
This article was downloaded by: [Tomsk State University of Control
Systems and Radio]
On: 23 February 2013, At: 03:10
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

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Optical Properties of
Oxidized Cholesterol Bilayer
Lipid Membranes
Wen-Long Jian a , Tadashi Akahane a & Toshiharu
Tako a
a Research Laboratory of Precision Machinery
and Electronics, Tokyo Institute of Technology,
Nagatsuta, Midori-ku, Yokohama, Kanagawa,
227, Japan
Version of record first published: 20 Apr 2011.

To cite this article: Wen-Long Jian , Tadashi Akahane & Toshiharu Tako (1981):
Optical Properties of Oxidized Cholesterol Bilayer Lipid Membranes, Molecular
Crystals and Liquid Crystals, 69:1-2, 3-18

To link to this article:  http://dx.doi.org/10.1080/00268948108072685

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/
terms-and-conditions

This article may be used for research, teaching, and private study
purposes. Any substantial or systematic reproduction, redistribution,
reselling, loan, 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

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948108072685
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


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.

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

3:
10

 2
3 

Fe
br

ua
ry

 2
01

3 



Mol. Crysf. Liq. Crysr., 1981, Vol. 69, pp. 3-18 

@ 1981 Gordon and Breach Science Publishers, Inc. 
Printed in the U.S.A.  

0026-8941 /8 I /6902-0003$06.50 
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(Received May  22, 1980) 

Bilayer Lipid Membranes (BLM) formed from oxidized cholesterol in the aqueous phase were 
prepared to investigate their optical characteristics. As an optical model of BLM, we adopted 
a uniaxial layer model where the optical axis is perpendicular to the membrane surface. The 
refractive indices were measured precisely by means of the ellipsometry, and in consequence, 
in the temperature range from 10°C to 40'C, the ordinary and extraordinary refractive indices 
for 633 nm decreased from 1.471 to 1.458 and 1.490 to 1.471, respectively. Its positive bire- 
fringence also decreased according to temperature. The thickness was also measured, and the 
value of 7.1 f 0.9 nm at 30°C was obtained. 

1 INTRODUCTION 

Biomembranes are basic organizational structures of living bodies. The 
importance of those as fields for active transport, biosynthesis, energy 
metabolism and information transmission, has recently been recognized 
increasingly. 

Biomembranes are composed of hydrophobic bilayer lipid core. Hence, 
experimental bilayer lipid membranes (BLM) with suitable modification 
are useful model systems for the biomembranes.2 The refractive index and 
the thickness are the most fundamental material values to study the BLM, 
and several optical models have already been proposed from early days of 
the BLM study. The three typical models are as follows: 

a) The single layer model; this was the first and the simplest model 
proposed by Huang and Thom~pon.~ They supposed that BLM are homo- 
geneous and isotropic. 

t Present address: Copier Development Center, Canon, Inc., Shimomaruko, Ohta-ku, 
Tokyo, 144. 
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4 W.-L. JIAN, T. AKAHANE AND T. TAKO 

b) The triple layer model; this was propsed by Tien: In this case the 
central hydrocarbon layer has a different refractive index from the bifacial 
layers of the polar groups. 

c) The uniaxial layer model; this was proposed by Cherry and C h a ~ m a n . ~  
They assumed that BLM are optically uniaxial where optical axis is per- 
pendicular to the membrane surface. 

Based on the single layer model, the Brewster angle OiB is given by 

n 
tan 8, = - 

nl 

provided that nl is the refractive index of aqueous phase and n is that of 
BLM. However, we have measured very small value of 34.6" for oxidized 
cholesterol BLM in LiBr aqueous solution with the refractive index 1.445 
as shown in Figure 8. So, the refractive index of oxidized cholesterol BLM 
should become below unity if this model was adopted. The drawbacks of the 
triple layer model and other complicated models will be described in Section 
4. 

Ohki has calculated the dielectric constant of BLM according to Kirk- 
wood's theory, and concluded the anisotropy of BLMS6 This result seems to 
support the uniaxial layer model. Hence, we have adopted the uniaxial layer 
model, and we have examined the assumption that the optical axis is per- 
pendicular to the membrane surface. 

In this paper, the refraction indices of oxidized cholesterol BLM and their 
temperature dependences were measured precisely by means of the ellipso- 
metry based on this model. The thickness of the BLM was also measured. 

2 PRINCIPLES OF MEASUREMENTS 

2.1 Reflection matrix 

The polarization of the reflected light from isotropic media is the same as 
that of the incident light when they are parallel or perpendicular. Even for 
the case of uniaxial media, this is true when the optical axis is in the plane of 
incidence. 

When the optical axis is not in the plane of incidence, the optical properties 
of uniaxial media are complicated. We define the reflection matrix R by 

E. = RE, 
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OPTICAL PROPERTIES OF LIPID MEMBRANES 5 

where E, and E, are two-dimensional vectors of the incident electric field 
and the reflected electric field, respectively. Their coordinates are illustrated 
in Figure 1. We define R s  eigenvalue c, and eigenvector ei by 

Generally speaking, ci and e, are complex, but we can regard c, as pure 
imaginary and 8, is a real vector, because the thickness of the BLM is very 
small in comparison with the wavelength, so, the phase difference between 
two lights which are reflected by the boundary 1-11 and the boundary 11-111, 

Rei = ciei (i = 1, 2) (4) 

Aqueous phase I “1 

FIGURE 1 The uniaxial layer model of BLM. E, and E, are two-dimensional vectors whose 
directions are in the planes normal to Zi and 2,. respectively. 

respectively, are almost R. So, when the azimuth of the incident linearly 
polarized light equals to the direction of ei ,  the azimuth of reflected light 
becomes the same as that of incident light. 

We have calculated the direction of eigenvector ei,  as the function of the 
directional angles of the optical axis of CT and p defined in Figure 2. The 
ways to obtain the eigenvectors are as follows. The light transmitted through 
anisotropic media splits into two directions, and those states can be cal- 

Y 

FIGURE 2 
X-2 plane. 

Definition of directional angles u and p. The incident and reflected lights are in 
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6 W.-L. JIAN, T. AKAHANE AND T. TAKO 

culated by Maxwell equations. In our case, those two lights are refracted 
at 11-111 boundary, so, we must consider each propagation and azimuth of 
four lights in the uniaxial layer. In this case, the attention should be paid on 
the difference of phase velocities vef of the extraordinary lights which are 
propagated to the positive and negative directions of z axis, respectively. 

c 
ve* = - 

n* 
where 

1 1  
2 = n* no 

+ [sin’ u + (cos’ u - sin2 u cos’ p)sin2 el* 

T sin u cos u cos p sin 28, *] - 
(n: n:) 

( 5 )  

nl sin Oi = n* sin Ot* (7) 
provided that no and n, are the ordinary and the extraordinary refractive 
indices of the BLM, respectively, and 8, is the incident angle. (Phase veloci- 
ties vOf of the ordinary lights are represented simply by vOf = c/no.) These 
things as mentioned above make the reflection matrix too complicated to 
write down explicitly. Therefore, we considered each boundary condition 
at 1-11 and 11-111 boundaries, solved numerically 8 simultaneous linear 
equations, and obtained eigenvectors ei. The results of the calculations are 
illustrated in Figure 3. 

When the optical axis is perpendicular to the BLM surface, the reflection 
matrix of the BLM is represented simply. When the thickness d of the uni- 
axial layer is sufficiently smaller than wavelength I ,  we obtain 

(8) 

(9) 

(10) 

r l l  = -2irP6, exp (id$ 

r22 = -2ir,6, exp (is,) 

r12 = rZ1 = 0 
where 

no cos ei - n , J 1  - n:/ni sin’ ei 
no cos ei + n l J l  - n:/ni sin’ ei 
n,  cos ei - noJl  - n:/nt sin2 ei 
n ,  cos ei + n,J1 - n:/ng sin2 ei 

( 1  1 )  

(12)  

(13)  

rp  = 

rs = 

2K 
6, = no J 1  - n:/n; sin2 ei ci 

(14) 
2x 
I 6 ,  = - n o , / l  - n:/ni sin2 ei d. 
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OPTICAL PROPERTIES OF LIPID MEMBRANES 

FIGURE 3 Calculated eigenvectors with the function of the direction of the optical axis. 
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8 W.-L. JIAN, T. AKAHANE AND T. TAKO 

was lyphilized. After, purified cholesterol was added to distilled pure grade 
n-octane, and the mixture was refluxed at boiling temperature (- 125°C) 
in oxygen gas for 6 hours. Its supernatant was used for the BLM formation. 

Teflon cell: For the purpose of optical observation, we designed a Teflon 
cell illustrated in Figure 4a. On this cell, an aperture of 3 mm is diameter 
was punched in the centre of the cylindrical structure, and a pyrex glass tube 
was fixed to cover the cell (see Figure 4c). 

FIGURE 4 (a) Teflon cell with 60 mm in diameter and 57 mm in height. (b) Pyrex glass tube. 
(c) Pyrex glass tube fixed to cover Teflon cell. 

Aqueous phase: The alkali halide aqueous solutions were prepared with 
doublydistilled and deionized water which was kept in glass containers 
throughout, and alkali halide such as NaCI, LiCl, LiBr, etc., and they were 
poured into the Teflon cell. 

Formation of BLM: A blush made in China for calligraphists was used 
to form the BLM onto the aperture of the Teflon cell, and we observed the 
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OPTICAL PROPERTIES OF LIPID MEMBRANES 9 

membrane thinning, exhibiting interference fringes and finally forming the 
BLM. This procedure took about 10 to 40 minutes, and after, the BLM 
were usually stable for several hours. 

Thermostat : The Teflon cell was fixed in a thermostat with a copper pipe 
into which water at stabilized temperature was circulated. The temperature 
range of this thermostat was from 10°C to 40°C with a stability better than 
f 0.5"C. 

3.2 Ellipsometer 

We improved the performance of the ellipsometer (Shimadzu EP-10) by 
using the 633 nm He-Ne laser ( 5  mW) as a light source, and observed the 
reflected light by the BLM (see Figure 5). Using a polarizer and a Fresnel 
rhomb, the laser light is changed into the circularly polarized light, which was 
then led to the polarizer of the ellipsometer. This part also fulfills the role 
of an isolator. 

The polarizer and analyzer are Glan-Thompson prisms, and the compensa- 
tor is a quarter-wave plate. Each of these parts is fixed on holder which 

n 

FIGURE 5 Diagram of the ellipsometer. 
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10 W.-L. JIAN, T. AKAHANE AND T. TAKO 

enables us to read the azimuthal angle up to 1 minute accuracy. The spotsize 
of the incident light on the BLM is about 1 mm. 

We could measure the azimuth of reflected light with accuracy up to 
f0.5 degree at each experiment, and by the statistical treatment, we are 
able to determine the Brewster angle more accurately. 

4 RESULTS AND DISCUSSIONS 

4.1 Refractive index 

In Section 2.1 (Figure 3), it is shown that if the optical axis of the BLM is 
tilted from the normal axis of the BLM surface (tilt angle is a), the direction 
of the eigenvector deviates from 0" or 90" except for the special values of 
p, i.e., 0" and 180". The value of a can be considered as constant when tem- 
perature and the state of aqueous phase are specified. On the other hand, p 
depends on the geometrical alignment of the cell and may be different at 
each experiment by accidental initial conditions. 

Figure 6 shows the experimental results of the direction of eigenvectors 
as a function of temperature. The experimental values are averages of 
several measurements. The deviations from 0" or 90" are less than 2". There- 
fore, for the case of oxidized cholesterol BLM in the temperature range from 
10°C to 40"C, it seems to be reasonable to assume that the optical axis is 
approximately perpendicular to the BLM surface. In order to justify this 
assumption, p dependence of the direction of the eigenvector must be 
investigated. For this purpose we should use, for example, a cell which can 
rotate about the normal axis of the BLM surface. 

In Figure 7, we show an example of measured variation of the azimuthal 
angles with the incident angles. (The azimuthal angle of the incident light is 
45"). The solid line in Figure 7 was drawn by the least square method accord- 
ing to Eq. (18) where it is assumed that the optical axis is perpendicular to the 
BLM surface. The Brewster angle can be obtained by finding the incident 
angle which corresponds to the azimuthal angle of 90". 

Next, we measured the Brewster angle by changing the refractive indices 
of aqueous phase n i .  The results are shown in Figure 8. These aqueous 
phases were prepared by the several kinds of alkali halide solutions shown 
in Figure 8, and each index of aqueous phase was measured by the Abbe 
refractometer. There is no observable change in the refractive index of the 
BLM with the kind of solutes. The solid line in Figure 8 was drawn by the 
least square method using the Eq. (14), with no and n, as fitting param- 
eters and in consequence, no and n, at 30°C were determined as 1.4600 
f 0.0024 and 1.4741 & 0.0039, respectively. 
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OPTICAL PROPERTIES OF LIPID MEMBRANES 

92p- 
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FIGURE 6 The direction of eigenvector with the function of temperature. 

The temperature dependences of the ordinary and extraordinary re- 
fractive indices of the BLM obtained in these ways are plotted in Figure 9. 
In the temperature range from 10°C to 40°C, no decreases from 1.4706 

0.0038, and its positive birefringence also decreases according to the tem- 
perature. The decreases of no and n, with temperature are due to the decrease 
of the density of the BLM, and the decrease of its birefringence is considered 
to be due to the increase of the disorder of molecules. 

Now, the other optical models which do not take anisotropy into account 
such as the triple layer model should be reexamined. Extending the triple 

0.0025 to 1.4579 f 0.0024 and n, from 1.4897 & 0.0042 to 1.4712 
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I2 W.-L. JIAN, T. AKAHANE AND T. TAKO 

2.2 Refractive index 

From Eq. (l l) ,  the Brewster angle O i B ,  the incident angle at which r p  is equal 
to zero, is given by the following equation, 

n i  - n: n: tan2 0, = 
ne - 1 nl 

Equation (15) shows that a small difference between no and n, has a large 
effect on the Brewster angle. We can determine no and n, by measurements 
of the Brewster angles as function of each refractive index n ,  of several 
aqueous phases. 
' Generally, the Brewster angle can be measured directly. However, in this 
experiment we are dealing with BLM which have an extremely low reflect- 
ance. It is about even at normal incidence and less than l ow6  in the 
wide range near the Brewster angle. Therefore, we propose to use an ellipso- 
meter for precise determination of the Brewster angle for the BLM. 

In the ellipsometry both the azimuth $ and phase difference A of reflected 
light, which are defined by 

E,,,/E,, = tan $ exp( - iA) (16) 
are measured. In the case that the optical axis is perpendicular to the BLM 
surface and the azimuth of incident light is z/4, from Eqs. (8) and (9), Eq. (16) 
becomes 

rs 6 s  
rP 6 ,  

E,,/E,, = r Z 2 / r 1  = - exp(i6, - id,) 

whence, 

rs 6 s  tan $ = -, 
rP 6 ,  

A = 6 ,  - 6,. (19) 
So, when the thickness is much smaller than wavelength, @s value is in- 
dependent of the thickness. We can obtain $'s value and As value from the 
azimuth of the analyzer and the polarizer of the ellipsometer, respectively. 
Therefore, we will be able to determine the Brewster angle precisely by 
measuring $ at various values of the incident angles, and finding the value 
of the incident angle where $ becomes 4 2 .  

2.3 Thickness 

Several optical methods for the measurement of the thickness of the BLM 
were proposed. Many investigators adopted the method to measure the 
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OPTICAL PROPERTIES OF LIPID MEMBRANES 13 

absolute reflectance, but this method is very difficult to measure the thickness 
precisely because reflectance is extremely low as mentioned above. 

We cannot determine the thickness by means of the ellipsometry either, 
because the value of A is smaller than experimental errors. So, we adopted 
an interference method.’ 

When membranes still exhibit interference fringes, they can be regarded 
as isotropic media, and the intensity of the reflected ordinary light is ex- 
pressed as 

4 4  sin’ 6, 
I =  10 (1 -r,2)’ + 4r,Z sin’ 6, 

where Zo is the intensity of the incident light, and ra is given by Fresnel’s 
formula 

(21) 
n, cos Oi - n, cos Or, 
n, cos Oi + n, cos Or, 

r, = 

provided that n, is the refractive index of membranes still exhibiting inter- 
ference fringes, and Or, is the angle of refraction. 

In the process of thinning, the intensity of reflected light changes oscila- 
torilly, and when r, is sufficiently smaller than unity the maximum intensity 
of the reflected ordinary light I,,, which is given at the phase difference 
6, = (n + $)n, is approximately represented by 

I,,, = 4r,2Z0. (22) 
On the other hand, from Eq. (9) for the ordinary light, intensity of the 

reflected light from the BLM is given by 

ZBLM = 4r365Z0 = 4r3 - no cos O,, d)210. 

Therefore, by measuring the ratio of ZmaJZBLM for several aqueous phases 
with various refractive indices, it is possible to estimate the value of n, 
and the thickness of the BLM. 

3 EXPERIMENTAL METHODS 

3.1 Preparation of BLM 

Solutions : We used oxidized cholesterol dissolved in n-octane which is 
known to yield highly stable BLM. We followed the procedure for preparing 
oxidized cholesterol BLM forming solution as described by Tien.* Choles- 
terol was purified further by recrystallization in nitrogenated ethanol, and 
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14 W.-L. JIAN. T. AKAHANE A N D  T. TAKO 

I 

Incident anqlc (degree ) 
Temperature : 30.0% 
LiCl aq. n,: 1.421 6 

Incident anqlc (degree ) 
Temperature : 30.0% 
LiCl aq. n,: 1.421 6 

FIGURE 7 Determination of the Brewster angle and the azimuth of the incident light is 45". 
The azimuthal angle of reflected light was measured by the ellipsometry, and phase difference 
A is nearly 180". When n, draws near no and in the incident angle is large (-70'). the azimuth 
over 135" of the reflected light was observed (whence r,, > r,). This is characteristic ofanisotropic 
media. 

layer model, Simon and Cidder derived the Brewster angle relation of 
optically isotropic film where the profile for the dielectric constant is sym- 
metrically disposed about the centre of the membrane and varies continu- 
ously from a value of el in the outside media to a value of c2 in the film 
interior ;' 

i E l  - E i J i  
tan2 eie = - - 

E l  E l  - & : E - l  
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OPTICAL PROPERTIES OF LIPID MEMBRANES IS 

1.35 1.40 1 L5 

Refractive index of pquccus phase 

FIGURE 8 Variation of the Brewster angle with the refractive index of aqueous phase. 
Temperature: 30.0" f 0.5"C. The solutes of aqueous phase are 1. only water, 2. NaCI, 3. K1, 
4. LiBr, 5. LiBr, 6. NaBr, 7. LiCI, 8. LiBr, 9. Nal, 10. LiCI, 1 1 .  LiCI, 12. LiBr, 13. NaI, 14. LiBr, 
15. LiBr. 

where 

E = /EdZ,  

Taking note that c1 equals n:, Eq. (24) becomes the same formula as Eq. (15) 
if B and 7 are replaced by ni and l/n:, respectively. In order to explain the 
results shown in Figure 8 by Eq. (24), the condition i < (z)- ' must be 
satisfied. But (F)- ' cannot become greater than i mathematically. Hence, 
an optical model without anisotropy cannot account for the optical pro- 
perties of the BLM. 

Cherry and Chapman proposed the uniaxial layer model and analyzed 
their experimental results on egg le~i thin.~ The results were: no = 1.363 
f 0.004 and the birefringence n, - no = 0.022 f 0.003. Our study on 
oxidized cholesterol also confirm this model. 
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I6 W.-L. JIAN, T. AKAHANE A N D  T. T A K O  
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UI 
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0 10 20 30 40 
Temperature ( O C  ) 
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Y- a 
1x 

1.50, 

- 
1.45 
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0 10 20 30 40 
Temperature ( O C  ) 

FIGURE 9 Temperature dependences of the ordinary and extraordinary refractive indices of 
oxidized cholesterol BLM for 633 nm. 

We consider it meaningful that the direction of optical axis should be 
examined for the other BLM. Other models such as the anisotropic triple 
layer model need so many parameters that the material values of the BLM 
cannot be determined experimentally. Therefore, the tilted uniaxial layer 
model analyzed in this paper is the most reasonable model corresponding 
to the experiments. 

4.2 Thickness 

In Figure 10, we show an example of the strip chart recorder tracing illus- 
trating the formation of thin lipid membrane under ordinary light and 
thinning to the BLM. From this figure we can obtain the ratio of Imex/lBLM. 
We obtained the thickness of oxidized cholesterol BLM and the value of n, 
from 108 experimental data which was measured with various refractive 
indices of aqueous phases at 30°C, and the results are as follows; the thick- 
ness is 7.12 & 0.93 nm and the value of n, is 1.396 at 30°C. The value of n, 
is close to the refractive index of n-octane. 
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FIGURE 10 Strip chart recorder tracing illustrating the formation of thin lipid membrane 
under perpendicular polarized light (633 nm) and its thinning to the BLM. This was recorded 
through a low pass filter (cut off 0.1 Hz-6 dB/oct). 
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On the other hand Tien reported that the thickness of oxidized cholesterol 
BLM is 4 f 1 nm' and this value is different from our results. The de- 
termination of thickness is influenced by the value of refractive indices of 
BLM, therefore, we consider that this disagreement mainly depends on the 
value of the refractive indices. 

5 CONCLUSION 

In this study, we made the BLM by oxidized cholesterol on the Teflon cell 
in the aqueous phase and investigated their optical characteristics. As an 
optical model of the BLM, we studied and analyzed the uniaxial layer model 
where the optical axis is in the arbitrary direction, and from experimental 
results, we adopted the uniaxial layer model where the optical axis is per- 
pendicular to the BLM surface. 

The refractive indices could be obtained from the ellipsometry, and we 
obtained the refractive indices in the temperature range from 10°C to 
40°C, no decreases from 1.4706 f 0.0025 to 1.4579 i- 0.0024 (for 633 nm), 
and N ,  from 1.4897 i- 0.0042 to 1.4712 f 0.0038 (for 633 nm). Its bire- 
fringence also decreases according to the temperature. The accuracy of the 
measurements was obtained up to the effective number of four figures. 

We also measured the thickness of oxidized cholesterol BLM, and the value 
of 7.12 & 0.93 nm at 30°C was obtained. 
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