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Abstract. The exploitation of the optical tunnel effect 
allows the detection of very small spatial variations. 
The theory of optical tunneling is extended to an 
absorbing medium and an experimental apparatus 
capable of detecting displacements down to 0.19 nm, 
with fluctuations equivalent to 0.10 nm, is described. 
Some possible applications to the measurement of 
electrically induced volume changes of biological 
membranes are discussed. 
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Introduction 

It has been reported by many authors that the action 
potential in excitable cells is associated with small 
volume changes (Tasaki 1982; Cohen 1973; Tasaki 
and Iwasa 1982 a~ b; Hill et al. 1977; Iwasa et al. 1980; 
Sandlin et al. 1968). 

Cell wall movements have been found to lie bet- 
ween 5 and 10 nm in unmyelinated nerve fibers and to 
be about 100 nm in the fresh water alga, Nitella 
(Sandlin et al. 1968). There is now abundant evidence 
that the electric response of excitable membranes to a 
voltage stimulus is based on the operation of biologi- 
cal microdevices, known as ionic channels, capable of 
creating aqueous pores through the membrane. Their 
opening is responsable for the ionic currents associa- 
ted with the action potential and these structures float 
in the fluid lipid phase which makes up the matrix of 
the membrane. The conformational changes which 
produce the opening of these channels are probably 
accompanied by volume changes (Conti et al. 1982 a, 
b). Changes in membrane thickness due to electro- 
striction have also been observed in artificial lipid 
bilayer systems (Benz and Janko 1976). 

* To whom offprint requests should be sent 

A method for detecting very small spatial varia- 
tions can be developed by making use of the optical 
tunnel effect. Allegrini et al. (1971) have demonstra- 
ted that variations smaller than 0.10 nm in the gap 
between two optical surfaces can be measured by 
means of this effect. In the present work, after a brief 
summary of the theory of optical tunneling, we shall 
present some gap variation measurements and discuss 
some possible applications to membranes biophysics. 

Theory of optical tunnel effect 

The general concepts that are the basis of the optical 
tunnel effect can be found in several text books of 
Optical Physics. When total reflection of light occurs 
at the interface between two media (Fig. la), the 
electromagnetic field of the incident wave penetrates 
a short distance into the medium of lower refractive 
index, generating an "evanescent wave". This can be 
detected approaching the interface with a third 
medium at a distance 4, of the order of, or smaller 
than, the wavelength of the light, 2 (Fig. lb). Under 
the latter condition, energy propagation through 
medium 2 is induced and can be detected by a suitable 
third medium e.g. a lens (tunnel effect). The double 
discontinuity of the refractive index acts on photons as 
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Fig. 1. a Total reflection on the surface separating media 1 and 2. 
b Optical tunnel effect caused by a third medium at distance 
from medium 1 
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a potential barrier for particles. A complete solution 
of Maxwell's equations is obtained by linking the 
solutions in the three media and taking into account 
the boundary conditions. This yields the following 
expressions for the transmission and reflection coeffi- 
cients, T and R (see Appendix): 

S 
T = 1 + R+e 2BX + R_e  -2BX R = 1 - T (1) 

where X = 2z~/2. 
The quantities S, R+, R_, and B are functions of 

the refractive indexes (nl, nz, n3), of the incidence 
angle, v ~, and of light polarization, as shown in the 
Appendix. 

Equation (1) has been derived by assuming that 
medium 3 is absorbing while media 1 and 2 are not. If 
medium 3 is non-absorbing, as is the case in the 
present work, R+ = R_. The position of maximum 
sensitivity depends mainly on the angle and the polari- 
zation of the incident light and on the absorption 
properties of medium 3. Therefore, for a given 
absorbing biological sample, an incidence angle and 
polarization state may be chosen in order to reach a 
suitable compromise between the required distance 
and the sensitivity. 

Experimental apparatus 

ged perpendicularly on the surface of a 45 ° prism 
(acting as medium 1, with nl = 1.5085), being focused 
by L1 on its diagonal face, where total reflection 
occurred. A small air gap (acting as medium 2, with 
n2 = 1) separated this surface from the third medium, 
consisting of a small lens, L2, with n 3 = 1.5051. L2 was 
glued to a small supporting prism and fixed to a 
piezoelectric transducer (Physik Instrumente P 172). 
L1 was used to reduce the beam diameter, but the 
convergence that it caused on the beam (+ 0.4 °) had a 
negligible effect on the plane wave condition. Trans- 
mitted and reflected light were detected by two photo- 
multipliers (Philips XP 1017) at right angles. Care was 
taken to ensure linearity in the response of the photo- 
multipliers. Mechanical disturbances were minimized 
by mounting the whole apparatus on an isolated table. 
The outputs of the photomultipliers were measured by 
digital voltmeters and fed alternatively to a Lock-in 
Amplifier (Par JB-5). The distance, 4, between media 
i and 3 was varied coarsely with a micromanipulator, 
while fine adjustments were obtained by varying the 
dc voltage applied to a piezoelectric transducer. 

For the best resolution in gap variation measure- 
ments, the distance, 4, was finally modulated by the 
Lock-in Amplifier output reference signal. In this case 
the Lock-in Amplifier directly provided d T / d X  or 
dR/dX.  In the measurements presented here the Lock- 
in Amplifier reference frequency was 400 Hz and the 
averaging time constant on the output signal was i s. 

The above theory has been tested experimentally with 
the apparatus illustrated in Fig. 2. 

The light beam was generated by a He-Ne Laser, 
(2 = 632.8 nm, Spectra Physics mod. 120) and impin- 
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Fig. 2. E x p e r i m e n t a l  se t -up.  
L = H e - N e  laser ;  DV1, DV2 = Dig i t a l  v o l t m e t e r s ;  PM1, PM2 = 
P h o t o m u l t i p l i e r s ;  L I A  = Lock- in  ampl i f i e r ;  VG = D C  v o l t a g e  
g e n e r a t o r ;  P Z  = P iezoe lec t r i c  t r ans l a to r ;  L1, L2 = Lense s ;  R1 = 
1M~2, R2 = 50Kf2,  C = 0.5 ,uF 

Results 

The measurements were performed by recording the 
photomultiplier output voltage, Vyi, and the dc vol- 
tage, Vxi, applied to the piezoelectric transducer, 
which is linearly related to the gap width. 

These experimental values were normalized to the 
theoretical values of gap width and transmission or 
reflection coefficients by multiplying the Vxi's by a 
scale factor a and shifting them by Vxo, and by 
multiplying the Vyi's by a factor, K. The parameters 
a, Vxo and K were estimated experimentally and 
optimized by a Monte Carlo method. Theoretical 
curves (full-line) and experimental data (dots) for 
light transmission measurements are shown in Figs. 3 
and 4, for two different polarization conditions of the 
incident light and a modulating signal amplitude cor- 
responding to 1.9 nm. 

In view of a possible application of this method to 
the study of biological samples, which are usually 
opaque, measurements of light reflection have also 
been carried out. Results of such a measurement are 
shown in Fig. 5, for a modulating signal amplitude 
corresponding to 1.9 nm. It is seen that the agree- 
ment of the data with the theoretical curves is 
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Fig 3. a Transmission coefficient versus distance between media 
1 and 3, normalized to 2, with parallel light polarization, b Spatial 
derivate of the transmission coefficient versus distance between 
media i and 3, normalized to 2, with parallel light polarization 
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Fig. 4. a Transmission coefficient versus distance between media 
1 and 3, normalized to 2, with perpendicular light polarization. 
b Spatial derivate of the transmission coefficient versus distance 
between media 1 and 3, normalized to ,~, with perpendicular light 
polarization 

slightly poorer than in the case of transmission mea- 
surements. Both transmission and reflection measure- 
ments were performed down to a modulating signal 
amplitude corresponding to 0.19 nm, at the same 
frequency of 400 Hz. In both cases the maximum 
fluctuation corresponded to 0.10 nm. Reducing the 
time of integration below 1 s caused higher fluctua- 
tions, thus affecting the value of the minimum dis- 
placement detectable by the derivative method with 
our apparatus. Fluctuations observed at the point of 
maximum sensitivity of the integral response, i.e. the 
photomultiplier output, were equivalent to 16 nm. 

Discussion 

The analytical method and experimental apparatus 
discussed above can be succesfully used for measure- 
ments on biological samples, provided that the sample 
under examination is dipped in a suitable liquid. 

The specimen must replace lens L2 in an experi- 
ment where only the reflected light is analyzed. Then 
medium 2 is the liquid and medium 3 is the biological 
sample. Moreover, a modified apparatus can be cho- 
sen if the specimen is expected to be damaged by 
mechanical vibrations and depending on the charac- 
teristics of the effect to be measured. The modulating 
signal could be used either 

a) to excite the sample electrically 
or 

b) to drive a piezoelectric transducer stuck to the 
prism, which is used as a vibrating probe; the 
other parts of the system remaining at rest. 

Arrangement a) is convenient when volume chan- 
ges are tunable to the frequency of the electric stimu- 
lus. They can be evaluated by detecting the reflected 
light and analyzing it with the Lock-in Amplifier 
locked at the same frequency and phase. With this 
adjustment our experimental apparatus could be used 
to detect volume changes in a nerve cell due to action 
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Fig 5. Spatial derivate of the reflection coefficient versus distance 
between media 1 and 3, normalized to 2, with perpendicular light 
polarization 

potentials, as has already been observed using diffe- 
rent techniques (Tasaki and Iwasa 1982a, b). 

A second example of applicability of this techni- 
que is the measurement of electrically induced thick- 
ness changes (electrostriction) in artificial bilayers 
such as those measured by the capacitance method or 
by optical techniques (Benz and Janko 1976). 

The detection of the changes of ionic channels in 
naked membranes of cultured cells is a more remote 
possibility, requiring a sensitivity to displacements of 
the order of 10-3-10 -4 A, a limit which has been 
achieved only with non-biological material, as repor- 
ted by Allegrini et al. (1971). 

Such a high sensitivity corresponds to the expected 
average change in membrane thickness, assuming a 
volume change of the order of 100/~3 per channel and 
about 100 channels per/~m 2 (Conti et al. 1982a, b). 

Obviously, arrangement a) cannot be applied to 
detect volume changes when an excitation frequency 
lower than 0.2 Hz is required, due to the low fre- 
quency limits of presently available Lock-in Ampli- 
fiers. In this case the technique of the vibrating prism 
should be chosen. 

Arrangement b) could also be used if the biological 
sample responds with a random transient volume 
change, provided that its duration is sufficiently long 
compared with the minimum vibration period of the 
prism. 

Acknowledgement. We wish to thank A. Borsellino and F. Conti for 
helpful discussions. 

A p p e n d i x  

Let us consider the propagation of plane electromag- 
netic waves through three plane and parallel layers 
with refractive indices na, n2 and n3. The quantities 

nl and n2 are real numbers (non-absorbing media) and 
n3 = n3n (1 + iz) is in general complex (absorbing 
medium). Linking the solutions of Maxwell's equa- 
tions in each homogeneous medium at the boundary 
surfaces, the following relation is obtained: 

At +) - At +) 
2 

- - -  (a.+ cosh (BX) + b_+ sinh (BX)), (A.1) 

where At +) and At -) are the amplitudes of progressive 
and regressive waves in medium 1 and At +1 is the 
amplitude of the progressive wave in medium 3 and: 

P3 q3 P3 q2 q3 P2 a_+ - + b_+ - + (A.2) 
Pl ql P2 ql q2 Pl 

B = q2 q2/i = ~/n2 sin2 val - n 2 X = 2 ne/k (A.3) 

= thickness of medium 2 
2 = light wavelength in vacuum 
The quantities p~ and q~ are defined in each medium, 
depending on the polarization mode of the incident 
light (electric field perpendicular (_1_) or parallel (//) 
to the incidence plane), as follows: 

_l_mode { p , = I  { p i = n '  
q, = n i cos  t~ t / / m o d e  qi = cos  tgz 

(A.4) 

where the angles #i are related by the Snell's law. The 
conditions for tunneling are: 

Re(pzq2) = 0 Re(p3 q3) > 0. (A.5) 

The first condition is equivalent to the well known" 
condition for total reflection, nl sin #a > n2 and means 
that "evanescent waves" are standing in medium 2 
because B in Eq. (A.1) is a real number. The second 
condition, Eq. (A.5), is a generalization of the condi- 
tion nl sin ~1 < n3 for an absorbing third medium. 

The relevant energy fluxes are in general given by: 

IAil 2 Re(p, q*), (A.6) 
4~ 

where c is the light velocity in vacuum and transmis- 
sion and reflection coefficients, denoted respectively 
by T and R, are calculated by dividing the progressive 
energy flux entering medium 3 and the regressive 
energy flux in medium 1 respectively, by the progres- 
sive energy flux in medium 1: 

A~+) 2 Re(p3 q~) (1.7) 
T =  At+/ Re(p1 q~) 

At-) 
R =  At+) (A.8) 
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By  subs t i tu t ing  the  re la t ions  of  Eq.  (A .1 )  in the  last  
express ions ,  one  ob ta ins :  

S 
T = 1 + R + e  2ex + R _ e  -2~x (A.9) 

R = T -  1 (A.  10) 

where: 

1 12 R_+ = T la+ ± b+ 12/(I a+ - I b+ 12) (A.11)  

s =2(la+l 2-  la_12)/(la+l 2 -  [b+12). (A.12) 
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