of  
the hydrocarbon matrix and conductivity and by analogy, a proport ion of the 
hydrophilic polymers used in this study might be expected to penetrate the 
hydrocarbon region of the membranes. The ratio of  A P l l  to phosphatidyl- 
choline molecules detected in black lipid membranes is in the region of 1 : 200. 
Assuming that the polymer is uniformly distributed over both  sides of  the 
membrane each polymer molecule will be associated with an area of  approx. 
50 nm 2. Thus the surface of the membrane might be expected to be largely 
covered by  these hydrophilic polymers. 

From this s tudy it is clear that not  only basic polymers and proteins have a 
profound effect on lipid bilayers, but  also acidic and neutral polymers can 
interact strongly, producing changes in the permeability and stability of  these 
membranes.  It is conceivable that the type  of polymer-induced, viscous hydro- 
carbon medium as typified by L P l l  membranes would be the physical basis for 
the protein "integral skeleton" postulated for the extremely strong camel 
erythrocyte  membrane [40]. 
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