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Abstract 
Thin membranes can be formed in aqueous 

media from amphiphilic lipids, and will spon- 
taneously approach a limiting thickness of bi- 
molecular dimensions (bilayers). This paper  
describes apparatus  and methods for s tudying 
such thin lipid membranes, and illustrates their 
use in deternfining some of the basic properties 
of the membranes, especially bilayers. 

Several methods of forming thin lipid mem- 
branes are described. The early stages in ap- 
paratus development are traced, and the theoret- 
ical variables and operational parameters relating 
to apparatus  and system design are discussed. 

Designs for two basic types of apparatus  are 
presented in detail: one is a cylindrical ehamber 
especially constructed to permit  optical investiga- 
tion of the membrane; the second is a multiple 
chamber system designed for the study of several 
different membranes either simultaneously or in 
rapid succession. Interchangeable chamber units 
are held in a thermostat  block, and assemblies of 
electrodes and provisions for perfusion or sam- 
pling of aqueous medium are placed in the 
chambers as required. Methods are described 
which enable simultaneous mechanical, eleetrieal, 
optical, and chemical operations and studies to 
be performed on the same membrane with either 
type of apparatus. 

Membranes were formed from several purified 
amphiphilie lipids and from mixed-lipid extraets 
from a variety of biological membranes. The 
types and mechanisms of drainage of thin lipid 
membranes with aqueous interfaees are analogous 
to those previously described for aqueous soap 
films in air. The limiting bilayer thickness is 
confirmed by electrical measurements. The re- 
sistivity of the bilayers is ca. 10 ~2 to 1014 ohm-cm, 
their capacity is ca. 0.4 ufd-em s and their dielec- 
tric breakdown voltage is ca. 3 X 105 V-era% 
Other physical properties of the bilayers are 
described. Permeabil i ty of the bilayers to various 
substances was determined by diffusion flux, 
osmotic flux, and electrochemical potentiaI 
methods using the apparatus  described. Sub- 
stances studied included water, small monovalent 
ions, glucose, aeetylcholine, salieylamide and 
synaptie vesicles. 

The chemical, physical, electrical, and perme- 
ability properties of the experimentally formed 
lipid bilayer membranes are similar to those of 
biological membranes. These similarities strongly 
support  the Danielli-Davson hypothesis, which 
proposes that  a lipid bilayer is the basic s t ructure 
of biological membranes. The apparatus,  methods, 
and information presented in this paper  provide 
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tools for fur ther  investigation of lipid bilayer 
membrane properties and for  fu r ther  testing of 
hypotheses relating to membranes. 

Introduction 
Biological Membranes 

T HE TER3/[ "MEMBRANE" is derived from the Latin 
for a thin sheet of animal or vegetable tissue. 

Membranes may be many cells thick (multicellular 
membranes),  a single cell thick (cellular membranes),  
or may be thin relative to the size of the cell (sub- 
cellular membranes).  The plasma membrane, a cell 
surface layer functionally and morphologically dis- 
t inct  from the cytoplasm and from extracellular struc- 
tures, has generally been considered as the prototype 
for subeellular membranes. 

The u]trastrueture,  function, and chemistry of 
membranes are highly significant in all biological sys- 
tems. The major u l t ras t ruetura l  cell components 
(organelles) are the plasma membrane, the nucleus, 
the endoplasmie retieulum, the Golgi apparatus,  and 
the mitoehondria. Membranes similar to the plasma 
membrane are an ul t ras t ructural  feature common to 
all of these cell organelles. 

The functional integri ty of the plasma membrane 
and of the membranes of cell organelles is essential 
to the living cell. The passive, facilitated, and active 
t ranspor t  functions of absorption and secretion di- 
rectly involve these membranes, pr imari ly  through 
selective permeabili ty mechanisms which compart- 
mentalize substances and regulate their concentration. 
Membranes play a central role in amoeboid movement, 
excitability phenomena, and synaptie transmission, 
and contain receptor sites for drugs and hormones. 
They provide structural  order for enzyme arrays 
functioning in the mitochondrion, chloroplast, and 
endoplasmic reticulum, and part icipate in cell repair. 

Chemically, all biological membranes contain amphi- 
philie phospholipid, that  is, phospholipid containing 
a water-soluble polar group and a nonpolar hydro- 
carbon portion with a very  low affinity for  water. 
When hydrated,  the favored conformation of these 
amphiphilic lipids is a lamellar liquid crystalline 
phase in whieh the lipid molecules are arranged in 
layers (lamellae) with their  polar groups in a regular 
array,  as in a crystal, while their hydrocarbon por- 
tions are in a liquid state. 

Danielli-Davson Concept 
Danielli and Davson in 1935 postulated that  the 

basic chemical s tructure of the plasma membrane is 
a lipid bilayer, that  is, an amphiphilic lipid lamella 
of bimoleeu]ar thickness, with protein adsorbed to it 
in some fashion (1). This concept was based pr imari ly  
on three lines of evidence (2,3) : first were the analyses 
of fa t ty  substances extracted from cells and the 
assumption that  these substances were concentrated 
at the cell surface. The classic s tudy by Gorter  and 
Grendel demonstrated sufficient lipid in red blood 
cells to form a monolayer film with twice the surface 
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area of the extracted cells (4). Second, studies of 
interracial tension (and other factors) suggested that 
protein was present on the surface of the lipid (5,6). 
Third, the movement of substances into and out of 
cells suggested that the primary permeability barrier 
was lipid (7), and that specialized regions enabled 
the passage of ions and large molecules (8). Much 
additional evidence supports the Danielli-Davson 
hypothesis. 

Previous Models of Biological Membranes 

The varied ultrastructural relations, multiple func- 
tions, and complex chemical composition of natural 
membranes make difficult the assessment of the rela- 
tive contributions of specific molecules and atomic 
groups to various functional properties and structural 
details. Such correlations would be facilitated by an 
adequate model of biological membranes. 

Many different systems have previously been studied 
as models of biological membranes, and have been 
extensively reviewed (3,9-11). These include, for 
instance, interfaces between bulk phases of aqueous 
solutions and lipid (12); micellar and colloidal sus- 
pensions (13); mono]ayers of lipid, protein, or syn- 
thetic polymers at the air-water interface (14) ; filter- 
supported lipid in aqueous media (15) ; and aqueous 
soap films in air (16). 

Unfortunately, all of the above models fail to meet 
some of the criteria of analogy to natural membranes 
which a fully adequate model should possess. These 
criteria are examined in the Discussion. A major 
fault with all of these models is the inability to use 
them to adequately study permeability properties of 
the interface per se. The study of such properties is 
especially important since permeability mechanisms 
play a major role in natural membrane functions. 

Thin ]hipid Membranes with Aqueous Interfaces 

Thin membranes can be formed in aqueous media 
front amphiphilic lipids, and will spontaneously thin 
and approaeh a limiting thickness of bimolecular di- 
mensions (bilayers). Thin (bilayer) lipid membranes 
with aqueous interfaces theoretically fulfill the criteria 
of analogy to biological membranes which will be 
discussed, and should be usable in studies of mem- 
brane permeability. Therefore, development of ap- 
paratus and methods for studying such thin lipid 
membranes separating two aqueous phases was under- 
taken. Determination of some of the basic properties 
of these membranes was sought, and development was 
especially oriented toward determination of their 
permeability properties. This paper presents in de- 
tail the apparatus designs and methods which were 
developed, and illustrates their use with data on 
membrane properties. 

The initial approach in this work was based upon 
the 1962 report of Mueller et al. (17), although thin 
lipid membranes in aqueous media had been described 
previously (2,18,19). During the five year period 
encompassed by this work, a number of other scientists 
from various disciplines have also studied the prop- 
erties of thin lipid membranes. Their findings are 
related to this work in the Discussion. 

Mater ia l s  a n d  Genera l  M e t h o d s  
Reagents and Materials 

The lipids, solvents, and radioisotopes of special 
importance to this work are given below. All other 
reagents were of the highest purity available and were 
used as obtained. 

L-a-Phosphatidyl choline (L-a-lecithin) was satis- 
factory for membrane formation only when chroma- 
tographieally purified. Commercially chromatographed 
egg yolk lecithin (Sigma or Pierce, Type III ,  Grade 
I) was used as obtained. Impure commercial leeithins 
extracted from various sources (Sigma Types II-E 
front egg yolk, II-S from soybean, and animal) and 
synthetic lecithin (Sigma Type II, fl-7-dipalmitoyl) 
were further purified by colmnn chromatography as 
described in a subsequent section. Phospholipid 
preparations were analyzed for purity by paper or 
thin-layer chromatography (TLC), also described in 
a subsequent section. 

Cholesterol was incorporated into some solutions 
used for membrane formation, and was satisfactory 
only when extensively purified. Cholesterol (Fisher 
or Sigma, USP) was twice dissolved in boiling 95% 
ethanol, mixed with activated charcoal, filtered, and 
allowed to crystallize. I t  was then oven dried and 
reerystMlized from boiling absolute ethanol. Choles- 
terol (Sigma, standard for chromatography, 99+%) 
was used in preliminary studies as obtained. 

Chloroform, methanol, and all inorganic salts 
(Mallinckrodt, AR) and d/-a-toeopherol (Merck, NF) 
were used as obtained from freshly opened bottles. 
The even-chain normal alkanes from n-hexane through 
n-oetadeeane (Distillation Products, practical grade) 
were passed through an alumina eolmnn to remove 
polar impurities and then fractionally distilled. L- 
Histidine (Calbioehem, NRC, A grade) and Tris 
(hydroxymethyl) aminomethane (Sigma, Trizma 
Reagent) were obtained as the hydroehloride and the 
free base, and Trizma Reagent as defined mixtures. 
Each of these types was used at various times in the 
preparation of buffers. Salieylamide (Distillation 
Products) was twice dissolved in boiling water, mixed 
with activated carbon, filtered, and reerystallized. 

Radioisotope-labeled compounds were obtained from 
New England Nuclear Corporation and were used 
without further purification. They included tritiated 
water (THO,NET-1, I me/rag), D-glucose-1-14C (NEC- 
043P, 1 mc/mM), and acetyleholine methyl-14C iodide 
(NEC-265, 17.2 ~c/mg). 

Water was distilled from a commercial tin-lined 
metal still into glass, then passed through a mixed- 
bed ion exchange column (Cu]]igan Co., Northbrook, 
Ill.). The water thus produced had a resistivity 
greater than 1 megohm-cm (<0.1 ppm as NaC1). 

Preparative Methods 

Phosphatidyl Choline Purification by Alumina 
Column Chromatography. Phosphatidyl choline can 
be rapidly separated from crude phosphatide extracts 
and from aged, oxidized, or commercial preparations 
by column chromatography on alumina using a modi- 
fication of the method of Singleton et al. (20). A 
slurry of 100 g of 80-200 mesh alumina (Fisher 
A-540) in 110 ml chloroform is poured into a 2.5 em 
I.D. • 100 cm column (this results in an adsorbent 
height of ca. 93 era), and washed with 50 ml 
chloroform. 

Crude phosphatides (1-4 g, depending on the frac- 
tion of phosphatidyl choline present as determined 
by TLC) are dissolved in sufficient chloroform to 
make a 5% (w/v) solution and applied to the column. 
The effluent is collected beginning with this applica- 
tion. Neutral lipids are eluted from the column with 
100 ml of chloroform, and phosphatidyl choline is 
eluted with 250 ml of a chloroform-methanol mixture 
(9:1, v/v, successive 25 ml fractions are collected). 
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The major phosphatidyl  choline fraction (usually the 
third to fifth 25 ml fractions) can be recognized by 
the appearance of opalescence in the eluate. Ten ~1 
samples o2 each fraction are analyzed by TLC on 
silica gel along with s tandard lipids. The phosphatides 
are developed in chloroform-methanol-water (65:25:4, 
v / v / v )  (21), and detected with iodine vapor. Trace 
contamination with sphingomyelin may be present 
in some preparations from animal phosphatides. 

Preparation of Fractions of Natural Origin. Mixed 
lipid extracts from whole tissues (e.g., ra t  brain) or 
isolated membranous fractions (e.g., synaptie vesicles) 
were obtained by a modification of the phase part i t ion 
method of Folch (22). Fresh tissue or tissue fraction 
was homogenized for 2 rain in 20 parts  (v /w)  of 
a nitrogen-saturated chloroform-nlethanol mixture 
(2:1, v /v )  in a conical glass homogenizer at 4C. The 
homogenate was filtered through a Whatman No. 1 
filter paper or a coarse sintered glass funnel under  a 
nitrogen atmosphere. Two volumes of distilled water 
were added to the supernatant  fluid and the mixture 
was emulsified by shaking. The lower organic phase 
containing a mixture of extracted lipids was re- 
covered after  brief centrifugation to break the 
emulsion. 

Purified bovine and rat  brain lipids were prepared 
from mixed lipid extracts by TLC on silica gel, using 
a solvent mixture of chloroform-methanol-water 
(70:30:5 or 65:25:4, v / v / v )  (21). Bovine brain 
proteolipids were isolated and purified by the method 
of Folch-Pi (23). 

Rat  liver mitoehondria and microsomes were pre- 
pared by homogenizing freshly dissected rat  liver for 
40 seconds in 10 volumes of 0.32 M sucrose containing 
5 • 10 4 M eserine and I • 10 5 M CaC12 in a War ing  
Blendor. Nuclei and cell debris were removed by 
eentrifugation at 3,000 rpm (1,084 • g) for  10 rain in 
a Servall Model RC-2 refr igerated centrifuge. Rat  liver 
mitoehondria were sedimented by centrifugation at 
8,500 rpm (8,700 • g) for  10 min, and rat  liver 
microsomes were obtained from the supernatant  fluid 
by eentrifugation at 17,000 rpm (34,800 • g) for  
30 rain. 

Bovine brain myelin purified by the method of 
Laatsch et al. (24), human erythrocyte ghosts pre- 
pared by the method of Dodge et al. (25), and a 
mycelial suspension of Neurospora crassa were also 
used. 

Rat  brain synaptic vesicle fractions (M2) were 
prepared by De Robertis' method (26) of differential 
centrifugation, hypo-osmotic shock, and separation by 
ul t racentr i fugat ion on a continuous sucrose density 
gradient  in a Beckman Spinco ul tracentr ifuge (Model 
L or L-2). 

Preparation of Solutions. Solutions used to form 
membranes were prepared from a variety of materials 
which are listed in Table IV. Mixed lipid extracts 
were used directly or dried under  reduced pressure 

under  N2 and dissolved in 5.2 volumes (relative to 
the original tissue or tissue fract ion weight) of 
chloroform-methanol (2:1, v /v ) ,  chloroform-methanol- 
a-tocopherol (2.2:2.8:1.0, v / v / v )  or chloroform- 
methanol-n-alkane (2.2:2.8:1.0, v / v / v ) .  The resulting 
solutions were approximately 2% in mixed lipids. 
In some cases cholesterol was added to portions of 
these solutions to give a final cholesterol concentration 
of 0.5-5.0% (w/v) .  

Membrane-forming solutions were also prepared 
from purified lipids in the same solvent mixtures at 
0.5-2.0% (w/v)  concentrations, or in pure hydro- 
carbon at 1 • 10 2 M phosphatide with or without 
2 • 10 -2 M cholesterol. Membrane-forming solutions 
were still usable af ter  storage under  nitrogen at 4C 
in serewcap vials for  periods up to two months, or in 
sealed ampules for over one year. 

The composition of the aqueous media was varied 
widely depending on the experiments. Two solutions 
frequently used were histidine-buffered Tyrode solu- 
tion for mixed lipid extract  membranes, and Tris- 
buffered saline for pure phosphatide membranes 
(Table I) .  Mereaptoethanol or Dithiothreitol (threo- 
2, 3-dihydroxy-1, 4-dithiobutane) (27) were added to 
some saline solutions at 0.001 M concentration to 
re tard  lipid oxidation. 

General Analyt ica l  Methods 

Thin Layer Chromatography. Thin-layer chroma- 
tography on silica gel was used to analyze mixed lipid 
extracts, to monitor column effluents, and for  small 
scale preparations. Thin (250 ~) layers of silica gel 
(Adsorbosil-2, Applied Science Laboratories) were 
spread on glass plates by standard techniques (28) 
and activated by heating in an oven at 110C for 1 
hour. Samples and s tandard mixtures (Applied 
Science Laboratories) were spotted at the origin and 
separated by ascending chromatography with ap- 
propriate solvent mixtures. Total lipid extracts and 
crude phospholipids were separated with chloroform- 
methanol-water (65:25:4, v / v / v )  (21) or with di- 
isobutylketone-glacial acetic acid-water (8:5:1, v / v / v )  
(29). Glycolipids were separated with n-butanol- 
pyridine-water (6:4:3, v / v / v )  (30). Neutral  lipids 
were separated with n-heptane-diethyl ether-glacial 
acetic acid (73:25:2, v / v / v )  (31) or n-heptane- 
diethyl ether-ethyl acetate (80:20:3, v / v / v )  (32). 
Af ter  separation lipids were visualized by exposure 
to iodine vapor, charring with sulfuric acid and heat, 
or illumination with ultraviolet light af ter  staining 
with alcoholic Rhodamine 6 G. 

Paper Chromatography. Paper  chromatography 
was used for analysis of neutral  lipids and phospho- 
lipids. Commercial silica gel impregnated filter paper  
(Whatman grade SG-81) was used with solvent sys- 
tems suggested by Marinetti  (33). NeutraI  lipids 
were separated with n-heptane-diisobutyl ketone- 
acetic acid (85:15:1, v / v / v ) .  Phospholipids were 

T A B L E  I 
Composi t ion of Aqueous  Media  

Concen t r a t i on  
Aqueous  media  Components  r a M / 1  

His t id ine -buf fe red  Tyrode  solut ion NaCl  . . . . . . . . . . . . . . .  129 
NaI tCO~ . . . . . . . . . . . . . . .  6 
Na3P04  . . . . . . . . . . . . . . . .  2 
KCI . . . . . . . . . . . . . . . . .  4 .2  
C a C1,_, . . . . . . . . . . . . . . . .  5 
)/fgCle . . . . . . . . . . . . . . . .  1.6 
H i s t i d i n e  . . . . . . . . . . . . . . .  5 

NaC1 . . . . . . . . . . . . . . . .  100  
T r i s  (hydroxymethy l )  a m i n o m e t h a n e  . . . . . .  50 

�9 Mercap toe thano l  (when  p r e sen t )  . . . . . . . .  1 
D i th io th re i to l  ( w h e n  p r e sen t )  . . . . . . . .  1 

Ad jus t  to pl-I 7.3 a t  37C 
wi th  HC1 or N a O H  

Tr i s -buf fe red  sa}in e 

Ad jus t  to p H  7.4 a t  25C 
wi th  HC1 or N a O t t  



APRIL,  1968 HOWARD AND BURTON: THIN LIPID MEMBRANES WITH AQUEOUS INTERFACES 205 

separated by diisobutyl ketone-acetic acid-water 
(40:25:5, v /v /v )  or chloroform-methanol-water (65: 
25:4, v /v /v) .  PhosphoIipids were detected by the 
tricomplex stain of Hooghwinkel and van Niekerk 
(34). 

Radioisotope Deter~tination. Radioisotope-labeled 
compounds containing 3It or 14C in aqueous solution 
were measured by adding aliquots (up to 0.1 ml) to 
4.0 ml of Bray's solution [5.0 g naphthalene, 0.7 g 
2,5-diphenyloxazole (PPO),  and 0.005 g 1,4-bis-2-(5- 
phenyloxazolyl)-benzene (POPOP) in one liter p- 
dioxane] (35) and 0.75 ml toluenc-fluor solution (4.0 
g PPO and 0.1 g POPOP in one liter toluene), mixing, 
and counting in a Packard Tri-Carb Model 314EX 
Liquid Scintillation Counting System. 

Fluorometric Salicylate Determination. Salicylic 
acid and other salieylate derivatives, including sali- 
cylamide and methyl salicylate, were assayed by a 
modification of the fiuorometric procedures of Saltz- 
man (36), Udenfriend et al. (37,38), and Chirigos 
and Udenfriend (39). Aqueous samples (25-100 td) 
were mixed with 0.5 ml of 0.5 M borate buffer (pH 
10.0) at room temperature. Fluorescence was mea- 
sured on a Farrand Model A Photoelectric Fluorom- 
eter using a Corning Glass No. 5860 primary filter 
and Corning Glass No. 4308 and No. 3389 secondary 
filters. Appropriate standards were run with each 
experimental group. 

Photographic Methods. Black and white, perforated 
35 mm Kodak Tri X film was used for photographically 
recording the tracings on the oscilloscope screen with 
a Grass Kymograph Camera. The appearance of the 
membranes was recorded with color photomicrographs 
made on Kodak High Speed Ektachrome EH 135, 
Daylight Type (ASA Speed 160). 

Experimental Procedures: Apparatus Development 
System Design, and Specific Methods 

M e t h o d s  o f  M e m b r a n e  l~ormation 

Basic Approach. The formation of a lamellar lipid 
membrane separating aqueous phases is conceptually 
simple (Fig. 1) : two compartments are separated by 
a thin partition and communicate through an aperture 
in the partition. The compartments are filled with 
aqueous medium and a (thick) nlembrane of amphi- 
philic lipid is formed in the aperture separating the 
aqueous phases. The membrane spontaneously thins 
by draining centrifugally to form a ring or annulus 
of bulk phase lipid around the margin of the aperture. 
At equilibrium a metastable lipid membrane of bi- 
molecular thickness continues to separate the aqueous 
phases. 

"Painting" Method. A number of methods have been 
developed to form thin lipid membranes separating 
two aqueous phases. The "painting" method used in 
this work was originally described by Mueller et al. 
(17,40). A 2 mm diameter aperture was drilled in 
the thinned side of a polyethylene pH cup (5 ml, 
Beckman). The pH cup was filled with saline and 
was placed in a Petri dish (ca. 50 ml capacity) which 
was also filled with saline. A trimmed number 3 
sable hair artist's bright (brush) was dipped in a 
mixed lipid extract and a film of lipid was spread 
over the aperture. 

Since the sable hair brushes contaminated the 
membrane-forming materials and disintegrated in a 
few weeks, they were replaced by polyethylene or 
Teflon spatulas, which improved the method of spread- 
ing the lipid film over the aperture. Polyethylene 
stirring devices called "Plumpers" (California Cor- 

A q u e o u s  ' 
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FIG. 1. Cutaway schematic diagram of a thin lipid mem- 
brane separating two aqueous phases, and the chamber in 
which it is formed. 

poration for Biochemical Research) were heated at 
their broad end over a Bunsen burner, and the softened 
polyethylene was spread and thinned by squeezing 
it with smooth-jawed metal pliers, forming a tapered 
blade with the major axis at approximately 45 degrees 
to the long axis of the handle. The sides and end 
of the tapered blade were further shaped and trimmed 
with a razor blade. Similar spatulas were formed 
from 1~ in. sheet Teflon with a razor blade. These 
spatulas could be cleaned thoroughly after each use, 
did not contaminate the membrane-forming solutions, 
and lasted for years. 

A technique using a short length of Teflon tubing 
on the end of a syringe was tried, as recently reported 
(41), but the spatulas proved more satisfactory with 
the larger holes used in this work. 

Dipping Method. A dipping method was also used 
to form membranes for simple visual observation or 
for testing the efficacy of membrane-forming solutions. 
Thin glass or polyethylene loops or Teflon 0 rings 
were dipped into the lipid solution and then trans- 
ferred through the air to a beaker containing aqueous 
medium. 

Bubble-Blowing Method. A method of blowing 
nonsupported membranes was tried early in the course 
of this work. A 1 ml tuberculin syringe tipped with 
a blunt-ended 22 gauge needle was filled with aqueous 
medium, the needle was dipped into and coated with 
membrane-forming solution, and a bubble "blown" 
in a beaker of aqueous medium. This method of 
membrane formation was not further pursued because : 
optical and electrical characterization of the spherical 
membranes so formed was difficult ; light was reflected 
only from a small area of the surface; and the avail- 
able electrical apparatus was not adequate. Mueller 
and Rudin (42) have reported using the same method, 
and a recent report by Pagano and Thompson (43) 
describes in detail the formation of spherical lipid 
bilayer membranes and their electrical characteriza- 
tion after impaling them with glass microelectrodes. 
A related but somewhat different method has been 
described by some Russian workers (44). 

Marginal Suction Method. Preliminary experiments 
showed that supported membranes could also be 
formed by a marginal suction method similar to that 
reported for soap films (45). A Teflon O ring (7 mm 



206 TI lE  JOURNAL OF THE AMERICAN OIL CHEMISTS" SOCIETY 

O.D. 7, 3 mm I.D.) was drilled through from the 
outside to the lumen side and supported by the hy- 
podermic needle of a Hamilton mieroliter syringe 
(No. 1705). The syringe was filled with membrane- 
forming solution and the needle and 0 ring were 
immersed in thermostated aqueous medium. Mem- 
branes were formed by ejecting solution from the 
syringe unti l  the 0 ring lumen was completely filled 
with a drop of lipid. The bulk phase lipid solution 
was then withdrawn back into the syringe, causing 
the drop of lipid to become a biconcave disc. As the 
lipid solution was fur ther  withdrawn by suction on 
the margin of the disc, the concave surfaces met and 
formed a planar membrane, supported by an annulus 
of bulk phase lipid as in the ease of "painted" 
membranes. 

Early Stages of Apparatus Development 

Simple Chambers. The initial steps in development 
of the system were the design and construction of 
several simple chambers consisting of glass or plastic 
vessels containing some form of part i t ion for sup- 
port ing the lipid membrane. Each chamber was filled 
with aqueous medium, a lipid fihn was painted over 
an aperture in the part i t ion and reflection of light 
from the fihn was observed by the naked eye or with 
low power magnification. Many supporting materials, 
methods of making apertures, and methods of fixing 
the support ing part i t ion in place were evaluated, but  
details will not be presented here. 

A1LGlass Chamber. An all-glass chamber was con- 
structed with a fire-polished aperture in the glass 
part i t ion for fihn support. A water jacket for tem- 
perature regulation and a t ranspart i t ion valve for 
equalization of hydrostatic pressure were added. The 
latter prevented bulging and rup tu re  of the lipid 
film by the hydrostatic pressure gradient which was 
created by displaced aqueous medium as the brush 
was withdrawn. The glass chamber was easy to clean 
and was chemically inert, but the glass part i t ion did 
not support  membranes as well as polyethylene, and 
the inner surfaces of the water jacket became di r ty  
with use, could not be adequately cleaned, and thus 
prevented visualization of the membrane. 

Early Lucite Chamber. A simple design utilizing 
two Lucite half-chambers, between which a separate 
part i t ion could be firmly clamped, allowed inter- 
changeable part i t ion materials and aperture sizes, easy 
disassembly for cleaning, and ready access for fu r ther  
modification. Fig. 2A is a schematic diagram of a 
design with cylindrical compartments for  the aqueous 
media, wells for t iny magnetic st irr ing bars, and 
access for a thermometer, for stainless steel or 
plat inum conductivity electrodes, and for p H  elec- 
trodes. Small capillary tubes connected to each corn- 

TABLE II 

Outline of Theoretical Variables for Thin Lipid 2~[embranes in 
Aqueous Media 

Annulus Membrane 
Quantity Quantity 
Composition Thickness 

Aqueous medium (in each Area 
compartment) Composition 
Quantity Homogeneity 
Composition Symmetry 

Molar chemical composition Pressure (environmental) 
(molarity) Temperature 

Molar ionic composition Transmembrane gradients 
(ionic strength) ~Iolecular concentration 
~Iydrogen ion concen- Ionic concentration 
tration (pH) Osmolar concentration 

Osmolar concentration Electromotive force 
:Homogeneity Pressure 

G~s phase (when present) 
Quantity 
Composition 

VOL. 45 

Platinum Electrodes 
Vhe~:;meterN k ~ ~ ~rpH Electrodes 

,d.jWiWw oJ=!l 
pAaPretr t t~ :  ~ ~  S 1 ii; r:ng 0 ~a:, I 
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FIG. 2. Early design Lucite chamber. A, above schematic 
diagram illdieating components used for the study of thi~t- 
lipid membranes; B, assembled chamber. 

par tment  enabled the addition of reagents or with- 
drawal of samples by mieropipettes. A chamber of 
this design was constructed from clear Lucite (Fig. 
2B),  with a flattened "optical" surface for viewing 
the light reflected from the membrane. The chamber 
was not water-jacketed and this prevented precise 
control of temperature,  although the chamber proved 
generally quite useful. 

Theoretical Variables in Apparatus and System Design 

Introduction. The multiple variables in any system 
must be controlicd, nulled, or quanti tat ively measured 
to derive valid and meaningful  information from that  
system. Experience with early chambers contributed 
to a theoretical analysis of the lipid membrane model, 
which yielded the variables discussed in this section 
and outlined in Table II .  

The variables which may readily be controlled are 
the aqueous media, the gas phase (when it is present) ,  
the environmental pressure, and the temperature.  The 
various transmembrane gradients may be nulted in 
more simple cases, and may be controlled or measured 
in more elaborate situations. The bulk phase lipid 
annulus and the membrane are variables which can- 
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not be so well controlled. 
Annulus. Ideally, in the complete thin lipid mem- 

brane system, the total quanti ty of lipid present  in 
the system will be distributed between the annulus 
and the membrane. However, the major  portion of the 
lipid is present as the annulus which surrounds and 
directly supports the membrane, and the quant i ty  in 
the membrane is insignificant relative to the quant i ty  
in the annulus. There may also be certain portions 
of the total lipid present as a thin fihn on the part i-  
tion, as droplets or a film on the surface of the aqueous 
medium, in free solution, in micellar solution, or as a 
fine suspension in the aqueous medium. Although 
it is theoretically possible to control the amount  of 
lipid initially introduced into the system, this is not 
possible with the "paint ing" method. However, the 
marginal suction method enables approximate mea- 
surement, with a microsyringe, of the total amount 
of lipid (membrane-forming solution) introduced into 
the system. 

Theoretically also, the composition of the lipid in 
the annulus may be controlled, at least in the case 
of a membrane-forming solution containing only one 
component. However, multicomponent solutions are 
required to form the membranes at present, creating 
the problem of the relative distribution of a given 
component between the annulus and the membrane. 
For  substances with significant solubility in the 
aqueous medium, the problem is fu r the r  compounded. 
Such solubility introduces the possibility of a gradual  
but  significant change in both annulus composition 
and in the total quant i ty  of material present in the 
annulus. Conversely, material f rom the aqueous 
medium may become incorporated into the annulus. 
Although sufficiently sensitive methods of analysis 
are available to determine the general composition 
of the annulus, they have not been utilized since they 
can provide no information about membrane 
composition. 

Aqueous Medium. The quant i ty  (volume) of 
aqueous medium in each compartment adjacent to 
the membrane can be controlled at the stage of 
chamber design and again in actual use. However, 
gradual changes in volume may be caused by hy- 
drostatic or osmotic gradients. The composition of 
the aqueous medimn can be controlled prior  to form- 
ing the entire system. The major  aspects of composi- 
tion are the molar concentration (molarity) of the 
various constituent substances, the pH,  and when salts 
are present, ionic strength. Because osmotic pressure 
gradients can cause membrane deformation and 
volume flow of water, osmolar concentrations should 
generally be the same in each aqueous compartment.  

The homogeneity of the aqueous medium is a vari- 
able of considerable importance in this system, be- 
cause many of the theoretical treatments of similar 
systems assume homogeneity. I t  is also important  
operationally since in determinations of membrane 
permeability the composition of the aqueous medium 
m the entire compartment is assumed to represent the 
composition at the aqueous-lipid interface. When 
differences in composition of the two aqueous media 
exist across the membrane, the movements of solute 
and solvent along their respective concentration 
gradients across the membrane will cause local in- 
homogeneities in the aqueous medium. In addition, 
the membrane may cause a local ordering of water, 
creating a boundary layer which will cause the true 
transmembrane concentration gradient to differ from 
that  in the bulk phases. Theoretically, all but  the 

last of these factors may be overcome by sufficiently 
vigorous stirring. 

Gas Phase. The model system as described contains 
a gas phase over each aqueous medium which is usually 
contiguous with the atmosphere. However, the gas 
phase can be par t  of a closed system or can even be 
absent. When it is par t  of a closed system, its quantity,  
composition, and pressure must be considered. In the 
usual situation the quant i ty  of gas phase is infinite, 
its pressure is atmospheric, and its composition is 
either that  of air or of some superfusing gas, such as 
nitrogen. 

Membrane. The membrane is the most important  
variable in the system, and the most difficult to con- 
tro]. Thick, newly-formed lipid membranes and 
thinning membranes contain a continuously decreasing 
quant i ty  of lipid. The quant i ty  of membrane lipid 
can be estimated from the membrane volume by taking 
the product  of membrane area and membrane thick- 
ness. Available optical methods can determine these 
parameters,  but  they require an inordinate amount  
of time relative to the significance of the information 
obtained on thinning membranes. In the case of bi- 
layers, thickness and area measurements are more 
straightforward.  For  instance, a bilayer of 1.0 mm 2 
area and 50 A thickness would have a volume of 
5 • 10 12 liters. I f  a reasonable value of 50 _~2 surface 
area per lipid molecule is assumed, a bilayer of 1.0 
mme area would contain 4 • 1012 molecules or 6.7 • 
10 -12 moles of lipid. 

The composition of the membrane is of paramount  
interest. However, the quant i ty  of lipid is minute and 
since multicomponent solutions must presently be 
used to form membranes, the problems of composition 
discussed above for the annulus become greatly 
magnified. The membrane area is great relative to 
its volume even for thick membranes and the dissolu- 
tion of substances from the membrane phase into 
either aqueous medium is therefore hastened. The 
absorption of substances from the aqueous phase by 
the membrane is likewise hastened. Because there is 
a very  great difference between the volumes of the 
membrane and of the annulus, a large change in the 
composition of the membrane due to altered distribu- 
tion of components would result in only a minute 
change in the composition of the annulus. Methods 
of sufficient sensitivity to directly analyze the mem- 
brane composition are available, but  no method has 
been developed to obtain a sample of the membrane 
distinct from the annulus. 

There are two aspects of membrane composition 
which deserve attention---membrane homogeneity and 
membrane symmetry. In thick and thinning mem- 
branes the eomposition of the interracial surface may 
be different from that  of the bulk phase lipid in the 
interior. Theoretically, composition may also vary  in 
the plane of the membrane, even at the bilayer level. 
No methods have been developed to detect or analyze 
homogeneity at this level. Thin lipid membranes in 
aqueous media contain two interfaces, which gen- 
eral ly are symmetrical in their  composition, but  it is 
theoretically possible for  the two interfaces to be of 
different composition (asymmetric),  even at the bi- 
layer level  

Pressure. The enviromnental pressure on the mem- 
brane and the aqueous medium is the atmospheric 
pressure of the contiguous gas phase plus the hydro- 
static pressure os the aqueous medium. I t  is possible 
to increase or reduce the pressure on the entire sys- 
tem, and if one or both aqueous compartments is 



208 THE JOURNAL OF THE AMERICAN OIL CHEMISTS' SOCIETY VOL. 45 

made a closed system, with the gas phase absent, the 
pressure may still be varied in the system. 

Temperature. Temperature is an important vari- 
able in this system because the various transitional 
forms of liquid crystalline phase lipid are usually 
quite temperature-dependent. The formation, thin- 
ning, and stability of thin lipid membranes are also 
markedly affected by small temperature changes. In 
addition, such changes can result in significant 
changes in the solubility and diffusion rates of all 
components, and in the viscosity of the liquid phases. 

Transmembrane Gradients. Several of the most 
interesting variables to consider are transmembrane 
gradients of molecular, ionic, and osmolar concentra- 
tion, electromotive force, and hydrostatic pressure. 
The first three gradients arc closely related. The 
concentration gradient for any diffusable molecule 
or ion provides the driving force for its transmem- 
brane flux, and for the osmotic flux of water in the 
opposite direction. Ionic concentration gradients may 
g;ve rise to a transmembrane electromotive force 
(either mono-ionie, bi-ionic, or multi-ionic). Addi- 
tional electromotive force can be derived from an 
applied transmembrane voltage. Finally, the hy- 
drostatic pressure may differ on the sides of the mem- 
brane, although only minute gradients can be resisted 
by the membrane. 

Operational Parameters in Apparatus and System Design 

General. Although many practical, operational de- 
sign parameters were recognized at the outset, opera- 
tional design requirements were established by 
empirical, trial-and-error testing of theoretical con- 
siderations with construction and use of many simple 
chambers. 

The bilayer chamber must be easy to thoroughly 
clean in order to prevent chemical contamination. 
It  should be relatively simple to construct and modify. 
Although the bilayer system requires many functional 
components, any component should be removable for 
repair, substitution, modification, or calibration with- 
out disrupting and disassembling the entire system. 
When necessary, disassembly and reassembly of the 
entire system should be reasonably simple. Optical 
and electrical methods have been used to analyze the 
thickness and area of the lamellar membranes, and 
methods of addition and withdrawal of material from 
the aqueous medium have been used in determination 
of membrane permeability properties. These methods 
are described in detail below, but it is important to 
note here that their use imposes further requirements 
on the design of apparatus and system. 

Optical. The system should provide an optical path 
for visualization of the membrane, such that the 
incident and reflected light rays lie in a plane which 
is perpendicular to the plane of the membrane. 
Brewster angle measurements require that the angles 
of incidence and reflection be variable around an axis 
in the plane of the membrane. Since the membrane is 
vertical and the axis of rotation of most spectrometers 
and ellipsometers is vertical, the vertical axis through 
the center of the membrane was chosen as the axis 
of rotation in chamber design to facilitate the use 
of the chamber with a spectrometer or ellipsometer. 
This is one significant advantage of the cylindrical 
chamber design described in a following section. 

Shielding should be provided to eliminate ex- 
traneous light, and stray or transmitted light from 
the light source should be trapped. Where possible, 
optical surfaces should be inclined to prevent spurious 

reflections. 
Thermal. The system must be thermostated, pre- 

ferably with provision for both heating and cooling. 
Temperature measurement and regulation should 
ideally be achieved with the thermometer or thermistor 
placed directly in the aqueous medium. 

Electrical. Electrical measurements are necessary 
for determination of several experimental variables, 
such as the pH and ionic strength of each aqueous 
medium, and the transmembrane electrochemical 
potential, resistance, capacity, and dielectric break- 
down voltage. This requires that no ion or electron 
conductive pathways exist between the two aqueous 
media except via the membrane. I t  also requires 
that the entire membrane and the membrane-support- 
ing partition be of nonconducting material, and that 
all electrodes, valves, thermistors, alignment pins, 
stirring provisions, etc., be insulated from each other, 
from ground, and from their counterpart on the 
opposite side of the membrane. In addition, the de- 
sign should permit electromagnetic shielding of all 
conducting leads and electrodes from extraneous and 
uncontrolled electromagnetic fields and from each 
other, by a common ground or a driven shield. 

Materials. A marked limitation on materials usable 
for chamber construction is imposed by the requisites 
of chemical inertness to both aqueous and organic 
solvents, electrical nonconduetanee, and optical trans- 
pareney. Additional properties were eonsidered in 
selection of materials for speeifie portions of the 
system. 

Because glass possesses these requisites, it was 
utilized in many early, simple chambers. Difficulties 
in precise glass-blowing, in machining, and in cement- 
ing glass parts with an adhesive insoluble in both 
aqueous and organic solvent types, and the expense 
of commereial glasswork led to its rejection as a 
suitable construction material for the entire system. 

Teflon, polyethylene, and polypropylene have the 
requisite chemical and electrical properties and may 
be machined or east with preeision, but are not trans- 
parent, are not easily cemented, and are only semi- 
rigid. They may nonetheless be used for the sup- 
porting partition and other components not in the 
optical path, if held in place by pressure fit, clamping, 
and/or alignment pins. Nylon, Dacron, and Bakelite 
were also used for some chamber components but were 
generally less satisfactory. 

Cast Lucite is electrically nonconductive, trans- 
parent, resistant to many organic solvents, and easily 
machined, and was therefore chosen as the material 
most suitable for constructing the more complex 
chambers. Stainless steel or brass was used through- 
out for metal components. 

Cylindrical  Chambers 

Cylindrical Chamber 1. The developmental stages 
and considerations presented in the previous two 
sections culminated in the design, construction and 
use of two basic types of apparatus. The type de- 
scribed in this section is a cylindrical chamber (46) 
designed especially for optical investigations of mem- 
brane properties. The second type of apparatus is 
a multiple chamber system designed for the study of 
several different membranes, and is described in the 
next section. 

Cylindrical Chamber 1 (Fig. 3A) is fully water- 
jacketed and cylindrical around a vertical axis 
through the membrane partition hole. A solid, clear 
Lucite half disc was laminated between two hollow, 
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~ilIG. 3A. Cylindrical Chamber 1. Assembled chamber 
mounted on magnetic stirrer. The chamber and light source 
can be rotated around a vertical axis but the microscope is 
stationary. Attachments for thermostated water, perfusion 
capillaries, electrodes, and nitrogen enter at the rear of the 
chamber (top right). 

opaque  b lack  Luc i t e  ha l f  discs to f o r m  one ha l f  
chamber .  V a r i o u s  con t ro l  a n d  m e a s u r e m e n t  assem- 
blies en t e r  f r o m  one edge of  the  ha l f  chamber .  The 
two ha l f  chambers  a n d  an  i n t e r v e n i n g  Teflon p a r t i -  
t ion are  assembled  wi th  bol ts  to fo rm  the  comple te  
chamber ,  a n d  m o u n t e d  on a m a g n e t i c  s t i r r e r .  Bo th  
the  chambe r  a n d  the  l igh t  source can  be r o t a t e d  
a r o u n d  the  ve r t i ca l  axis,  whereas  the  v iewing  micro-  
scope is s t a t i ona ry .  

The des ign  of the  chamber  (F ig .  3B,C,D)  incor-  
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FIG. 3B. Cylindrical Chamber 1. Mechanical drawing for 
the top pieces of the chamber. 
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FIG. 3C. Cylindrical Chamber 1. Mechanical drawing for 

the center pieces of the chamber. 

po ra t e s  e s sen t i a l ly  a l l  of the  p rev ious  cons idera t ions .  
The op t i ca l  p a t h  is t i le c lear  Luc i t e  cen te r  piece,  
a th i ck -wa l l ed  c y l i n d e r  which  al lows v i sua l i za t ion  of 
the  m e m b r a n e  b y  ref lec ted  or t r a n s m i t t e d  l i gh t  over  
a 110 ~ are.  The  opaque  b lack  Luc i t e  top  a n d  bo t tom 
pieces p rov ide  sh i e ld ing  f rom ex t r aneous  l ight .  Chan-  
nels  m a c h i n e d  in  the  top  a n d  bo t tom pieces for  w a t e r  
c i r c u l a t i n g  f r o m  a t h e r m o s t a t e d  w a t e r  b a t h  com- 
m u n i c a t e  t h r o u g h  a hole in  the  c lear  cen te r  piece.  

The c o m p a r t m e n t  which  conta ins  the  aqueous  
m e d i u m  is n e a r l y  c y l i n d r i c a l  to enable  b e t t e r  mix ing .  
The bo t t om of th is  c o m p a r t m e n t  is a Teflon p l u g  
con t a in ing  a wel l  to hold  the  m a g n e t i c  s t i r r i n g  bar .  
B e n e a t h  the  p l u g  is a space for  a smal l  p l a s t i c -encased  
s t i r r i n g  device which  p rov ides  a r o t a t i n g  m a g n e t i c  
field to d r ive  the  magne t i c  s t i r r i n g  bars .  

C y l i n d r i c a l  p o r t s  for  e lec t rode  a n d  va lve  assemblies  
en t e r  each ha l f  chambe r  above a n d  be low the  op t ica l  
ha l f  disc, r espec t ive ly .  A n  in le t  c a p i l l a r y  fo r  n i t rogen  
a n d  connectors  for  the  w a t e r - j a c k e t  also en te r  each 
ha l f  chamber .  B y  des ign ing  the  en t r ance  of a l l  con- 
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F~G. 3D. Cylindrical Chamber 1. Mechanical drawing for 
the bottom pieces of the chamber. 

nections f rom the rear  edge of each half  chamber, it 
is possible to disassemble the two halves and par t i t ion 
for cleaning without  removing all the accessory equip- 
ment. In  order that  the geometric relationships of 
membrane par t i t ion aper ture  and half  chambers re- 
main constant, the assembly bolts were machined to 
function as a l ignment  pins. 

One cylindrical Teflon plug in the rear  of each 
compar tment  provides access for a pair  of conductivi ty 
electrodes. Another  smaller cylindrical  Teflon plug 
contains two pieces of 22 gauge stainless steel tubing 
which serve to connect the compar tment  with pro- 
visions for fluid addition and withdrawal.  

A Beckman model I t2  p H  meter, No. 39290 glass 
electrodes, and No. 39270 fiber junction calomel elec- 
trodes were modified and used for p H  measurement.  
Conductivi ty electrodes were made of nickel-stainless 
steel or br ight  plat inum. On some occasions the 
electrodes were coated with fine p la t inum black. In-  
t e rcompar tment  and in t raeompar tment  conductivity 
measurements  were made on an Indus t r ia l  Ins t ru-  
ments  Model 16B2 Conduct ivi ty Bridge. 

Cylindrical Chamber 2. Another  cylindrical cham- 
ber was designed and built  (Cylindrical  Chamber 2, 
Fig. 4) a f t e r  a great  deal of experience with the 

previous design, including problems of leakage around 
vi r tual ly  all Teflon-Lucite junctions. Opaque black 
Lucite top and bottom pieces containing water  chan- 
nels for t empera ture  regulation were laminated to 
form each half  chamber. A small cylindrical com- 
pa r tmen t  for aqueous media was machined in each 
top piece. 

The assembled chamber is mounted on a vibration- 
damping base over a magnetic  stirrer. Both the 
chamber and light source can be rotated around a 
vertical axis through the center of the membrane 
part i t ion aperture.  Optical paths normal  and oblique 
to the membrane are permanent ly  mounted in the 
half  chambers. Electrodes, thermistor  probes, and 
inlet and outlet tubes enter f rom the top of each 
compartment .  

Partitions. The membrane-suppor t ing  par t i t ion 
may  be made of different materials  and may  va ry  in 
design. Simple chambers were constructed with glass, 
Bakelite, Teflon, and polyethylene parti t ions.  Routine 
subsequent work has used 0.020 inch polyethylene 
sheet with a heat-polished aper ture  of approximate ly  
2 mm diameter, or 0.010 in. Teflon sheet with a drilled 
3.1 mm diameter  aper ture  (0.075 cm 2 area) .  Other 
survey studies have used thinner  and thicker par t i -  
tions (0.002-0.125 inch) with conical, square, rec- 
tangular  and t r i angula r  holes, mult iple  circular 
apertures,  and Nylon and Teflon mesh (47), with 
individual  aper ture  diameters ranging f rom 0.5 mm 
to 6.0 ram. 

Multiple Chamber Systems 

Rationale. Experience with all of the previous 
chambers demonstrated tha t  much time was expended 
in assembling the chamber and prepar ing  it for use, 
and in disassembling and thoroughly cleaning it at  
the end of an experiment.  Fur thermore ,  in many  
types of experiments such as those using radioisotopes, 
rup tu re  of the membrane before sufficient data  had 
been obtained would necessitate a delay for disas- 
sembly, cleaning, reassembly, and readjus tment  before 
the experiment could be restarted. 

FIG. 4A. Cylindrical Chamber 2. Assembled chamber with 
top. The platinum hypodermic needles serve as electrodes and 
also provide for addition and withdrawal of fluid from the 
aqueous compartments. 
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Fro. ~B. Cylindrical Chamber 2. Mechanical drawing for 
the top pieces of the chamber. 

The early Lucite chamber (Fig. 2B) had proven 
highly serviceable. I t  was easy to clean, could be 
assembled and disassembled rapidly, and did not tend 
to leak. The cylindrical chambers had shown the 
advantages of an optical path normal or nearly normal 
to the membrane, and the top for Cylindrical Chamber 
2 had proven the uti l i ty of mounting all electrodes, 
thermistors, addition and withdrawal provisions, etc. 
as a separate unit. 

These considerations led to the design and con- 
struction of a multiple chamber system in which 
several different membranes can be studied either 
simultaneously or in rapid succession. Small inter- 
changeable chamber units (similar to the early Lucite 
chamber) are held in four  wells in a thermostat  block, 
and assemblies of electrodes and provisions for  per- 
fusion or sampling of aqueous medium are placed in 
the chambers as required. 

System, Design. The overall design of the multiple 
chamber system integrates the chamber units, thermo- 
stat block, and electrode/perfusion assemblies with 
appropriate  mechanical, optical, and electrical ap- 
paratus. This design is indicated as a block diagram 
in Fig. 5. The various components of the system fall  
into four  overlapping subsystems: the basic chamber 
apparatus,  the optical apparatus,  the electrical ap- 

paratus and the perfusion apparatus. These sub- 
systems are outlined in Table I I I  and coded to the 
block diagram. 

Chamber Units. Each chamber uni t  consisted of a 
clear cast Lucite f ront  section, an intervening Teflon 
partit ion, and a Lucite rear section (Fig. 6). The 
f ront  and rear  sections of the unit  were designed to 
serve slightly different functions. The rear  sections 
contained a single cylindrical aqueous compartment 
with a volume of 2.4 ml. A hole was machined through 
and perpendicular  to the side of the section adjacent 
to the partit ion, and was continued through the 
aqueous compartment and a portion of the outer wall. 
The bottom of the hole was then polished to form a 
flat optical viewing port. The four assembly screw 
holes were countersunk to take 3~ inch long cap 
screws. Each f ront  section contained a cylindrical 
compartment  for  aqueous medium with a volume of 
2.6 ml. A hole was machined in the side adjacent to 
the part i t ion and an optical port  formed as above. 
The upper  portion of the medial wall of the section 
was then machined away to permit  ready use of the 
spatula (or brush) in membrane formation. 

This design permits easy disassembly of the cham- 
ber unit  for thorough cleaning of the chamber sections 
and Teflon partition. Part i t ions of various thick- 
nesses and with different aper ture  sizes may be used. 
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Fro. 4C. Cylindrical Chamber 2. Mechanical drawing for the 
bottom pieces of the chamber. 
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I t  also permits complete closure of the rear  chamber 
by an eleetrode/perfusion assembly (see below) thus 
stabilizing the membrane against bowing due to hy- 
drostatic pressure differences. 

Normally, several chamber units are assembled, their 
partit ions preconditioned, the compartments filled 
with aqueous media, and the chambers placed in the 
thermostat  block to reach thermal equilibrium. This 
technique enables several membranes to be studied 
simultaneously, or enables the chambers to be used 
in rapid sequence. For  instance, if the membrane 
breaks during the course of a permeabili ty experi- 
ment, the entire elcctrode/perfusion assembly may 
be rinsed and t ransferred to another chamber, a new 
membrane formed, and the experiment rapidly 
restarted. 

The cylindrical shape of the bottom of each com- 
par tment  facilitates stirring of the aqueous media by 
a small Teflon-coated miniature magnetic stirring bar 
(3~ in. • 1/s in., No. 9235-U8, Ar thu r  H. Thomas Co.). 
The thin, flat bottom and the relatively small size of 
the chamber units permit  fair ly rapid (0.75C/min) 
a t ta inment  of thermostatic equilibrium, and main- 
tenance of the equilibrium temperature.  

Chamber Modified for Perfusion. One modified rear 
section for  a chamber unit  was made with a very small 
volume, which could be perfused with rapid total 
exchange of the aqueous media (Fig. 7). This section 
is designed for permeabili ty studies so that  the very  
small amounts of permeant substance crossing the 
bilayer will be minimally diluted and can be collected 

in rata. The rear aqueous compartment is closed ex- 
cept for the addition and withdrawal capillaries, and 
has a total volume of 50 ~1. Chlorided 18 gauge silver 
wire electrodes, and 22 gauge stainless steel tubing 
addition and withdrawal capillaries for both f ront  
and rear  aqueous compartments are permanent ly  
mounted with epoxy cement in the modified section, 
which is used with a regular  f ront  section and a 
part i t ion with a 3 to 5 mm diameter aperture.  The 
entire volume of the rear  compartment can be ex- 
changed easily in less than 30 seconds using coupled 
2.0 ml micrometer syringes. A well to hold a therm- 
istor probe is also provided. 

Thermostat Block. The assembled thermostat block 
(Fig. 8A) contains four wells, each holding one 
chamber unit. The component sections were machined 
from block aluminum. The base section (Fig. 8B) 
contains machined channels for  water pumped from 
a thermoregulated water bath. Enter ing  water may 
pass through the assembled block via an unimpeded 
channel bordering the edge of the base, or pass through 
a series of four st i rr ing wells (each containing a small 
magnetic bar in a Teflon propeller) and through a 
common exit channel. The rate of flow and route 
of the entering water may be controlled by stop- 
cocks, which permit  control of the rate of stirring in 
the chambers. Temperature  is monitored directly, 
at the chamber unit  or thermostat  block, with a single 
circuit thermistor thermometer (Model 43TD, range 
0-52C, with No. 404 probe, Yellow Springs Instru- 
ment Co.). 

TABLE I I I  
Components of the Multiple Chamber System 

Subsystem 1, basic chamber appa ra tus  

~Iembrane chamber,  ]~" 
Chamber uni ts  
Thermostat  block 
Elec t rode /Per fus ion  assemblies 

Thermoregulated bath, B 

Subsystem 2, optical appa ra tu s  

Light  source, I 
Chamber units, F 
Microscope, K 
Photomicrograph  camera, O 
Photometer  photomultiplier,  P 

Subsystem 3, electrical appa ra tu s  

DC signal source, A 
Electrometer amplifier, C 
Oscilloscope camera,  D 
AC signal source, E 
Elec t rode /Per fus ion  assemblies, F 
Operat ional  amplifier, G 
Oscilloscope and  differential amplifier, I~I 
Mult ichannel  recorder,  L 
Electronic switching unit ,  1Yi 

Subsystem 4, perfusiou appa ra tu s  

Elec t rode /Per fus ion  assemblies, F 
Perfus ion pump, J 
Injection and  sampling syringes, N 
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FIG. 5. Block diagram of the mu]tlple chamber system. The 
letters in each block code that component to the various sub- 
systems outlined in Table III. 

A Teflon gasket separates and electrically insulates 
the intermediate (Fig. 8C) and top (Fig. 8D) sec- 
tions of the block from the base. Similarly, Teflon 
tape separates and electrically insulates the top sec- 
tions at the f ront  from those at the back. The entire 
thermostat block is assembled with nonconduetive 
Nylon screws and fastened with a Lucite insulator 
to a lead brick (see below). The top and intermediate 
sections are electrically connected to the circuit ground 
in the front, and to the driven shield from the Bak 
amplifier in the rear (see below). The base of the 
thermostat block is grounded separately. The design 
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Fro. 6. Chamber unit normally used in multiple chamber 

system. A, exploded view showing the front section (left), 
Teflon partition with aperture (center), and rear section 
(right). B, Mechanical drawing for both sections of chamber 
unit. 
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FIG. 7. Modified rear section of a chamber unit for perfusion 
of the rear aqueous compartment. A, front view of section 
showing the shallow 50 /~l compartment. Black Ag/AgC1 elec- 
trodes, and capillary tubing for addition and withdrawal of 
fluid in  both compartments are permanently mounted in the 
section. B, mechanical drawing. 

of the chamber wells in the thermostat block provides 
a vertical slit in both the f ront  and rear  of the well, 
permitt ing optical viewing of the membrane aperture 
in either reflected or transmitted light. 

Electrode/Perfusion Assemblies. The electrode/ 
perfusion assemblies (Fig. 9) were designed to fit 
into and completely close the rear compartments of 
the chamber. They contain both Ag/AgC1 electrodes 
and perfusion inlet and outlet capillaries. The A g /  
AgCI electrodes are made by plating polished 18 
gauge silver wire in 0.1 M HCl with 1 mA for 1 ~  
to 2 hr. The perfusion inlets and outlets are made 
from 22 gauge stainless steel hypodermic needle tub- 
ing. The assemblies are east with General Electric 
Silicon Rubber Monomer RTV-41 (white) using 
approximately 0.05% dibutyltin dilaurate as catalyst 
and curing at room temperature for at  least 4 hr. 
A No. 13 polyethylene stopper is shortened by cutting 
off the bottom, closed with a No. 8 Caplug, and used 
as a mold. The electrodes and perfusion inlets and 
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FIG. 8A. T h e r m o s t a t  block used in mul t ip le  chamber  system.  S tepped  cu taway  schemat ic  
d i a g r a m  of the assembled  t h e r m o s t a t  block, showing the  water  connect ions  in the  base  on the 
l e f t  and  an assembled  chamber  un i t  in the  well on the  r ight .  

outlets are so designed that  they do not extend below A 40 mm focal length 3.5x objective, and a 10x 
the upper  edge of the membrane aperture and thus ocular fitted with a cross-hatched reticle (1.0 mm 
do not obscure the view of the membrane in either rulings) were used in a monocular Leitz microscope. 
reflected or transmitted light. Photomicrographs were taken with a Leitz micro- 

Optical Apparatus. The light source is an AO attachment and Leica M I Camera back mounted 
Universal Microscope Lamp. The lamp was powered on the microscope. The optical magnification and 
by a t ransformer in early work, but  the AC current  reticle rulings were calibrated on the photomicro- 
to the light was a major  source of 60 cycle inter- graphs directly by photographing a hemacytometer 
ferenee in electrical measurements and the lamp with 1.0, 0.2 and 0.05 mm rulings. Apertures  in the 
subsequently has been powered by an 8 volt DD Marine partit ions were also calibrated directly by superim- 
Storage Bat te ry  (Delco) using a Powerstat  (Type posing them on the hemaeytometer and viewing them 
20, The Superior  Electric Co.) to control intensity, under low power magnification. A Leica Micro-Six 

The polished surfaces of the optical ports in the Exposure Meter at tachment  was used with the Leitz 
Lucite chamber units provide adequate visualization photomicrographie apparatus. 
of the membranes, even though they are not optically Electrical Apparatus. The overall electrical circuit 
flat. Because Lucite is totally opaque to light of less design is shown in Fig. 10. The circuit applied 0.01- 
than ca. 365 m~, the Lucite chambers are not usable 20,000 cps sine wave input  signals from a Hew]ett- 
in the short ultraviolet range. Packard Model 202 Frequency Oscillator, and /o r  long 
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Fro. 8C. Mechanical drawing for the intermediate section of the thermostat block. 

rectangular  pulse or DC input  signals f rom a Grass 
Model SSB Stimulator,  across the membrane through 
a series of high precision current- l imit ing resistors 
(Victoreen Ins t rumen t  Co.). A two or four  electrode 
system detected the t ransmembrane  potential  dif- 
ference with a high input  impedance ( > 1 0  l~ ohm) 
uni ty  gain preamplif ier  (Bak S tandard  Wide Band  
Electrometer,  Electronics for Life Sciences). The 
t ransmembrane  current  was detected with a solid state 
operational amplifier (Philbrick P65QU Differential 
Operational Amplifier) whose summing point  was 
connected to one current  electrode. Detected t rans-  
membrane voltage and current  signals were respec- 
t ively displayed on the A and B beams of a Tektronix 
Type 502 Dual  Beam Oscilloscope. Sinusoidal trans- 
membrane voltage signals were also rectified at  the 

electrometer amplifier output,  amplified with a Grass 
Model 5D Po lygraph  DC Dr iver  Amplifier, and re- 
corded on a RectA/RAter str ip chart  recorder (Texas 
Ins t rumen t  Co.). 

Electrical  noise and 60 cycle interference were 
minimized by  shielding all leads, perfusion tubing, 
electronic equipment,  and chambers, and by enclosing 
the entire chamber assembly, l imiting resistor circuit, 
electrometer head, and operational amplifier circuit 
in a grounded screen cage. The oscilloscope was 
calibrated with an accurate vacuum tube voltmeter.  

Perfusion Apparatus. The p r i m a r y  perfusion ap- 
para tus  was a H a r v a r d  :Model 600-000 multispeed 
transmission dual peristalt ic pump.  In  some cases, 
however, 2.0 or 0.2 ml capaci ty R G I  micrometer  
syringes were used to balance t r ansmembrane  pressure, 
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FZG. 8D. Mechanical drawing for top sections of the thermostat block. 
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FIG. 9. Electrode/perfusion assemblies used in nmltiple 
chamber system. Shielded and insulated electrical leads enter 
each molded silicon rubber assembly from the upper left, and 
connect within the assembly to the Ag/AgC1 electrodes (larger, 
(]ark wires). Smaller stainless steel capillary tubing provides 
for fluid addition and withdrawal from one (right assembly) 
or both (left assembly) aqueous compartments. 

and /o r  directly coupled to add and withdraw sam- 
ples simultaneously. Hamil ton mieroli ter  syringes 
were used to add small amounts of solution (1.0 to 
50 ~l) to the f ront  compartment .  The peristalt ic p u m p  
and tubing were calibrated with the micrometer  
syringes. 

Vibration Damping Apparatus. Ambient  vibra-  
tions, which tended to rup tu re  thinning membranes,  
were damped by a 2 • 4 • 10~/4 in. lead brick rest ing 
on a 6 • 12 • 11~ in. Float-on-air  base (Rahnike's  
Tool-A-Rama, 245 Broad St., Summit,  N. J.  07901). 
The entire membrane  chamber-lead brick assembly 
was positioned on a slab of polished marble, and 
"floated" with clean, dry, compressed air  at approxi-  
mately  2 psi. Because there was essentially no fric- 
tion to prevent  horizontal movement  when the air  
was tu rned  on, the assembly was moored with rubber  
bands at tached to each of the four  corners of the 
thermostat  block. 

The table on which the appara tus  and marble  
rested was effectively insulated f rom vibrat ions t rans-  
mit ted f rom the floor by tennis balls under  each of the 
four  legs. The tennis balls were held in place and 
the table prevented f rom rolling by inverted soft  

rubber  coaster pads fastened to the bottom of each 
leg. 

Optical Methods of Membrane Analysis 

Introduction. Direct  optical methods were used to 
observe the format ion of the thick membrane,  to fol- 
low subsequent thinning, to determine p lanar i ty  and 
continuity, and to measure the area of the bi layer  a t  
equilibrium. When the membrane is i l luminated with 
white light and the light reflected f rom the membrane 
is viewed through a low power microscope, three dis- 
t inct stages are observed dur ing  the th inning process. 
These stages are schematically represented in Fig. 13. 
The thick lipid membrane which is init ial ly formed 
appears  g ray  (Fig. 13A). As the membrane  thins, 
interference color pa t te rns  appear  and pass through 
several series of faint,  higher-order bands of color to 
the bri l l iant  colors of first-order interference and 
finally to a "si lvery" blue appearance (Fig. 13B). 
The final stage is a completely t r ansparen t  or "black" 
appearance which develops with a sharply  demarcated 
border f rom the "si lvery" membrane as the membrane 
thins to a bi layer  (Fig. 13C). 

Geometrical Optics. According to the most simple 
assumptions for  geometrical optics (48), l ight is re- 
flected f rom a thin lipid membrane in an aqueous 
medium at both the first aqueous-lipid and the second 
lipid-aqueous interface (Fig. 14). The refract ive 
index increases at the first interface f rom no to nl, 
and decreases at the second interface f rom nl  to no. 
Because the increment  of change in refract ive index 
is equal at both interfaces, the reflection factors are 
equal for beams reflected at  both the first and second 
interface. However,  the sign of the refract ive index 
change is opposite for the two interfaces, result ing 
in a 180 ~ phase difference between the wave fronts  
of the first and second reflected beams. Addit ional  
phase difference betweeen the two beams is introduced 
by the increased optical pa th  traveled by the second 
beam. This increased pa th  length is a function of 
the angle of incidence, the refract ive indices involved, 
and the thickness of the membrane.  

When the membrane thickness is equal to a quar ter  
wavelength (X/4) of normally-incident  monochromatic 
light of wavelength X, the optical pa th  difference of 
one&all  wavelength (X/2) produces an addit ional 
180 ~ phase shif t  in the second reflected beam. Under  

C 

c ........ i ! i 

FIG. 10. Electrical circuit diagram for multiple chamber system. 



A P R I L ,  1968 H O W A R D  A N D  B U R T O N :  T H I N  L I P I D  M E M B R A N E S  W I T H  A Q U E O U S  I N T E R F A C E S  217 

Fro. 11. Mult iple  chamber  sys tem,  close-up view showing  
several  types  of  chamber  un i t s  in place in  the  t h e r m o s t a t  block. 
A n  electrode pe r fus ion  assembly  is in place in the  l e f t  h a n d  
chamber ,  and  a smal l  s p a t u l a  used  to "pa i n t "  m e m b r a n e s  is 
shown immedia t e ly  in f r on t  of  the  t h e r m o s t a t  block. The  
detect ion e i rcul t  box and  opera t iona l  amplif ier  are  a t  the  
ext reme top. ]3elow this  is the  source circui t  box con ta in ing  
the  cur ren t - l imi t ing  resis tors ,  connected on the  r igh t  to the  
e lectrometer  probe hous ing .  

these conditions constructive interference occurs, and 
maximum intensi ty of reflection is present. Thus, 
a max imum of reflection and min imum of transmis- 
sion can be observed whenever the membrane thick- 
ness is such that  the optical pa th  difference is X/4, 
3x /4 ,  5 x / 4  . . . .  

I n  a thinning membrane i l luminated with white 
light (an achromatic mixture  of wavelengths) both 
constructive and destructive interference operate to 

% Partition~ Annulus~ ~ ( ~ L ~  

G ~(~ ~ Interference 
Colors 0--0 0-- __<) 0---0 / 

~_~\Wh,,, 

o--o 
ol-',o o- ---o 
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Thick Lipid Thinning Bilayer Lipid 
Membrane Membrane Membrane 

Fro. 13. D i a g r a m  i l l u s t r a t ing  the  three  s t ages  observed 
du r ing  t h i n n i n g  of  a l ipid m e m b r a n e  in aqueous  media ,  and  
ind ica t ing  the  p a t t e r n s  of  reflected l ight .  

produce a sequence of chromatic bands of reflected 
light. When the optical pa th  difference in a membrane 
i l luminated with white l ight is equal to or slightly 
less than one quar te r  of the average wavelength, con- 
structive interference of the re fleeted light is maximal  
and the membrane appears  yellow to "silvery" blue. 

Because of the complete destructive interference 
between reflected l ight wave fronts  180 ~ out of phase, 
a membrane which is very thin relative to a quar ter  
wavelength of the incident light exhibits essentially 
no reflection. Such a t ransparent ,  non-reflecting mem- 
brane appears  black ra ther  than  colored or "si lvery" 
when viewed against  a dark  background. Under  
optimal  conditions a fa int  g ray  shimmer of specular 
reflection f rom the "black" membrane may  be seen. 

Tien has recently published an excellent paper  
which presents a more complex geometrical analog 
of the thin lipid membrane in aqueous media (49). 

Fro. 12. Mult iple  chamber  sys tem,  wide-angle  view showing 
all of  the  components  of  the  sys t em as used.  The electronic 
s igna l  source and  detect ion equ ipment  is on the  left .  I n  the  
uppe r  left ,  AC and  DC s igna l  sources are on top of a moveable  
pane l -moun t  rack. The rack  contains ,  in order  f r om the top:  
the  Bak  e lect rometer  amplif ier ;  the t he rmis to r  t he rmomete r  
gauge  and  electronic swi tch ing  u n i t ;  a device for  p l a t i ng  
Ag /AgC1  electrodes;  a func t ion  genera to r  which can serve 
as a sine, t r i angu la r ,  or square  wave s igna l  source;  the  AC 
amplifier,  rectifier, and  DC dr iver  amplif ier  for  s t r ip  cha r t  
record ing ;  and  the  power  supp ly  fo r  the  B ak  amplifier.  The 
sea ted  inves t iga to r  can opera te  a]l equipment ,  observe the  
membrane ,  and  collect all necessary  data .  The photomicroseope 
is in f r on t  of  the  m e m b r a n e  chamber  assembly  and  other  
equ ipment  shown in Fig .  11. The l i gh t  source is direct ly 
under  the  photomlcroscope and  h idden  by it. W h i t e  microm- 
eter  sy r inges  are m o u n t e d  on ei ther  side of  the  screen cage 
j u s t  above the  table.  Above the  screen cage,  on the  shelf ,  
is the  per i s ta l t ic  pe r fu s i on  pump.  u  observat ion,  electr ical  
data ,  and  event  ma rks  are  recorded on the  r ight .  The oscil- 
loscope is in  the  uppe r  r i gh t  wi th  i ts  record ing  camera  in r i gh t  
center.  The s t r ip  cha r t  recorder  wi th  event  ma rke r s  is posi- 
t ioned so t h a t  no tes  m a y  be made  direct ly  on the  cha r t  while 
recording.  The t h e r m o r e g u l a t e d  ba t h  is on the  floor a t  r ight .  
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Membrane 

Aq ueous 

Medium 

First Interface 
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Reflected 

: d ~ zLIght 

Refractive indices n o nl  no 

FIG. 14. Diagram illustrating the geometrical optics of re- 
flection f rom a th in  l ipid m e m b r a n e  in aqueous  media .  
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This analog provides for reflection of light at the 
interfaces of free solution and the bound water around 
the polar head groups as well as at the interfaces 
between (bound) aqueous phase and hydrocarbon. 
Tien's proposal more exactly represents the optical 
nature of membranes, and correlates better with ex- 
perimentally determined reflection intensity measure- 
ments. 

Measurement of Membrane Area. Measurement of 
the aperture size of the partit ion is not an adequate 
method of determining membrane area because the 
amount and distribution of lipid in the annulus may 
vary  widely. The border at the junction of the mem- 
brane and the bulk phase annulus (Plateau border) 
reflects light strongly. Membrane area can thus be 
determined by direct visual measurement of the 
Plateau border diameter, using a calibrated reticle at 
known magnification. Measurements of total mem- 
brane area, or of the area of black or of a part icular  
color can also be made direetly from eolor photomi- 
crographs. Photomicrographs taken at known time 
intervals can be used to determine the types of drain- 
age and mechanism of thinning of the membrane and 
to calculate the rate of bilayer formation. The thick- 
ness range for an area of any specific color in a 
thinning membrane can be determined by reference 
to s tandard works (50). 

Electrical Methods of Membrane Analysis. Elec- 
trical methods used for membrane analysis included 
DC transient and AC steady state techniques at both 
constant current and constant voltage (51,52). Con- 
stant current  DC transient analysis was used most 
often, because it was the simplest technique and the 
least susceptible to errors in measurement. DC pulses 
of varying duration were passed through the current- 
limiting resistor network to the transmembrane elec- 
trodes. The reversible Ag/AgC1 electrodes or rever- 
sible calomel electrodes which were used introduced 
electromotive forces of less than 2 mv into the circuit. 
The transmembrane voltage drop E across the mem- 
brane resistance was detected with the cathode fol- 
lower input  of the Bak amplifier, displayed on the 
upper beam of the oscilloscope, and recorded with 
the oscilloscope camera. 

The transmembrane current I was measured as the 
output  voltage of a differential operational amplifier 
and displayed on the lower beam of the oscilloscope. 
The current electrode was connected to the summing 
point of the operational amplifier and was held at 
ground potential by feedback from the output  through 
a high precision resistor. The output  voltage was 
thus proportional to the current into the summing 
point. Control measurements were made on all cham- 
bers with Teflon and polyethylene partitions not con- 
taining apertures. No current  could be detected with 
applied voltages up to 150 volts. 

The transmembrane resistance R was calculated 
from the simultaneously measured E and I values 
using Ohm's law, 

R = E / I ,  [1] 

normalized by multiplying by membrane area A, and 
expressed in ohm-cm 2. The resistivity p (specific 
resistance) was calculated from the measured values 
of R and A using the equation 

0 = RA/a,  [ 2 ] 

where $ is an assumed membrane thickness of 50 A. 
The time constant r was determined from the E 

trace as the time in seconds to reach 0.632 E ..... with 

a pulse duration of ~ 5r. The transmembrane 
capacity C was calculated from 

C = r /R,  [3] 

normalized by dividing by A, and expressed in 
~fd-cm -2. 

Resistance and capacity of membranes with black 
areas comprising greater than ten per cent of the 
total area were calculated on the basis of the area of 
black. For  other membranes, calculations were based 
on total membrane area. This treatment is justified 
by the much lower resistance and higher capacity of 
the black membrane than thicker, colored membranes. 

Electrical measurements at constant voltage were 
made by connecting the low output  impedance signal 
from the DC or AC source directly to the current 
electrode rather than through a current limiting 
resistor. 

The technique of applying a sinusoidal (e.g., 1000 
eps) transmembrane voltage, rectifying it, and re- 
cording it on a strip chart  proved highly valuable. 
I t  provided a continuous, automatic record of mem, 
brane formation, thinning, bilayer plateau, and rup- 
ture (Fig. 15). The ordinate of the record is a non- 
linear function of the membrane impedance and 
reflects pr imari ly the changes in capacitive reactance 
of the membrane. 

Methods of Determining Membrane Permeabi l i ty  

The permeability of lipid bilayer membranes to 
various substances has been determined by diffusion 
flux, osmotic flux, and electrochemical potential 
methods. With the diffusion flux method a known 
amount of a substance for which the permeability of 
the membrane was to be determined was added to one 
aqueous compartment. Sequential aliquots were then 
removed from both compartments at various time 
intervals, and the concentration of the substance de- 
termined, e.g., by radioactivity analysis of radio- 
isotope-labeled substances. With the osmotic flux 
method the volume flow of water under an osmotic 
pressure gradient was directly measured. Electro- 
chemical potential methods were used to determine 
the relative and absolute permeability of the mem- 
branes to small ions. A more detailed account of 
the permeability methods and experiments will ap- 
pear elsewhere (53). 

Formation 

MEMBRANE LIPID BILAY ER 

TMnn lng~  / 
Bilayer\ ~-~/ 

.._# 

fcz~ 

I f i I I I I I I 

Mlnutes 
FIG. 15. Strip chart recorder tracing indicating the forma- 

tion of a lipid membrane, its thinning to bilayer thickness, 
and its rupture. The ordinate is a nonlinear function of the 
membrane impedance Z. 
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Experimental Procedures: Membrane Properties 
M e m b r a n e  C o m p o s i t i o n  

Criteria Used for Selection of Membrane-Forming 
Materials. In the initial stages of this investigation, 
a var ie ty  of lipid substances and biological materials 
were surveyed to determine which ones would form 
thin lipid membranes in aqueous media. Some ma- 
terials spread on the part i t ion and formed membranes 
easily with a single brush stroke, or with a few 
strokes. Other materials required many strokes and 
would not form membranes easily, although when a 
membrane was obtained it occasionally lasted for 
several minutes. Still others would not form mem- 
branes at all. Several operational criteria were used 
to evaluate the materials which did form membranes 
for their usefulness in fu r ther  studies. 

Because one goal of the project  was to s tudy bilayer 
membranes, rapid thinning of the lipid was desired, 
i.e., thinning to a completely black state within five 
or ten minutes. However, this rapidi ty  was considered 
less important  in initial studies, provided that  the 
membrane shortly thinned enough to exhibit inter- 
ference color formation and eventually developed 
black areas. 

The durat ion of the membrane is dependent upon 
its stability to an assortment of mechanical, chemical, 
and electrical factors. I t  was impor tant  that  the 
membrane durat ion be sufficient to enable electrical 
and permeabili ty studies to be made--general ly  
twenty minutes or longer. 

Another  criterion was that  membranes formed from 
solutions of identical composition have the same prop- 
erties. Reproducibil i ty was pr imari ly  sought in re- 
sistance and capacity values and in a black appearance 
of the membrane at  the final stage of thinning, be- 
cause the principal methods used in this s tudy were 
electrical and optical. 

Survey of Materials. Thin lipid membranes were 
formed from the lipid and proteolipid materials listed 
in Table IV. The first material tr ied was the lower 
(organic) phase from an unmodified Folch extraction 
of bovine brain. The membranes formed were thick 
and rigid and often would not thin. The addition of 
a-toeopherol (40), n-tetradeeane (54), or n-dodeeane 
enabled thinning to proceed more regularly. The 
Foleh procedure was then modified (as described 
above) in order to decrease the number of prepara tory  
steps and therefore the likelihood of lipid oxidation, 
and was used in prepar ing all of the mixed lipid 
extracts listed in Table IV. 

Many materials did not form membranes satis- 
factorily. These included commercially available leci- 
thin, cephalin, inositide, and mixed phospholipid 
preparations as obtained. They also included mixed 
lipid extracts which had been oxidized by exposure 
to air, and previously purified phospholipid or glyco- 
lipid which had aged for over six months. 

Mueller et al. (40) described the addition of a- 
tocopherol to their  membrane-forming solutions in 

T A B L E  I V  

Mater ia l  W h i c h  F o r m e d  T h i n  L i p i d  M e m b r a n e s  in  Aqueous  Media  

Mixed  l ip id  ex t r ac t s  f r o m  : 
Whole  bovine  bra in  
W h o l e  rat  bra in  
B o v i n e  b r a i n  wh i t e  m a t t e r  
P u r i f i e d  bov ine  b r a i n  myel in  
R a t  l iver  m i tochond r i a  
R a t  l iver  mie rosomes  
Pu r i f i ed  h u m a n  r ed  blood 

cell ghos ts  
Neurospora  erassa 
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Pur i f i ed  subs t ances  : 
Soybean  phospha t idy l  choline 
E g g  yolk  phospha t idy l  choline 
B o v i n e  b r a i n  phos,phatidyl  

choline 
Synthe t ic  f l ,7-dipalmitoyl-n-a- 

phospha t idy l  choline 
B o v i n e  b r a i n  pro teol ip id  
Bov ine  b r a i n  sph ingomye l in  
Bov ine  b r a i n  cerebros ide  
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order to facilitate the thinning and increase the 
stability of their membranes. A var ie ty  of substances 
were tested in chloroform-methanol-lipid solutions in 
at tempts to find a less readily oxidized substitute for  
a-tocopherol. These included cholesterol, paraffin oil, 
long chain fa t ty  acids, long chain fa t ty  alcohols, and 
several n-alkanes. 0 n ly  purified cholesterol and the 
n-alkanes significantly increased membrane stability. 
Unpurified cholesterol and nonredisti]led, practical 
grade alkanes were unsuitable. 

Membranes obtained from solutions of each of the 
mixed lipid extracts in ehloroform-methanol-a-to- 
copherol or in n-tetradecane would thin to complete 
black. Purified bovine brain phosphatidyl  choline 
and proteolipid in similar solutions also formed black 
membranes. The composition of several membrane- 
forming solutions is given in Table V. 

The electrical methods employed in these prelimi- 
n a ry  studies consisted of measurements with an AC 
conductivity bridge which was relatively insensitive, 
and with which the membrane capacity could not be 
satisfactorily balanced. The resistance values of the 
membranes were generally greater than the upper  
limit of detection sensitivity, which was ca. 1 • 106 
ohms. The high resistance of the membranes and 
their black appearance strongly suggest that  the mem- 
branes indeed thinned to bilayer thickness. (The 
reasons for this conclusion are discussed in more de- 
tail in a subsequent section.) Membrane-forming solu- 
tions made with freshly prepared mixed lipid ex- 
tracts formed membranes as stable as those formed 
from purified lipids. However, the goal visualized in 
this work was to s tudy membranes of ful ly  defined 
composition, and therefore, mixed lipid extracts were 
not fu r ther  utilized. 

Solutions of Defined Composition. In subsequent 
experiments with phosphatidyl  choline the chloro- 
form and methanol were omitted from membrane- 
forming solutions and replaced by the liquid hydro- 
carbons n-deeane, n-dodecane, or n-tetradeeane. This 
was done because the chloroform-methanol solutions 
evaporated and deteriorated rapidly,  and also be- 
cause they attacked the Lucite chambers. Solutions 
of phosphatidyl  choline in n-hexane would form mem- 
branes but  the membranes were unstable, and mem- 
branes of phosphatidyl  choline in n-hexadecane would 
not thin rapidly  enough. Solutions of phosphatidyl  
choline in n-decane or n-dodecane were most satis- 
factory. Sphingomyelin and cerebroside in n-deeane 
formed stable bilayers either with or without added 
cholesterol, although temperatures of 38-4hC were 
required to obtain satisfactory thinning. The most 

T A B L E  V 

Composi t ion of Solut ions  U s e d  To F o r m  M e m b r a n e s  a 

Componen t s  

Approxi -  
Composi t ion  m a t e  

mole 
m g /  /tl/  f rac-  
ml  ml M/1 t ion  

I .  Mixed  l ipid ex t rac t  20 2.7 X 10 ̀ 2 0.002 
Cholesterol  20 5.2 X 10 -s 0.003 
Chloroform 352 0.270 
Methanol  448 0.695 
a-Tocopherol  160 35 }( 10 --9 0.022 

I I .  Mixed  l ipid ex t rac t  20 0.002 
Chloroform 480  0.413 
Methanol  320 0.544 
n - T e t r a d e e a n e  180 0.041 

I I I .  Pu r i f i ed  egg  
phospha t idy l  choline b 7.52 1 X 10 -2 0.002 

Pu r i f i ed  cholesterol 7.74 2 X 10 -s 0 .004 
n -Decane  985 0 .994 

a The  composi t ions  shown  are r e p r e s e n t a t i v e  types  of  the  
solut ions used.  

b O r  o ther  pur i f i ed  l ipid.  

var ious  
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stable and generally useful membranes by the criteria 
previously cited were formed from highly purified 
egg phosphat idyl  choline in n-deeane with cholesterol 
added. The electrical and permeabil i ty  data sub- 
sequently presented are f rom such membranes.  

Experimental Problems 

Cleaning. Several experimental  problems were en- 
countered init ially in forming lipid membranes in an 
aqueous medium, despite the apparen t  simplicity of 
the technique. Traces of surface active agents f rom 
a var ie ty  of sources impai red  or prevented membrane  
formation. These sources include plasticizers, curing 
agents, catalysts and mold release agents contained 
in the plastic port ions of a newly-constructed system, 
body oils or other contaminants  f rom handling, and 
residual oxidized lipids or minute  traces of detergent  
due to incomplete washing and rinsing of the cham- 
bers. Surface active agents could be completely re- 
moved from new Lucite by washing it and exposing 
it to ul t rasound in hot aqueous detergent,  r insing it 
for several hours in hot running  tap water, and then 
boiling it in distilled water. Teflon and polyethylene 
pieces were washed, extracted with chloroform- 
methanol (2:1, v / v )  overnight, and boiled in dis- 
tilled water. Subsequently the Lucite, Teflon, or 
polyethylene pieces were briefly washed with deter- 
gent, rinsed careful ly  with hot tap water  and distilled 
water, and air dried before use. Precautions such 
as routinely storing the Lucite under  distilled water,  
or storing Teflon or polyethylene under  petroleum 
ether were found to be unnecessary. However, plastic 
pieces exposed to the atmosphere for several days 
became contaminated and had to be rewashed before 
use .  

Preconditioning. Thick membranes and bilayers 
could be formed on clean untreated membrane par t i -  
tions, but their  format ion and their  stability, especially 
dur ing early stages of thinning, were improved by 
"precondit ioning" the parti t ions.  This was done by 
a i r -drying a small annular  r ing of the membrane-  
forming solution around the aper ture  on both sides 
of each part i t ion.  

Amount of Lipid. Lipid  is less dense than water  
and thus, if too much lipid were on the brush, it 
would f requent ly  flow upward  and rup ture  newly- 
formed membranes.  This upward  flow with rup tu re  of 
the membrane was par t icu lar ly  a problem when sable 
brushes were used, and with aper tures  greater  than  
4 or 5 mm in diameter. The Teflon or polyethylene 
spatulas held less lipid and generally did not create 
this problem. Conversely, too little lipid on the 
spatula,  especially with the larger apertures,  did not 
permit  ready membrane format ion because a sufficient 
suppor t ing annulus could not  be formed. 

Oxidation. Oxidation of the lipids in the membrane-  
forming solutions by prolonged exposure to air made 
the format ion of membranes difficult, led to p remature  
rup tu re  of the membrane,  or prevented membrane 
formation altogether. Fresh ly-prepared  lipid solu- 
tions in n-decane were stable for several months when 
stored under  ni trogen in a ref r igera tor  and main- 
tained their  membrane-forming capaci ty  even if ex- 
posed to a i r  at  room tempera ture  for a working day. 
Lipid solutions made with chloroform-methanol were 
less stable, becoming unusable af ter  4-6 weeks in the 
ref r igera tor  or af ter  a few hours of exposure to air  
at room temperature .  

Bubbles. Bubbles created optical and electrical 
interference, distorted the membrane from planar i ty ,  

and frequent ly  caused the rup ture  of the membrane.  
Bubbles arose f rom dissolved gases in the aqueous 
media when its tempera ture  was increased, and f rom 
air  carried into the aqueous media on the brush or 
spatula. Bubbles f rom the media could be removed 
with a microsyringe or small spatula  before the mem- 
brane was formed, and bubbles carried in by the 
brush or spatula  could be avoided with sufficient care. 

Temperature. Tempera ture  great ly  affected the 
initial format ion of the membrane.  In  many  cases a 
par t icular  membrane-forming solution would form 
gray-appear ing  membranes  which broke in a fract ion 
of a second. When the tempera ture  was increased as 
little as 1C, the same solution would often form stable 
membranes  which would thin and exhibit interference 
colors. Except  where specified otherwise, experiments 
were carried out at 37C. 

Types of Drainage 

Afte r  a lipid membrane  was formed, it thinned by 
drainage into the surrounding bulk phase annulus. 
Each of the types of drainage described by Mysels 
et al. (16) for  aqueous soap films in air  was observed 
dur ing the th inning of thin lipid membranes  in 
aqueous media. The major  types which were observed 
are simple mobile, i r regular  mobile, and rigid drain- 
age. A complete description of the observations on 
thinning lipid membranes will be presented elsewhere 
(55). 

Bilayer Stability 

The black bilayer membranes were remarkably  
stable once formed. Membranes were occasionally 
permit ted  to persist  overnight,  but  more typical ly 
they lasted for  one to three hours. The bilayers were 
much more stable to vibration, t ransmembrane  hy- 
drostatic pressure changes, and the effects of s t i r r ing 
than were thicker membranes.  They were liquid in 
the plane of the membrane and generally showed low 
surface viscosity. This was indicated by the fluid 
motion of part iculate  mater ia l  or islands of thicker 
lipid under  the influence of convection, vibration, or 
stirring. Some bilayers would permit  puncture  with 
a very fine glass or metal  needle without rupture ,  and 
would reseal themselves wheen the needle was with- 
drawn. In  addition, some bilayers could be slightly 
deformed with a blunt  glass rod without ruptur ing.  

The bilayers were stable to a wide range of p H  in 
the aqueous media, f rom approximate ly  p H  4 to p H  
10, depending upon the lipids used. While bilayers 
formed and persisted for short periods in distilled 
water,  they were markedly  stabilized by aqueous media 
with monovalent ion concentrations as low as 1 • 10 -a 
M. They were stable to concentration gradients  as 
great  as one hundred-fold with nonelectrolytes such 
as urea, provided the lower concentration of non- 
electrolytes was greater  than  a certain min imum (ca. 
I • 10 -3 M). They were also stable to concentration 
gradients of electrolytes, al though they usually rup-  
tured  before a fifty-fold gradient  was reached. Note 
tha t  the osmotic pressure gradient  across the mem- 
brane is similar in these two cases. 

Bilayer Electrical Properties 

Resistance. The DC resistance of completely black 
membranes (bilayers) measured in 0.1 M NaC1 or 
KCI solutions was general ly in the range R = 1 • 106 
to i • l0 s ohm-em 2 (Table VI ) .  However,  there was 
some var ia t ion in the resistance even of membranes 
formed from the same membrane-forming solution on 
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FIG. 17. G r a p h  o f  v o l t a g e  vs.  c u r r e n t  f o r  a l i p i d  b i l a y e r  
m e m b r a n e .  T h e  v o l t a g e - c u r r e n t  r e l a t i o n s h i p  is  l i n e a r  to  ca .  60 
m y ,  t h e n  e x h i b i t s  a g r a d u a l  d e c r e a s e  i n  t h e  v o l t a g e  d e v e l o p e d  
w i t h  f a r t h e r  i n c r e a s e  i n  c u r r e n t  u n t i l  d i e l e c t r i c  b r e a k d o w n  a t  
155  m y .  

FIG. 16. G r a p h  s h o w i n g  r e s i s t a n c e  c h a n g e s  w i t h  t i m e  f o r  a 
t h i n  l i p i d  m e m b r a n e .  T h e  m e m b r a n e  b e c a m e  c o m p l e t e l y  b l a c k  
a t  12 .4  m i n  a n d  r u p t u r e d  a t  150  m i n  a f t e r  f o r m a t i o n .  

the same aperture.  Since the highest measured re- 
sistance values for  any  par t icular  solution are similar 
when normalized for  aper ture  size, the lower re- 
sistance measurements  are thought  to be due to sur- 
fac tant  contamination, oxidation, capi l lary leakage 
pathways,  or other high-resistance short circuits. A 
p lanar  high resistance membrane generally showed 
slow var ia t ion in resistance with t ime f rom the time 
the bilayer state was reached unti l  a few minutes be- 
fore rupture ,  when the resistance decreased sharp ly  
(Fig. 16). Assuming a dielectric thickness of 50 A, 
the resist ivity calculated for these membranes  is p = 
2 • 1012 to 2 • 1014 ohm-cm. 

The resistance of the membranes was l inear  (Ohmic) 
with applied DC potentials up to ca. 60 my, but  
gradua] ly  became nonlinear with higher potentials 
(Fig. 17). The nonlineari ty  was always in the direc- 
tion of decreasing resistance. Black membranes formed 
f rom phosphat idyl  choline or phosphat idyl  choline 
and cholesterol did not show rectification or more 
than one stable resistance state. 

Dielectric Breakdown. The bilayers were stable to 
large cur rent  flux (up to 2 • 10 6 A_cm 2) but  rup-  
tured at applied potentials ranging between 80 and 
200 my, usual ly at about 150 inv. Fo r  an assumed 
dielectric thickness of 50 A this would correspond 
to a dielectric breakdown voltage range of 1.6 • 10 5 
V-cm -~ to 4 •  5 V - c m l ,  with a value of 3 •  5 
V-cm 1 for  the usual membrane.  

Capacity. Capaci ty  was determined f rom the t ime 
constant of the DC charging curve for the membrane.  
Unlike the resistance values, which varied over three 
decades, the capaci ty of the black membrane was 
relatively constant at  ca. 0 .4 /dd-cm 2 (Table VI ) .  

Membrane Potentials. Membrane potentials were 
determined for  known concentration gradients of 
NaC1 and KC1 in an effort to determine the relative 
permeabi l i ty  of the bilayer to the various ionic 
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species. Using highly purified egg phosphat idyl  
choline-eholesterol-n-decane and electrolyte concentra- 
tion gradients  up to one hundred-fold,  no reproducible 
potentials could be obtained. Small potentials of ca. 
+ 2 0  my were obtained with a tenfold concentration 
gradient  of NaC1 in one experiment.  The developed 
t ransmembrane  potential  was also determined for  
0.1 M NaC1 on one side of the membrane and  0.1 M 
KC1 on the other side. Any  existing (biionic) potential  
was not discernible over the approximate ly  2 mv 
baseline drift .  

B i l a y e r  P e r m e a b i l i t y  P r o p e r t i e s  

Pre l iminary  experiments were under taken to deter- 
mine some of the permeabi l i ty  propert ies  of lipid 
bi layer  membranes  and to evaluate the design and 
function of the a p p a r a t u s  which had been constructed. 
Only a brief  repor t  of these findings is made here, a 
more complete description will appear  elsewhere (53). 
A summary  of the calculated permeabi l i ty  coefficients 
is given in Table VI I .  

Water  F lux  Under an Osmotic Gradient. The per- 
meabil i ty of lipid bilayers to water  was determined 
both by  volume flux of water  under  an osmotic (urea 
concentration) gradient  and by diffusion of t r i t ia ted 
water. A b i l a y e r  membrane  was formed in Tris- 
buffered saline and successive additions of a concen- 
t ra ted  urea solution were made to the f ront  aqueous 
compartment .  The bi layer  was maintained in a p lanar  
state by  addition of Tris-buffered saline to the rear  
compar tment  with a micrometer  syringe, to replace 
the water  lost through the membrane into the com- 
pa r tmen t  containing the urea. Micrometer syringe 
volumes were read as a function of time, and the 
volume flux of water determined for each urea 
concentration. 

TABLE VI  
Representat ive Electrical  Proper t ies  of Lipid Bilayers  

Exper iment  number  

P rope r ty  Symbol Units  72911 72921 823110 

Voltage E m V  28 55 37 
Current I A X 109 2.0 1.0 .35 
Time constant  v sec 0.4 1.7 3.2 
BiIayer area A mm 2 7.1 7.1 7.3 
Resistance R ohra-cm 2 1.0 X 106 3.9 X 106 7.7 X 106 
Resistivity p ohm-cm 2.0 X 10 TM 7.8 X 10 TM 1.5 X 1016 
Capaci ty C ~fd-cm -2 0.40 0.44 0.41 
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T A B L E  V I I  

P e r m e a b i l i t y  Coefficients of L i p i d  B i l a y e r s  and  Biologica l  lViembranes 

P e r m e a n t  
subs tance  

Permeabi l i ty-Coeff ic ien t  
/t-see -1 

L i p i d  Bio log ica l  
b i l aye r s  m e m b r a n e s  Re fe rence  

Water 3.9 ........ 
( I so top ic  3 .1 ,4 .1  53 
methods)  4 .4  0 . 2 3 - 6 3  

2.3 ........ 
1 .06 ........ 

(Osmot ic  3 . 3 - 2 4  
methods)  1 7 . 3 - 1 0 4  0 . 3 7 - 4 0 0  

8 . 3 - 1 4 . 4  ........ 
1 .14  ........ 

Glucose < 2  

Acetylchol ine  < 6  ........ 
S a l i cy lamide  29 ........ 
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Water Flux by Di~usion. The diffusion of t r i t ia ted 
water  through lipid bilayers was determined by its 
injection into one aqueous compar tment  with vigorous 
stirring, and removal and analysis of 10 td samples 
f rom the opposite compar tment  at various t ime 
intervals. 

Permeability to Ghecose. In  early studies of bilayer 
permeabil i ty,  glucose-l-14C was injected into one 
aqueous compar tment  to give 3.06 • 105 cpm/ml .  
Fif ty-mierol i ter  aliquots were removed from the other 
aqueous compar tment  and analyzed. No radioact ivi ty  
could be detected up to 20 min with an intact  bilayer, 
placing an upper  limit on the permeabi l i ty  coefficient 
for  glucose of 2 ~-sec ~. 

Permeability to Acetylcholine. In  similar early 
studies, aeetylcholine methyl-~4C iodide was injected 
into one aqueous compar tment  to give 4 • 105 c p m / m l  
and 50 tL1 aliquots taken f rom the opposite compart-  
ment  were analyzed. Radioact ivi ty was not detectable 
with intact  membranes up to 32 rain, placing a cal- 
culated upper  limit of the permeabil i ty  coefficient for  
acetylcholine of 6 ~-sec -~. 

Permeability to Salicylamide. The permeabi l i ty  of 
bilayers to salicylamide was determined using the 
multiple chamber system with the rear  section modified 
for perfusion. Af ter  the bilayer was formed, salicyla- 
mide was added to the f ront  compartment ,  making a 
final concentration of 2.1 • 10 -3 IV[ salicylamide. 
Twenty-five microli ter  aliquots were removed f rom the 
rear  compar tment  at 3 nfin intervals with simulta- 
neous replacement of 25 ~1 of fresh media. The ali- 
quots were assayed fluorometrieally and the calculated 
total  number  of micromoles of salieylamide having 
diffused through the bi layer  was plotted against  time. 

Permeability to Synaptic Vesicle-Bound ~4C-Acetyl- 
choline. Synapt ic  vesicle fractions f rom ra t  brain 
were radiolabeled by incubation with acetylcholine 
methyl-~4C iodide and injected into one aqueous com- 
par tment .  Inject ion of the synaptic  vesicle fract ion 
did not cause immediate bi layer  rupture ,  al though the 
bilayer durat ion was relatively short, less than  10 
rain, in all experiments. The synaptic  vesicle fract ion 
caused marked turbulence and birefringence in the 
compar tment  into which it was injected, but  caused 
no visible alteration in the opposite compartment .  No 
movement of radioisotope across the bilayer was de- 
tected dur ing the period in which the 'membrane was 
intact. 

Discussion 
L i p i d  M e m b r a n e  T h i n n i n g  and  B i l a y e r  : F o r m a t i o n  

Drainage Types. Three different types of drainage 
have been observed dur ing the thinning of lipid mem- 
branes in aqueous media, corresponding to the types 
previously described for soap films (16). Membrane- 

forming solutions of a par t icu lar  lipid composition 
generally show the same type of drainage. Fur ther -  
more, the same solution can show more than one type 
of drainage and many  show intermediate gradations 
betweeen types, depending on the influence of physical 
factors such as vibrat ion or changes in temperature.  
These observations suggest that  drainage is influenced 
by the character  of the lipid used, by  the composition 
of the membrane-forming solution, and by  external 
physical factors. Fu tu re  studies of thin lipid mem- 
branes formed from a series of chemically synthesized 
lipids will be necessary to clar i fy these relationships 
although the effects of t empera ture  and composition 
observed in the present  work are in accord with it. 

Rates of Thinning. The methods developed in this 
work provide accurate means of determining rates of 
thinning based on either optical or electrical measure- 
ments. The direct optical interference methods used 
here are based on the changes of bi layer  membrane 
area with time. The appara tus  is also capable of 
measuring the rate of th inning by indirect  optical 
methods, such as reflection intensity ratio determina- 
tion (49,56). 

The electrical method developed here provides a 
record of all stages of membrane  presence. The forma- 
tion of a membrane,  even for a br ief  moment,  is 
recorded with this method, and for stable membranes 
a complete record of thinning to the bi layer  state and 
of the time of rup tu re  is obtained. I t  also provides a 
convenient means of recording when dur ing the mem- 
brane lifetime various operations were per formed on 
the membrane,  photographs taken, samples with- 
drawn, etc. 

The results f rom both methods indicate that  thin- 
ning is a continuous process, that  the rate of thinning 
is essentially constant for a given membrane,  and tha t  
under  a given set of conditions, it is a characteristic 
of the membrane-forming solution. 

Relationship to Biological Membranes. Little is 
known about the mechanisms of biological membrane 
formation,  regeneration, growth, or movement.  How- 
ever, l iving cells exhibit processes similar to, and 
perhaps  explainable by, the types and mechanisms 
of drainage observed in experimental  thin lipid mem- 
branes. Examples  of such processes are the move- 
ments of oil droplets on the inner surface of marine 
eggs, the formation of new membrane over a site of 
in jury,  and the fluid alterations of the plasma mem- 
brane in amoeboid movement. Thin lipid membranes  
in aqueous media provide an excellent model for 
fu r ther  s tudy of such mechanisms. 

E l e c t r i c a l  P r o p e r t i e s  of  L i p i d  B i l a y e r  M e m b r a n e s  

Equivalent Electrical Circuit. Consideration of 
interference colors, as described in the section on 
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optical methods, indicates that  black lipid membranes 
are much less than 1000 A thick. However, the evi~ 
dence that  they are indeed bilayers rests upon the 
electrical data. 

The electrical properties of the thin membrane sys- 
tern may be represented as an equivalent electrical 
circuit. The control measurements show that  the 
resistance and capacity terms from the electrodes, the 
aqueous media, the assembled chamber itself, and from 
stray effects are sufficiently small to be ignored. The 
resulting effective equivalent circuit thus consists 
only of a resistance 1% in parallel with a capacity C 
due to the membrane itself. 

Dielectric Properties. The electrical capacity of 
the aqueous-bounded membrane is due to its prop- 
erties as a dielectric core between two conductors, 
i.e., as a parallel plate capacitor. The significant di- 
electric core of the membrane theoretically is the 
liquid-state mixture of n-decane and the hydrocarbon 
chains of the phospholipid fa t ty  acids. This concept 
is supported by the exceedingly high values of resis- 
t ivity (up to p = 2 X 101~ ohm-era), and dielectric 
breakdown voltage (up to VB ---- 4 • 105 V-cm -1) for  
an assumed thickness of 50 A. This dielectric strength 
compares with that  of solid paraffin (1 • 105 V-cm-1), 
zircon porcelain (1.6 • 10 ~ V-cm 1) and unfilled 
flexible polyvinyl chloride ( 4 •  105 V-cm-1), which 
are all among the best insulators known (57). 

The experimentally determined, normalized values 
for the capacity of the black membranes is C - - 0 . 4  
fffd-cm-K Slight variations in the measured capacity 
of  individual membranes probably results from errors 
in measuring membrane area and in determining the 
time constant ~. 

Thickness. The overall thickness ~ of the black 
membrane can be estimated from the thickness ~ of 
the dielectric portion of the membrane. This can be 
determined in tu rn  from the measured capacity C 
and the parallel-plate capacitor formula 

c = C 8~/A, [4] 

where E is the permit t iv i ty  (dielectric constant) of the 
membrane and A is its area. Two approaches to this 
determination are possible: 1) to assume a value for 
e and calculate ~, or 2) to assume a value for 8, and 
compare the calculated permit t iv i ty  8 to known values 
for  similar dielectrics. The lat ter  approach is used 
here. 

The length of an extended molecule of phosphatidyl  
choline calculated from models is 34.5 A, and the 
length of the hydrocarbon chains of the f a t ty  acids 
is about 25 A (58,59). A bilayer of phosphatidyl  
choline molecules should thus have an overall thick- 
ness of ahnost 70 .~, and the hydrocarbon region 
should have a thickness of about 50 -~, assuming no 
interdigitation. 

I f  a value of 50 A is assumed for the dielectric 
thickness 8~ and the experimental value of C /A  = 0.4 
fffd-cm -2 is used, the value calculated for c = 2.1. 
This value compares with measured values for  e of 
2.00 for n-decane, 2.07 for n-octadeeane, and 2.14 
for n-oetadeeene (60). 

I f  a 5-14 A allowance is made for  the polar head 
groups on each side, depending oll their relative 
orientation, the overall thickness of the black lipid 
membrane is 60-78 A. This is consistent with the 
interpretat ion of the black membrane as a bilayer 
and is in general agreement with the values obtained 
by electrical determinations of bilayer thickness made 
by several other investigators (19,41,42,60-65). I t  is 
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also in agreement with bilayer thickness determina- 
tions made by optical methods (49,56,66-69) and by 
electron microscopy (42,70,71), and with thickness 
determinations of biological membranes (9,72). 

Sources of Error. The most probable source of 
error  in such an analysis is the assumption that  the 
permit t iv i ty  of the bilayer is analogous to the per- 
mit t ivi ty of the bulk liquid phase hydrocarbon. The 
t rue value for dielectric thickness is unlikely to be 
greater than twice that  of the assumed value, since 
the true value for c is unlikely to be greater than 4. 
Other possible sources of error are the assumptions 
that  the polar groups contribute insignificantly to 
the t ransmembrane capacitance, and that  the mea- 
sured capacitance is identical to the geometrical 
capacitance of equation 4. Evidence is available that  
these are valid assumptions (41). 

Voltage-Current Relationships. Although the bi- 
layers show a linear voltage-current relationship below 
ca. 60 my, their  resistance decreases slightly at higher 
applied voltages (Fig. 17), although it is still high. 
This decrease indicates that  some type of reversible 
resistance changes are taking place in the membrane 
itself. Since the current  through the membrane is 
ionic, the resistance change must reflect an increased 
permeabili ty (conductivity) to small ions at the 
higher applied voltage. 

Induced Electrical Changes. Mueller et al., in both 
their original paper  (17) and in subsequent papers 
(42,73-75), have described changes in the electrical 
properties of lipid membranes induced by adding cer- 
tain proteins or polyelectrolytes to the system. These 
reports have been confirmed by Bean and co-workers 
(76,77). Other reports have described changes in 
electrical properties due to addition of surfaetants 
(78), 2,4-dinitrophenol (79) and enzyme-substrate or 
antigen-antibody sequences (80). The apparatus  and 
methods described here are ful ly  capable of extending 
such studies, or of testing hypotheses such as t ha t .  
proposed by Tobias for excitation (81). 

Permeability Properties of Lipid Bilayer Membranes 

Water. The results obtained by both volume flow 
and isotopic t racer  diffusion measurements show a 
high permeabili ty of the lipid bilayer to water. The 
values for both osmotic and diffusion permeabili ty 
coefficients are within the range reported in the litera- 
ture for natural  membranes and for other bilayers 
(82-91, see also Table VII ) .  

Small ions. The high resistivity of the bilayer 
(p = 2 X 1012 to 2 x 101~ ohm-cm in 0.1 M NaC1 or 
KC1 solutions) demonstrates an extremely limited per- 
meability of the bilayer to small ions. This is partic- 
ular ly  striking in contrast to the rather  high water per- 
meability discussed above, since the molecular sizes of 
water and of the hydrated ions are similar (H20 
effective radius ~ 2  •; Na § 3.4 A; K +, 2.2 •; CI-, 
2.2 A).  The current  through such a bilayer must be 
ionic in nature,  and corresponds to ca. 1 • 10 -s ampere 
per volt applied across the membrane. Using Fara-  
day's laws to convert this to an ionic flux, a value of 
ca. 1 X 10 -13 g equiv-sec-l-volt 1 is obtained. 

The lack of a developed transmembrane potential 
due to concentration gradients shows that  with the 
phosphatidyl  choline-cholesterol-n-deeane membranes 
the transference numbers for Na +, K + and C1- are all 
essentially 0.5. This means the membrane shows no 
ionic selectivity and that  the current  is carried equally 
by monovalent cations and anions. Similar findings 
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have recently been reported by two other laboratories 
(41,92,93). 

Since the measured specific conductance K of the 
membrane is 5 • 10 -23 ohm l-era-l, and the equivalent 
conductance A of a 0.1 M NaC1 solution at 25C is 
107 ohm-l-era -2, a calculation of the equivalent pore 
area A was made using 

1000 Km~ 
A - , I5] 

Ae 

where 8 = 5 • 10 7 cm is the thickness of the bilayer 
and e = 0.1 is the NaC1 concentration in equivalents 
per liter. The calculated value for the equivalent pore 
area is 2.5 • 10 19 em 2 (per em 2 bilayer).  A signifi- 
cant conelusion drawn from this analysis is that  the 
"lipoid-sieve" hypothesis of Collander and Bar lund  
(8) appears invalid for lipid bilayer membranes. This 
hypothesis postulates small aqueous ehannels or pores 
through the membrane through which small mole- 
cules and ions may rapidly pass. 

The results would appear  to correlate better with 
the concept of small ion permeation of a site-free, 
low dielectric membrane (94) ra ther  than via carriers 
or through aqueous pores, but  more must be learned 
about both the basic mechanisms of membrane permea- 
tion and about thin lipid membrane properties. 

Glucose. Glucose (MW 180) is readily t ransported 
across many plasma membranes with apparent  dif- 
fusion coefficients up to 1 ~-sec <. In the experimental 
s tudy of bilayer permeability to 14C-glucose reported 
here, the overall sensitivity of the methods used was 
sufficient to detect levels of this order of magnitude, 
but no positive values for  14C-glucose appearance at 
this level were obtained. Wood and 51organ have re- 
ported a significant refinement of sensitivity and a 
permeabili ty coefficient of 6 • 10 -4 ~-see -1 for glucose 
using a bilayer formed from human erythrocyte 
phospholipid (85) . 

Acetylcholine. Acetyleholine ( F W  163.5) is a small 
organic ester with an ionic quaternary  nitrogen similar 
to the polar groups of phosphatidyl  choline. I t  is 
considered to be a biological " t ransmit ter"  agent acting 
across synapses and neuromuscular junctions. The 
data obtained for the permeabili ty of the bilayer to 
free acetylcholine is useful only in indicating the 
upper  limits of aeetylcholine permeability. No permea- 
tion was seen at sensitivities which would have de- 
tected permeability to ~4C-acetyleholine with a perme- 
ability coefficient of 6 ~-see-L 

Salicylamide. Salicylamide (MW 137) is a nonionic 
member of the salicylate family of analgesics, and is 
an organic ring compound of smaller size than that  
of the cholesterol and phospholipid composing the 
bilayer. The solubility of salieylamide in water (0.2% 
at 30C) is much lower than its ready solubility in 
nonpolar organic solvents. 

The results of the experiments with salieylamide 
show a marked permeabili ty of the bilayer to such a 
large molecule. This finding is consistent with the 
Overton hypothesis of lipoid solubility for  lipid bi- 
layer membranes (7), which postulates that  the rate 
of permeation of a biological membrane is proport ional  
to the ratio of the permeant  substance's solubility in 
the lipid phase to its solubility in the aqueous phase. 
The hypothesis has been substantiated by many years 
of extensive experimentation on tissue, cells, and 
various other models (3,11), but  has not been tested 
previously on the most adequate model of all, the 
experimental lipid bilayer membrane. 

Synaptic Vesicles. An additional type of perme- 
ability surveyed was the t ranspor t  across the plasma 
membrane of substances contained within mem- 
branous organelles, or the t ransport  of the organe]les 
themselves. An example of considerable neurophysio~ 
logical interest is the release of bound aeetylcholine 
from the membranous synaptic vesicle across the 
presynaptie membrane and into the synaptie cleft 
as free aeetyleholine during synaptic transmission. 

Burton, Howard, Baer, and Balfour  have proposed 
a hypothetical mechanism for this acetylcholine trans- 
port  which also suggests a functional role for the 
gangliosides (95,96). The hypothesis is based on the 
parallel distribution of acetyleholine and gangliosides 
in different areas of the brain (97) and in subeellular 
fractions of brain, the marked concentration of both 
in the synaptic vesicle fract ion (95), and on the 
physical chemical properties of gangliosides (96). 

According to this hypothesis aeetylcholine is con- 
tained in synaptie vesicles which have diffusion- 
limiting membranes stabilized ("plugged")  with 
ganglioside molecules. The gangliosides are viewed as 
being attached to the (protein?) matr ix  and /o r  mem- 
brane by nonionic, noncovalent bonds such as van 
der Waa]s and "hydrophobie" bonds. Such non- 
covalent bonding in gangliosides has previously been 
shown to occur in aqueous media but  to be rapidly 
broken in nonpolar solvents (98). 

As the action potential reaches and depolarizes the 
nerve terminal, the negatively charged synaptic 
vesicle is electrophoretieally impelled towards a lipid 
region of the presynaptic membrane. When the 
synaptic vesicle reaches the lipid membrane, the 
gangliosides are dissociated by the nonpolar environ- 
ment from each other and from the vesicle, locally 
removing the diffusion barr ier  to the contained acetyl- 
choline. The highly polar aeetyleholine is expelled 
from the nonpolar lipid phase and the interior of the 
vesicle into the aqueous synaptie cleft space as free 
aeetyleholine. 

Back flow of aeetyleholine into the nerve terminal 
cytoplasm is prevented by that  par t  of the vesicle 
still in contact with the aqueous cytoplasm and there- 
fore with the gang]iosides still associated. With re- 
polarization the vesicle fragments are repulsed away 
from the cell membrane, and the dissociated ganglio- 
sides in the lipid phase part i t ion into the cytoplasm 
and reassoeiate with and reconstitute the synaptic 
vesicle. The energy for the t ransport  of aeetyleholine 
through the presynaptie membrane would thus be 
derived from the depolarization-rcpolarization of the 
nerve membrane rather  than being directly linked to  
a metabolic chemical energy source such as adenosine 
triphosphate. 

The prel iminary experiments to test this hypothesis 
have been limited due to the current  levels of sensi- 
t ivity of the methods used, and to the technical com- 
plexity of the experiments. I t  is significant that  free 
aeetyleho]ine does not appear  to cross the bilayer 
rapidly, in spite of its organic nature and small size, 
and that  synaptie vesicles do not rupture  the bilayer 
or appear to pass through it within the limits of 
current  experimental  methods. This indicates that  
the bilayer itself is sufficient to constrain cell organ- 
elles and similar structures. Similar stability o2 the 
membrane to virus has recently been reported (99). 

Relationship of Lipid  Bi layers  to Biological  Membranes 

Criteria of Analogy to Biological Membranes for 
Experimental Models. One (scientifically) useful ap- 
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proaeh to the s tudy of biological membranes has been 
the construction and study of experimental  models. 
The criteria of analogy between any such model and 
natural,  biological membranes must be established, and 
it must be determined to what degree the experimental 
model fulfills these criteria. The criteria which an 
adequate experimental model to biological membranes 
should fulfill may be outlined as follows : 

Chemical (composition) 
Dimensional (thickness) 
Interfacial  (aqueous-lipid-aqueous) 
Thermodynamic (stability) 
Operational (dissimilar aqueous phases separated) 

(asymmetric s tructure possible) 
(vectoral function assayable) 

I t  is obvious that  the chemical composition of any 
adequate model should be similar to, or chemically 
related to, the composition of biological membranes. 
I t  is perhaps less obvious that  the model must also 
possess similar dimensions to its natural  counterpart ,  
i.e., a thickness of about 70 ~. This has been the least 
f requently met criterion in previous models, yet is 
of ultimate importance in studying the permeabili ty 
properties of the membrane since flux is inversely 
proportional  to membrane thickness. 

Biological membranes generally exist as liquid 
structures bounded on either side by an aqueous phase. 
Thus there are two liquid-liquid interfaces associated 
with each membranous structure. F rom the viewpoint 
of interface science, biological membranes and lipid 
bilayers are the limiting case of a three component 
liquid system, aqueous phase - -  liquid phase - -  
aqueous phase, in which the central lipid phase has 
been reduced to molecular dimensions. 

Biological membranes are remarkedly stable struc- 
tures, maintaining their integri ty for many hours or 
even days, even when separated from their parent  cell. 
The thermodynamic stability of biological membranes 
(and bilayers) is surprising, because the interracial 
free energy of most lipid-water interfaces is quite high 
(e.g., surface tension y = 50 erg-em 2 for a hydro- 
carbon-water interface) (100). The expected con- 
figuration of lowest free energy for undissolved lipid 
in a l ipid-saturated aqueous phase would be a sphere 
of separate bulk phase lipid. Nonetheless, an adequate 
model must possess sufficient stability to enable it to 
be studied. 

The aqueous phases separated by biological mem- 
branes are characteristically dissimilar, e.g., the 
cytoplasm and extracellular fluid which are separated 
by the plasma membrane. Electron microscopy of 
biological membranes has shown frequent  s tructural  
asymmetry of the two sides of the membrane. Another 
characteristic of biological membranes is their ability 
to function in a veetoral or directional manner, e.g., 
glucose accumulation in red blood cells by carrier- 
facilitated or active transport .  These three charac- 
teristics impose corresponding requirements on a 
model: the model should be capable of separating 
dissimilar aqueous phases, should enable the formation 
of s tructural  asymmetry and should provide conditions 
such that unidirectional, veetoral functions, such as 
t ransport ,  are assayable. 

The Bilayer as a Model Membrane. I t  is instructive 
to examine thin lipid membranes in aqueous media 
as models of biological membranes. The chemical 
composition of the solutions used to form such mem- 
branes, especially the mixed lipid extracts, is closely 
similar to the composition of natural  membranes. In 
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fact, amphiphilie lipids similar to those in natural  
membranes appear  vir tual ly essential for bilayer 
formation, although other substances have been used 
(101-103). However, the composition of the bilayer 
itself is not well characterized. Since large amounts 
of solvent or liquid additives such as a-toeopherol or 
n-deeane have been necessary for adequate thinning 
and stabilization of the membranes, i t  must be as- 
sumed that they constitute a significant and possibly 
large proport ion of the thick and thinning membranes. 

The thickness of biological membranes has been 
well established in the range of 50-120 •, with an 
average value of about 70 A, as determined by electron 
microscopy. The lipid bilayer is the only model with 
a similar thickness which also fulfills the other criteria 
discussed above. 

The liquid-liquid nature of the membrane inter- 
faces in biological systems generally has not been 
present in previous models. For  instance, a mono- 
layer  of amphiphilie lipid present at the air-water 
interface or at a water-metal interface exists between 
two different phase states. An aqueous soap film in 
air may be a bilayer membrane, but  exists as a liquid 
phase bounded by two gas phases. Models such as 
bulk phase phospholipid in contact with an aqueous 
phase, or a lipid monolayer at an oil-water interface 
are liquid-liquid phases, but  contain only one inter- 
face. The lipid bilayer separating two aqueous media 
is the only membrane model with two liquid-liquid 
interfaces which is an adequate model in other respects 
also. 

A thin lipid membrane between aqueous media and 
in contact with bulk lipid might be expected to have 
vir tual ly  no stability if its surface tension is large. 
However, it  has long been known that  biological phos- 
pholipids have much lower interracial tension than 
the neutraI  lipids (104). Historically, early studies 
of Harvey  and Danielli were interpreted as requiring 
the presence of protein on the lipid membrane in 
order to lower the interracial tension and stabilize the 
membrane (5,6). I t  is now known that  protein is 
not necessary either to lower the interracial tension 
or to stabilize the bilayers. 

Danielli has qualitatively considered the theoretical 
stability of bilayer membranes in contact with bulk 
lipid, and calculated that  they represent a membrane 
thickness with minimum surface free energy (ca. 10 
ergs-em 2 less for  bilayer than for bulk) (105). The 
experimentally determined stabiIity of lipid bilayers 
to mechanical and electrochemical insults supports 
the theoretically predicted stability, and is analogous 
to the stability properties of cell membranes. 

Bilayers and Membrane Structure.  The Danielli- 
Davson hypothesis has received sustained interest and 
investigation by its author, Danielli (1-3,5,105), but  
has been challenged in publications proposing that  
the cell membranes consist of protein-lipid subunits 
ra ther  than a lipid bilayer (106-108). The subunit  
concept has received support  through the isolation 
from natural  membranes of fractions, considered to 
be subunits, by several investigators (109-111). The 
question of membrane s tructure has been reexamined 
by Korn  (112), who suggested that  in biological mem- 
brane formation, the protein may aid in organizing 
the lipid, perhaps as a bilayer, with resulting associa- 
tions which may be isolated as "subunits." A different 
interpretat ion of the morphologic evidence for sub- 
units was suggested earlier by Lucy  (113). This 
interpretat ion considers the subunits (in plasma mem- 
branes visualized by electron microscopy) as micelles 



226 T H E  J O U R N A L  O F  T H E  A M E R I C A N  O I L  C H E M I S T S '  S O C I E T Y  VOL. 45 

arising by a reversible transformation from the 
lamellar phase lipid. Whether biological membranes 
are constituted of subunits or bilayers will not be 
further discussed here. However, it is important to 
note that neither concept excludes the other. 

Bilayers and Membrane Function. The major im- 
portance of lipid bilayers as models is in the study 
of analogs of biological function, even though the 
analogy may be incomplete. The use and implications 
of thin lipid membranes and bilaycrs in studying 
excitability, mobility, and permeability has already 
been discussed. Two major areas of membrane func- 
tion have not been discussed: transport and drug 
action. 

Some types of membrane transport, in contrast with 
simple diffusion, appear to involve "carriers" which 
somehow facilitate the passage of materials through 
the membrane. In the broadest sense the area of 
transport also includes the movement of structures 
such as mieelles and organelles through mentbranes, 
and the processes of pinocytosis and phagocytosis. 
Many theories have been proposed for both the mathe- 
matical relations followed and the actual mechanisms 
of transport for a range of substances from water to 
micellar lipid. The bilayer system provides an ade- 
quate experinlental nlodel for testing these theories. 

Membrane lipids and drugs action have been the 
subject of an excellent review by Cuthbert (11). Al- 
though the study of bilayers is still new, three reports 
of drug action on bilayers have been published. 
Andreoli (114), and Mueller and Rudin (115), have 
reported marked alteration in ion selectivity after 
treatment of the bilayer with maerocyclie antibiotics 
such as Valinomycin. Zutphen and van Deenen have 
reported decreased survival of cholesterol-containing 
bilayers when exposed to the polyene antibiotics 
Filipin and Nystatin (116). Hypotheses have been 
made for the interaction of membrane phospholipids 
with local anesthetics (117), and for the role of 
membrane phospholipids as pharmacological receptors 
(118). Obviously, the bilayer system provides one 
excellent means of testing these hypotheses. 
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Discussion 

DR. ALAN GOLDUP (B.P. Health Service, State Uni- 
versity of New York at Buffalo, Buffalo, New York) : 
I have recently been at tempting to measure the trans- 
port  of lower alcohols across lecithin bilayers and 
have had considerable difficulties due to the fragil i ty 
of these membranes. Did you notice in your  in- 
vestigations whether the support  material  had any 
significant effect on membrane stability. I notice that  
you have used glass but  get the impression that  you 
have abandoned its use recently. Silanized glass may 
perhaps be better. 

D R .  H O W A R D :  We had very  little success with glass 
parti t ions and abandoned them, also. We found that  
either polyethylene which has been die cut or melted 
with a hot needle, or Teflon which has been sharply 
punched, make very adequate partitions. Teflon make:s 
a much more rigid septum than does polyethylene, 
however it is somewhat more difficult to punch holes 
in Teflon and obtain a very sharp edge. 

DR. GOLDUP: YOU mentioned in your  presentation 
that s t i rr ing did not affect the rate of black film forma- 
tion. In  my experience I find the rate of st irr ing is 
important.  I f  the aqueous medium is st irred just  
sufficiently to increase the length of black border  be- 
tween the black and thick regions then the rate of 
black film formation is increased. On the other hand, 
if the st irr ing is sufficiently fast to create isolated 
islands of thick film then these sometimes take an 
appreciable time to disperse. 

DR. HOWARD: I did not go into that  in detail, but  
I would agree with your  comment. 

DR. GOLDUP: I t  has been reported in the l i terature 
(Babakov, A. V., et al., Nature  210, 953 (1956)) that  
thinning occurs more rapidly under  an applied 
potential. Did you observe this ? 

DR. HOWARD: No, I can't say that  we have although 
I have read of this. Since we have had the system 
adequate to monitor thinning, we have continually 
had a potential  across the membrane because we have 
been monitoring thinning electrically. 

DR. GOLDUP : YOU did mention that  some absorption 
spectra of these lipid bilayers had recently been made. 
Is this work that  you are current ly  doing or has 
somebody else reported this? 

DR. HOWARD: The published report  is a recent 
paper  by R. B. Leslie and D. Chapman, Artificial 
Phospholipid Membranes and Bioenergetics in Chem. 
Phys. Lipids 1, 143-156 (1967), in which they ex- 
amined bimolecular phospholipid membranes contain- 
ing either fl-earotene or all-trans retinene. 

DR. TIEN: I should like to make a brief  comment 
on the question of thinning. In our studies we have 
frequent ly  encountered a thick lipid film (showing 
interference colors) that  would not thin readily to 
the black state. We have found that  there are a num- 
ber of ways which would speed up the BLM formation. 
For  instance, one can change the solvent to one of a 
lower viscosity. The other effective method in our 
experience is to speed up the border suction by 
brushing the area around the hole with the brush 
used to introduce the lipid solution. The other equally 
effective method is to poke the thick membrane with 
a line object such as a wire or a micro-pipette, thus 
init iating the so-called "zipper" mechanism. 

DR. T. E. THOMPSON (University of Virginia, 
Charlottesville, Virginia) :  I would like to mention 
a recent effort made in my laboratory by Dr. F. Henn 
to determine the actual composition of a bilayer mem- 
brane (F. A. Henn  and T. E. Thompson, "Propert ies  
of Lipid Bilayer Membranes Separat ing Two Aqueous 
Phases Composition Studies," J. Mol. Biol, 31, 227- 
235, 1968. Although knowledge of the composition of 
the bilayer is a prerequisite to the solution of the 
structure-function problem, this information has 
proven difficult to obtain. I t  is apparen t  that  the 
composition of the bulk phase from which the bilayer 
forms can easily be determined. While this composi- 
tion clearly sets a limit on the chemical species present 
in the bilayer, it  is not necessary that  the relative com- 
position of the bilayer membrane be the same as that  
of the parent  bulk phase. 

Using the fixation technique described by Henn  
et al. (F. A. Henn, G. L. Deeker, J. W. Greenawalt 
and T. E. Thompson, Propert ies of Lipid Bilayer 
Membranes Separat ing Two Aqueous Phases : Electron 
Microscope Studies in J. Mol. Biol. 24, 51-58, 1967) 
and radioactively labeled components of high specific 
activity it has been possible to examine the composition 
of bilayers composed of phospbatidylethanolamine and 
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deeane with or without added cholesterol. The results 
show tha t  under  the conditions of s tudy the molar 
ratio of decane to phospholipid in cholesterol, free 
membranes is 11.8 =• 3.4 and is 10.5 • 1.8 in mem- 
branes containing a cholesterol to phospholipid ratio 
of 1.5 • 0.2. A consideration of the calculated and 
measured surface area per  phospholipid molecule and 
the electron micrographs of the fixed membranes leads 
to the conclusion that  these structures are bilaycrs of 
phospholipid which contain appreciable amounts of 
decane. At  least some of this deeane is t rapped  in 
the bilayer in the form of micro-lenses. 

DR. TIER: Dr. Howard  mentioned that  perhaps  
ell ipsometry can be used to determine the thickness 
of these membranes.  

DR. HOWARD : I have considered ell ipsometry briefly 
in an a t t empt  to find whether it would be sensitive 
enough. I t  seems that  the theoretical resolving power 
of ell ipsometry can be in the Angst rom level and 
also it can give information about small portions of 
the membrane surface. In  terms of actual  surface 
s t ructure  this information has been p r imar i ly  derived 
f rom the work with thin metal  films in air. The prob- 
lem which arises is related to the refract ive index of 
the lipid film, in that  a thin metal  film in air  is quite 
different f rom a thin lipid film in aqueous media. 

DR. THO~PSON: I think the only use you could have 
for  ell ipsometry would be to s tudy a membrane which 
has been made asymmetrical .  Fo r  example, by the 
addition of protein to one side. 

DR. HOWARD: The approach that  we had in mind 
was to t ry  to al ter  the refract ive  index in one aqueous 
media relative to the other media. 

DR. ~YSELS: Now, I wonder whether I could be 
permit ted  to take about, five nfinutes not to ask a 
question but  to present  something that  is ra ther  new 
and that  explains, I think, the reduced thinning by 
mixing and also some effects that  Professor Tien 
described to me which he observed upon expanding 
a membrane when measur ing its surface tension. 

We call this behavior "juveneseence," and I believe 
that  it must  occur in invert  films as well as in soap 
films and others. A full  description and explanation 
has been submitted (M. N. Jones and K. J. Mysels, 
J.  Am. Oil Chem. Soc. 44, 284 (1967)).  Very briefly, 
it involves the fact  that  sometimes the kinetics of thin- 
ning of a film which normal ly  take minutes slow down 
and even appear  to stop completely, al though a con- 
siderable amount  of motion in the film can still be 
seen. We have tracked down this anomaly to the 
presence of volatile surface-active minor components 
which distill out of the film. In  case of invert  fihns, 
exactly the same should be happening when such 
components can dissolve in the aqueous phase. The 
loss of such a component f rom the film tends to in- 
crease the surface tension, therefore causing a local 
contraction and thickening of the film. This local 
loss of area causes the pull ing of fresh thin film out 
of the border. Gravi ty  (or buoyancy)  may  then cause 
movement  of the thickened film into the border and 
the process may  become cyclic. I t  is impor tan t  to 
note that  any  trace of such behavior should be absent 
when one wishes to measure the t rue equilibrium 
thickness of any  of these films. 

I would expect tha t  in an invert  system the water  
layers immediately adjacent  to the film would soon 
become sa tura ted  in a quiescent system, and the effect 
would be very  great ly  reduced. Any  displacement of 
the membrane or any  convection in the liquid should, 

however, br ing fresh unsatura ted  water  near  the 
membrane and cause the film to thicken and perhaps  
to become juvenescent if  such soluble surface-active 
minor components are present. Therefore, i t  should 
be quite impor tan t  to equilibrate the two phases 
thoroughly before making a membrane if one desires 
equilibrium conditions to prevail.  

DR. THOMAS E. ANDREOLI (Depar tment  of Physiol- 
ogy and Medicine, Duke University,  Durham,  North  
Carolina) : I would like to comment on the membrane 
chamber design. We used roughly the same kind of 
arrangement .  However, we sealed the rear  chamber. 
Under  these conditions, we could easily change solu- 
tions in one of the chambers bathing the membrane 
in brief time intervals. Your design also raises a 
technical point. You mentioned tha t  the measured 
resistances are in the range of 106 to 10 s ohm-cm 2. 
Many workers agree that  membrane resistances, for  
a lipid-deeane system are in the range of 10 s ohm-era 2. 
I t  may be that  significantly lower electrical resistances, 
in the absence of other modifying factors, are due to 
electrical "leakage" pathways.  In  your  appara tus ,  
there are many  metal  inlets to the chamber itself, 
and these may  produce "leakage" pathways,  which 
can be eliminated by  inert  plastic connections. 

DR. HOWARD : I would agree with that. Also, though, 
I think that  a somewhat lower resistance can also 
reflect very low levels of surfaetants  or oxidized lipid. 
1 think that  in the cases where we have obtained 
lower values for unmodified membranes,  that  what  we 
were seeing was either an unclean chamber or an 
impure lipid preparat ion.  

DR. CHARLES PAK : [ would like to tu rn  the t rend of 
the discussion to proteins again. Protein monolayers 
and long-chain lipid films have collapse pressures gen- 
erally exceeding 24 dyne /cm at both the air-water  
and oil-water interface. Below this pressure, the 
protein and lipid will form a mixed monolayer.  In  
other words, if  a lipid monolayer is formed over a 
solution of protein, the protein may  penetrate  as well 
as adsorb onto the film. Thus, in speaking about  the 
adsorption of protein over l ipid bilayers, one ought 
to consider the possibility of penetrat ion by  protein. 

DR. D. A. HAYDON : I have two comments on topics 
that  have already been mentioned. First ,  on the ques- 
tion of producing thinning tha t  Dr. Tien has jus t  com- 
mented on. One can instigate thinning by  an electric 
pulse. But,  one can do it equally well by tapp ing  the 
bench. However, I think the presence of a field across 
the membrane certainly does produce fu r the r  thin- 
ning. Secondly, we recently repor ted some work on 
fihns which were made with hydrocarbon solvents of 
(~bain lengths vary ing  f rom hexadecane down to 
hexane. Below decane, for  instance for hexane and 
beptane, the solubility in water  of the hydrocarbon 
is still small, but  is nevertheless sufficiently great  tha t  
quite often the films become abnormal ly  thin due to 
the diffusion of the solvent hydrocarbon f rom the film 
more rapidly  than it is replenished f rom the edges. 
This can be avoided by presa tura t ing  the aqueous 
phase and, of course, the vapors  above it  with the 
lipid solution f rom which the films are made. I t  is 
no use sa tura t ing  with pure  solvent because then the 
film tends to thicken again, owing to an osmosis of 
solvent back into the film. 

DR. ANDREOLI: ~[ wish to ask Dr. Haydon  if the 
films that  he makes in hexane or heptane are stable. 
The films tha t  we can make in decane are quite 
stable for longer than three hours, but  the films in 
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hexane or heptane have been very unstable, generally 
not lasting longer than about 15 to 30 minutes. Addi- 
tionally, they rupture  quite easily if solutions are 
flowed by them. 

DR. HAYDON: I would say ours did not last as 
long as that.. 

DR. ~[YSELS: I would like again to bring in an 
analogy between soap films and invert  films. The 
main cause of bursting of soap films is evaporation 
of water. I f  this is prevented, many films will last 
practically indefinitely. The same must occur in 
invert  systems if the water phase can dissolve any 
of the components of the membrane unless it has been 
previously thoroughly saturated, and this would ex- 
plain the observation that  apparent ly  the lower molec- 
ular weight solvents which are also more soluble in 
water tend to give less stable fihns. 

DR. WOLF D. SECFEaT (The Rockefeller University, 
New York, N.Y.):  I would like to comment on the 
question of lipid-protein interaction in bilayer mem- 
branes. I looked into the effects of surfaetants  on the 
~uel ler -Rudin  film some time ago and found the 
following (Nature 207, 174 (1965)) :  1. The high 
resistance of the membrane can be lowered by a factor  
of 10 a to 104 when an anionic detergent is added to 
the aqueous phase on one side of the membrane. 2. 
I f  a salt gradient  exists across the membrane, this 
decrease of R on addition of a detergent is accom- 
panied by the development of a cationic potential. 
The potential is controlled by the salt gradient. 

These effects led me to the conclusion that  the 
detergent-lipid interaction might well be a model case 
for the protein-lipid interaction. Proteins could be- 
have like detergents do and penetrate with their  hy- 
drocarbon residues into the lipid phase and have their  
polar groups still anchored in the water. That  pro- 
teins are surface-active had been shown by Danielli 
in 1938. 

I would like to believe that  the detergent-lipid inter- 
action brings about a change in the configuration of 
the lipid layer from the palisade ar ray  to some other 
mieellar arrangement.  Charged pathways would be 
provided which would only permit  cations to pass. 
The development of a potential by detergents and the 
sign of it would find the simplest explanation in such 
an hypothesis. 

DR. GOLDUP: I am not very happy with the sug- 
gestion that films formed from solution in lower 
hydrocarbons are less stable because of diffusion or 
solubility of the solvent into the surrounding aqueous 
phase. I believe their  low viscosity is a more im- 
por tant  factor. As is well known when these solutions 
thin in vertically orientated orifices the torus is ap- 
preciably thicker at the top than the bottom. In fact  
it is often hardly  discernible on the lower circum- 
ference. This surrounding reservoir fulfills a very  
important  function in enabling the delicate mem- 
brane, which remember has an aspect ratio often 
around 500,000:1, to withstand the small vibrations 
present in most laboratory setups. Once par t  of this 
torus becomes very thin a weak point is created. 
Drainage of the border will occur more rapidly  with 
hydrocarbons of lower viscosity and the life expec- 
tancy of films formed from these solutions would be 
less than from solutions of higher viscosity. Fur ther ,  
the overall viscosity of the bilayer itself is, of course, 
important  and this will be enhanced by the presence 
of more viscous filler molecules. Indeed, the probable 
reason that  bilayers have not yet been formed from 

molecules that  form condensed monolayers at inter- 
faces is that the corresponding bilayers would tend 
to be brittle and unable to tolerate the small vibrations 
that  experimentally are difficult to avoid. 

DR. MYSELS: Another important  condition for the 
stability of a film is that  its border must not detach 
itself f rom the support. Soap films are generally 
supported by glass, and when very clean, this is 
sufficiently well wetted to give a zero contact angle 
and thus satisfy this condition. In the oil-in-water 
systems, one has to depend on a finite contact angle, 
and it should be possible to improve the situation by 
providing a very  narrow groove at the point where 
the film is attached. This would make it more difficult 
for  the oil to de-wet the Teflon and also would provide 
a reservoir of solution for equilibrating with the film. 

DR. THOlVIPSON: We did something very similar to 
what you have just  suggested. We made a septum out 
of two pieces and put  a spacer between them with a 
hole in the spacer bigger by about half  a millimeter 
than the hole in the two pieces. Using this system 
you can make membranes which have diameters of 
up to one centimeter. 

DR. Tmx : We have used two very thin Teflon sleeves 
stacked together with a hole punched through both 
for  BLlV[ support. The space between the sleeves 
serves as a reservoir for the lipid solution. We believe 
that the thick region of the membrane, known as the 
Plateau-Gibbs border, is crucial for  BLM stability. 
This Plateau-Gibbs border  is thought  to regenerate 
and absorb BLM continually in response to stretching 
caused by fluctuations in hydrostatic pressure across 
the membrane. This border may be gradual ly  de- 
pleted to a critical level as a result of the dissolution 
of lipid solution or some other causes. Therefore, it 
would be advantageous in long-term studies to con- 
struct  a membrane support  which has a lipid reservoir 
around the per iphery of the opening. 

DR. SHINPEI OnKI (State University of New York 
at Buffalo, Buffalo, New York) : I would like to ask 
about determination of bilayer thickness. Since the 
bilayer consists of oriented hydrocarbon molecules and 
oriented polar groups, the refractive index for oriented 
molecular layers must be used. As far  as I know 
there is no expression giving the refractive index for 
an oriented molecular assembly, and I would like to 
ask you how you estimate the refractive index for 
bilayer membranes. 

DR. HOWARD: As I said, we have not measured 
the refractive index of the lipid bilayer directly, so 
I would have to refer  that  question to Dr. Tien who 
has made such determinations. 

DR. TrEN: In  the previous determinations of BLM 
thickness, the membrane has been treated as a homo- 
geneous and isotropie system. Since the substances 
used such as phospholipids are not isotropie, I think 
that  a three-layered model is a better  approach. The 
bilayer membrane may be pictured as composed of a 
"polar group/hydrocarbon core/polar  group" type of 
arrangement  [for a detailed discussion, see J. Theoret. 
Biol., Y6, 97 (1967)]. The refractive index of BLM 
may be estimated with the aid of Brewster 's  law. I t  
involves essentially a measurement of BLM reflectance 
with polarized light. 

DR. NORTOX: One can't  help but  wonder if you 
couldn't  take the refractive index of single crystals of 
lipids and extrapolate this value to at  least a first 
approximation, especially when experimental in- 
formation is impossible to get. 


