
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Chemistry of Synthetic Bilayer Membranes
Toyoki Kunitakea

a Department of Organic Synthesis Faculty of Engineering, Kyushu University, Fukuoka, Japan

To cite this Article Kunitake, Toyoki(1979) 'Chemistry of Synthetic Bilayer Membranes', Journal of Macromolecular
Science, Part A, 13: 5, 587 — 602
To link to this Article: DOI: 10.1080/00222337908056676
URL: http://dx.doi.org/10.1080/00222337908056676

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/00222337908056676
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J. MACROMOL. SC1.-CHEM., A13(5), pp. 587-602 (1979) 

Chemistry of Synthetic Bilayer Membranes 

TOYOKI KUNITAKE 

Department of Organic Synthesis 
Faculty of Engineering 
Kyushu University 
Fukuoka 812 Japan 

A B S T R A C T  

The preparation of bilayer membranes from synthetic dialkyl 
amphiphiles is described. According to the electron micro- 
scopic observation, the bilayer structure similar to that of 
biomembranes is formed spontaneously when dialkyldimethyl- 
ammonium bromides with Cl0 -CZO alkyl groups a re  dispersed 
in water by sonication. The line broadening in the NMR spec- 
trum strongly suggests that these synthetic bilayers constitute 
liquid crystalline or solid phases. The hydrophilic head group 
may be sulfonium and modified ammonium moieties. The 
bilayer assembly i s  also formed from dialkyl amphiphiles with 
anionic head groups: (phosphate, sulfonate, and carboxylate), 
from nonionic dialkyl amphiphiles (oligomeric ethylene oxide) 
moiety) and from zwitterionic dialkyl amphiphiles. These 
bilayers incorporate equimolar cholesterol fairly readily. The 
redistribution of catalyst (a cholesterol derivative) and substrate 
(p-nitrophenyl palmitate) molecules is very slow when they a r e  
tightly bound to the aggregate. The intravesicle reaction is much 
faster than the intervesicle counterpart in the case of the di- 
dodec yldimethylammonium bromide vesicle. 
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588 KUNITAKE 

W 

FIG. 1. Fluid mosaic model of biomembranes [ 11. 

I N T R O D U C T I O N  

Biomembranes a r e  directly involved in most of the fundamental 
biological function of cells such a s  compartmentalization, energy 
transduction and information transfer. The major structural  com- 
ponents of the biomembrane a r e  lipid bilayers and proteins. Although 
there have been proposed several  models for the structure of bio- 
membranes, the fluid mosaic model of Singer and Nicolson [ 11 is 
most widely accepted a t  the present time (see Fig. 1). In this model, 
protein molecules a r e  wholly or  partially immersed in the hydro- 
phobic core of the lipid bilayer. Some of the proteins (peripheral 
proteins) a r e  placed at the hydrophilic membrane surface. The 
bilayer structure similar to that of biomembranes can be recon- 
structed from biolipid molecules and related compounds (lecithins 
and modified lecithins) [ 21. In a few cases, molecular bilayers are 
prepared from other, simpler compounds, but they are usually 
unstable and/or formed under rather exotic conditions [ 3, 41. 
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SYNTHETIC BILAYER MEMBRANES 589 

We found recently that the stable bilayer assembly is formed spon- 
taneously from simple dialkyl amphiphiles. The structural  charac- 
ter is t ics  of these bilayers are intrinsically the same a s  those of the 
biolipid bilayer. This art icle is a progress report  of our recent 
research efforts on the chemistry of synthetic bilayer membranes. 

F O R M A T I O N  O F  T H E  M O L E C U L A R  B I L A Y E R  
F R O M  P O S I T I V E L Y  C H A R G E D  A M P H I P H I L E S  

The lecithin (phospholipid) molecule (I) possesses two long acyl 
chains a s  the hydrophobic group and the zwitterionic hydrophilic 
group. 

0 
II 

C H ~ ( C H ~ ) ~ C O C H ~  

C H ~ ( C H  ) C O C H C H ~ O P O C H ~ C H ~ N + ( C H ~ ) ~  
I 0 

II 

rill I 
0 0- 

Lecithin 
I 

It is conceived that the bilayer assembly may be formed from 
amphiphiles with two long alkyl groups. The amphiphilic behavior 
of quaternary ammonium chlorides containing two long-chain alkyl 
groups has been studied by Ralston et  al. [ 51. They found that the 
conductivity behavior of these dialkylammonium sal ts  were quite 
different from those of alkyltrimethylammonium surfactants. More 
recently, Kunieda studied the dissolution mechanism of dialkyl- 
ammonium chlorides (11) and discussed the resul ts  in t e r m s  of the 
hydrophilic-lipophilic balance [ 61. 

I1 

Didodecyldimethylammonium bromide can give a clear  aqueous 
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590 KUNITAKE 

solution when dispersed in water by sonication [ 71. A few drops of 
this solution was applied to a 150-mesh copper grid coated with a 
carbon film, which was then dried in a dessicator. A 2% aqueous 
solution of uranyl acetate W ~ S  similarly applied. Spherical objects 
with diameters of 300-500 A were clearly seen in an electron micro- 
graph of this sample. This picture was indistinguishable from that 
of dipalmitoyllecithin vesicles reported by Sheetz and Chan 181. When 
the ammonium solution was sonicated in the presence of uranyl ace- 
tate, multiwalled vesisles and lamellae were observed. The layer 
thickness was 30-40 A. Therefore, it is concluded that didodecyldi- 
methylammonium bromide aggregates extensively in aqueous solutions 
into stable bilayers which further form vesicles and laniellae. 

Subsequently, the investigation was extended systematically to other 
dialkylamnionium sal ts  [ 91. Table 1 summarizes  the electron micro- 
scopic observation. Didococyldimethylammonium bromide (2C 2 zNt 2C 1) 

is not soluble in water. Other ammonium sal ts  produce clear  or 
slightly turbid solutions which contain well- defined molecular aggre- 
gates. The dioctadecyl compound (2C 18N "2C1) yields lamellar struc- 
tures, and the aggregate structure tends to change from lamellae to 
vesicles a s  the alkyl chain length is lessened. When the chain length 
of one of the alkyl group is varied from cl8 to CIO (the other chain 
fixed at  C,,), a similar trend is observed. Aqueous solutions of 
octadecyloctyldimethylammonium bromide (C 1&8N 'ZC,) and hexa- 
dec yltr imethylammonium bromide (C TAB) did not provide any indica- 
tion of the structure formation. Thus, the alkyl chain length of C I O  
to CZO is most suitable for the bilayer formation a s  in the case  of the 
lipid bilayer. 

The aggregate weight of these assemblies is larger  than one 
million daltons. The extent of aggregation increases with increasing 
alkyl chain lengths, the largest  aggregation weights being 10-20 
million daltons. 

the simple ammonium group. Most of amphiphiles such as III-VII 
form lamellar or vesicle s t ructures  101. 

The positively-charged hydrophilic moiety need not be limited to 

n = 12, and 18 

III 
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SYNTHETIC BILAYER MEMBRANES 591 

TABLE 1. Electron Microscopy of Ammonium Salts 

Appearance Aggregate 
Ammonium of stock Electron weight 
salts  solution micrograph x l o -*  

Insoluble 
Slightly turbid 

Slightly turbid 

Clear 

Slightly turbid 

Slightly turbid 

Clear 

Clear 

Clear 

Clear 

Slightly turbid 

Lamella 

Vesicle, lamella 

Vesicle 

Lamella 

Vesicle, lamella 

Vesicle 

Vesicle 

No structure 

No structure 

Vesicle 

- 
1000 

500 

100 

2000 

2000 

8 00 

300 

30 

4 
400 

V 

n = 12, 14, 18 

Br  
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KUNITAKE 592 

OH OH OH OH 

VII 

ni = n = 18, m = 18 and n = 12 

A n  electron micrograph of a clear  solution of 2C 12N% 1'C20H 

is shown a s  an example in Fig. 2. Multi-walled vesicles of various 
sizes a r e  observed very clearly. Sorge of the vesicles appear com- 
pletely filled with lamellae of ca. 50 A layer width. 

The animal plasma membrane usually contains large amounts of 

FIG. 2. Electron micrograph; sample: 2C 12N 'C1'C20H, 10 a. 
Negatively stained by uranyl acetate. 
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SYNTHETIC BILAYER MEMBRANES 593 

cholesterol, and liposomes of the biolipid can take up cholesterol 
well [ 21. The synthetic bilayer can also incorporate cholesterol. For 
instance, when equimolar amounts of cholesterol were added to 10 mM 
aqueous solutions of 2C 12N'2C1 or  2C 18N+2C1 and sonicated, s l i g h w  

turbid solutions were obtained. Electron micrographs of these solu- 
tions show the formation of lamellae and vesicles. 

Chiral bilayers may be formed by using amino acids in the hydro- 
philic head group. 
dialkyl amphiphiles [ 111. 

The structures VIII-X represent the chiral  

O R  

VIII 

7 3  

n = 12, 18 CH3 
\ R = CH3, CH2CH 

0 
I I  

c 1  

0 CH3 I1 I 
CH3(CH2) 110CCHCH3 CH3(CH2)110CCH---N '-CH3 

CH3(CH2)15--N '-CH3 CH2 CH3 
I I I 

I I 
CH3(CHZ)110CCH2 

CH3 I /  
0 C 16C 12-L-Ala-N ' 2 c  

1 2C 12-L-G1U-N '3C 
IX 

X 

The bilayer structure was observed very clear ly  except for the 
f i r s t  group of the chiral  amphiphiles in which R was isobutyl. When 
the leucine moiety is used, the head group becomes l e s s  hydrophilic 
and the bilayer structure would be destabilized. Figures 3 and 4 show 
two examples of the formation of well-developed bilayers from the 
dialkyl amino acid derivative. 
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594 KUMTAKE 

FIG. 3. Electron micrograph; sample: 2C1~-LGlu-N '3C I .  

Negatively stained by uranyl acetate. 
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SYNTHETIC BILAYER MEMBRANES 595 

FIG. 4. Electron micrograph; sample: C I ~ C I ~ - L - A ~ ~ - N ' ~ C I .  
Negatively stained by uranyl acetate. 

F O R M A T I O N  O F  T H E  M O L E C U L A R  B I L A Y E R  F R O M  
O T H E R  D I A L K Y L  A M P H I P H I L E S  

Fur ther  modifications of the hydrophilic moiety are possible [ 121. 
The dialkyl compounds with the anionic head group have the s t ruc tu res  
XI-xIII. 

2 c n p o -  

n = 10, 12, 16 

XI 
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596 KUNITAKE 

0 
II 

CH3(CH2 w - O C C H 2  

CH (CH )-0CCHSO3 
I 

II 
0 

3 2 n - 1  

2CnSOC 

n = 10, 12, 16 

XI1 
0 
II 

CH3(CH2 ) 13- COCHCOO- 
I 

CH,(CH,),~---COCHCOO- 
II 
0 

2Cn2C02 

XI11 

These amptiphiles form lamellar or vesicle s t ructures  (layer 
width 30 - 50 A) in water. As noted in Table 2, the lamellar s t ructure  
was formed more  readily with increasing chain lengths. The aggre- 
gate weight determined by means of the l a se r  light scattering method 
is in the range of 2-20 million daltons. These aggregates can solu- 
bilize at least  one third molar cholesterol; however, the electron 
microscopic examination does not indicate definite s t ructure  forma- 
tion. The bilayer structure is l e s s  developed in the anionic aggregate 
compared with those of the ammonium bilayer, and the bound choles- 
terol may deteriorate the regular aggregate structure. 

The l ist  of bilayer-forming amphiphiles can be extended to include 
nonionic and zwitterionic varieties [ 131 (XIV-XVI). 

XIV 

N' 0 

ONa xv 
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SYNTHETIC BILAYER MEMBRANES 597 

TABLE 2. Electron Microscopy of Anionic Amphiphile 

Aggregate 
Stock weight X 

(10 mM) micrograph (dalton) 
solution Electron 1 o6 a Compound 

2 c  16 S03Na Slightly turbid Lamella - 

2C 12 S03Na Clear to slightly Large vesicle 22b 

2CloS03Na Clear Large vesicle 1.9 

turbid 

2C 1t;POH Slightly turbid Lamella 12 

2C LZ POH Slightly turbid Vesicle 20 

2C 10 POH Clear Vesicle 4.4 
2C132COOH Slightly turbidC Vesicle 

All compounds a r e  in the anionic form in the stock solution. a 
bLight scattering instrument, Union Giken Co. (Japan), Model 

CTends to precipitate upon cooling. 
LS-600; light source, He-Cd laser .  

CHO( CH 2~ H ~ O  ) x ~  
I 

CH3(CH2)n- 1”-CH2 

2Cn-xG 

n = 8, 12, 16, x = 5 - 30. 
XVI 

When the lipophilic-hydrophilic balance of these dialkyl compounds 
is adequate, the bilayer structure is invariably formed. Table 3 sum- 
mar i zes  the electron microscopic observation for nonionic dialkyl 
amphiphiles. No well-defined s t ructure  was observed with the dioctyl 
compounds with various ethylene oxide chains. This is consistent 
with the previous resul ts  of the dialkylammonium amphiphile. In all 
other cases  the lamellar or vesicle s t ructures  are formed. 
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598 KUNITAKE 

TAEiLE 3. Electron Microscopy of Nonionic Dialkyl Amphiphiles 
~ 

10 mM Electron 
Compound Character solution micrograph 

C 18C 13 - 10G 

2Co - 10G 

2C8 - 12G 

2C LZ - 10G 

2C12 - 14G 

2C12 -28G 
2c Lb - 12G 

2C 1b - 15G 

2C IG - 32G 

Liquid 

Waxy 

WWY 

W a y  

W a y  
Waxy 

Waxy 

Clear 

Clear 

Turbid 

Translucent 

Clear 

Turbid 

Turbid 

Clear 

Lamella 

No structure 

Vesicle 

Lamella 

Lamella 

Lamella 

Lamella 

Lamella 

C A T A L Y T I C  F U N C T I O N S  O F  A M M O N I U M  B I L A Y E R S  

The molecular motion in the synthetic bilayer membrane is con- 
siderably restricted because of i ts  ordered nature. This property 
is quite different from that of the fluid hydrophobic core  of the con- 
ventional surfactant micelles, and it is possible to control the rate  
of various aqueous reactions by using the bilayer system. 

The cationic micelle and polysoap can enhance the reactivity of 
anionic nucleophiles through the formation of hydrophobic ion pairs 
114. 151. 
. I  - 

The ammonium bilayer produces similar ra te  enhancement [ 161. 
As shown in Table 4, the reactivity of a hydrophobic imidazole 
nucleophile, LImAm, toward p-nitrophenyl acetate is somewhat 
greater in the presence of the 2C12N'2C1 bilayer than in the pres- 
ence of the CTAB micelle. A much greater ra te  enhancement was 
obtained with the aggregate of trioctylmethylammonium chloride 
(a  triple alkyl chain amphiphile), TMAC. On the other hand, the 
reactivity of cholest-Im, the cholesteryl es te r  of imidazole- 
carboxylic acid, in the ammonium bilayer is much greater than 
those in CTAB and TMAC aggregates. These results cannot be 
explained in te rms  of the hydrophobic microenvironment alone. 
The cholesteryl catalyst may be bound to the bilayer in a specific 
manner. 

In a subsequent experiment [ 171, the intra- and intervesicle 
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Cholest - Im 

reaclions were differentiated. Table 5 summarizes two series of the 
experiment. The catalyst and substrate were solubilized in aqueous 
solutions of didodecyldimethylammonium bromide separately. In 
se r i e s  A, the two stock solutions were mixed without sonication with 
the buffer for initiation. Therefore, catalyst and substrate are con- 
tained in different vesicles, and the intervesicle reaction is observed. 
In the second ser ies ,  the stock solutions were mixed, sonicated, and 
added to the buffer solution. Each vesicle contains both catalyst and 
substrate, so that the intravesicle reaction is observed. It is clear  
from Table 5 that the pseudo first-order r a t e  constant liobsd for the 

hydrolysis of PNPA in the presence of the dialkylammonium salt  is 
fairly constant, regardless of whether or not a mixture of the stock 
solutions is sonicated. In sharp contrast, k 
by a factor of over 200 by sonication. Thus the intravesicle reaction 
is much faster than the intervesicle counterpart, suggesting that 
transfer of catalyst and/or substrate molecules among vesicles is 
rate-limiting. 

micelle was substituted for the dialkylammonium aggregate. It is 
concluded that the rate  difference between inter- and intravesicle 
reactions can be made very large by selecting appropriate reactants 
which tightly bind to vesicles. The conventional micellar system is 
too soft for this purpose. 

for PNPP is enhanced obsd 

The corresponding r a t e  difference was not found when the CTAB 

C O N C L U S I O N  

Prior  to the present study, stable molecular bilayers had been 
formed only from biolipids and their derivatives. However, the stable 
bilayer can now be prepared from amphiphilic molecules if they 
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SYNTHETIC BILAYER MEMBRANES 60 1 

TABLE 5. Effect of Sonication of Mixed Stock Solutions on kobsa 

kobs sec - '  

2C I ~ N  '2C 1Br- C TAB 

PNPA PNPP PNPA PNPP 

Series  A 

simple mixing of 0.53 0.032 0.066 0.12 
stock solutions 

Series  B 

Sonication of 0.45 7.8 0.065 0.19 
mixed stock solutions 

Substrate, 1.2 - 1.5 X M; catalyst, (1.1 - 1.2) X M a 
except for 1.1 X 
observed r a t e  constants were corrected to the values for [catalyst]  = 
1.0 x M. ~ C I ~ N + Z C ~ B ~ - ,  1.0 x M; CTAB, 2.0 x M. 
Conditions;3O0C, pH 9.5 f 0.1, 0.01 - M borate buffer; /J = 0.01 (KC1). 

M in the hydrolysis of PNPP in series B T  The 

contain two linear alkyl groups of appropriate chain lengths (Cl0 - CZO). 
The hydrophilic head group may be cationic, anionic, nonionic, or 
zwitterionic and need not be as complex as those of biolipid molecules. 
These synthetic bilayers possess  character is t ics  common to those of 
the biolipid bilayer. They can readily solubilize up to 40 mole % 
cholesterol. Furthermore,  the molecular motion in the synthetic 
bilayer is severely rest r ic ted and the phase transition is observed 
between solids and liquid crystals.  This phenomenon can be used 
for controlling the reaction r a t e  as described above. Many other 
interesting applications would be possible. 
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