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INTRODUCTION

The results we describe were obtained in experiments per-
formed at nuclear reactors in several neutron research centres. 
Most of our results come from the Léon Brillouin Laboratory 
(LLB, Saclay, France), the Joint Institute for Nuclear Research 
(JINR, Dubna, Russia), Budapest Neutron Centre (BNC, Bu-
dapest, Hungary) and Helmholtz Centre Berlin (HZB, Berlin, 
Germany). Recently, we used also the most powerful reactor 
source of neutrons for scientific purposes at the international 
Institut Laue-Langevin (ILL, Grenoble, France), in which Slo-
vakia is a scientific member of the Central European Neutron 
Initiative Consortium (CENI) together with Austria, the Czech 
Republic, and Hungary. Further development of nuclear re-

actors, however, is currently limited by technological con-
straints associated with the transfer of heat generated by the 
nuclear chain reactions. Intensive efforts are therefore focus-
ing on the development of new, even more powerful neutron 
sources. These include the European Spallation Source (2014), 
which is being built in Lund in Sweden.

BASIC PRINCIPLES

This chapter is based on texts written predominantly for physi- 
cists (Bacon, 1962, Feigin & Svergun, 1987, Pynn, 1990, Florek, 
1992, Belushkin, 2010, Belushkin et al. 2011). Our aim here is 
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to present the basic principles in as simple a way as possible 
to make them understandable to the students of pharmacy 
at our university. 
Neutrons are particles that, together with protons, form nu-
clei of all the known chemical elements and determine their 
physical properties. Free neutrons outside of atomic nuclei 
are unstable particles with half-life 10 min 11 s. They decay 
through β-decay into a proton, an electron, and an electron an-
tineutrino, sometimes accompanied by γ-radiation. Their rest 
mass is very close to that of the proton (mn = 1.675 • 10−27 kg). 
As all particles of non-zero mass, they display wave–particle 
duality, owing to which, depending on their state of motion, 
their particle or wave nature prevails. Their wave properties 
are characterised by wavelength λ given by the de Broglie 
relationship

,
n

h h
p m v

  
 

41,913 ,n Nsh
 

 

2 2

2 .
2 2kin

n n

p h
m

E E
m 

 
 

,BE k T  

-1
396[nm] .
[m.s ]v

 
 

A A
Z ZX n + n , + X  

A A *
Z ZX n'n +  , + X  

A A+1 *
Z Zn ,X+ X   

0
2 ,k n



 

.q k k   

    
         

b A
A




 

2,4 b   

( )d
d
 
  

· 2
2( ) ,2) ( jiq rn

j jb
md kq

d k
e

h
 





 

,
k

k
b

V
 




 

2 · 3 2
2( ) ( ) ( ,)2 iq rnmd q r

d h
e rd  

 
 

( ) ( ) ,wr r      

(1)

where h is Planck’s constant and p = mnv is the momentum of 
neutron with velocity v. Neutrons have zero electric charge, 
thus do not interact with the electric field. Thanks to their 
zero charge, neutrons are not affected by electron shells, 
which is the cause of their high penetration ability into differ-
ent materials. Neutron is further characterised by spin s = ½. 
As a result, neutrons, despite their zero total electric charge, 
are characterised by a nonzero magnetic moment given by 
the relationship
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where μN is the nuclear magneton and  is the neutron spin. 
The magnetic moment allows them to interact with a mag-
netic field. Experimentally, this feature is used for polarisation, 
that is, changing their spin/magnetic moment in the desired 
direction and orientation. Neutron polarisation has extensive 
experimental and practical use.
The total energy of neutrons consists predominantly of ki-
netic energy. If we consider neutrons in the absence of an 
electromagnetic field, then the energy of one neutron can be 
expressed as follows:
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In practice, the energy of neutrons is often expressed through 
the thermodynamic temperature T, for which the following 
holds:
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where kB is the Boltzmann’s constant. The assignment of the 
thermodynamic temperature to neutrons leads directly to 
their energy classification built on temperature-related con-
cepts. Neutron scattering experiments aimed at examining 

biological structures most commonly employ thermal neu-
trons with energy 5 – 500 meV, velocity 103 – 104 m.s–1 and 
wavelength λ = 0.4 – 0.04 nm. By combining equations (3) 
and (4), we get a frequently used relationship between velo
city and wavelength of neutrons
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Neutrons interact with material environment, that is, with 
atomic nuclei, predominantly through the so called strong 
nuclear interactions, one of the four fundamental forces of 
nature. Depending on the energy of the neutron and the par-
ticle, which it is incident on, different types of mutual interac-
tion occur. In neutron scattering experiments, three kinds of 
reactions occur predominantly. At elastic scattering
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there is no energy transfer between the incident neutron and 
the scattering particle and the sizes of the two particles’ mo-
menta are maintained. At inelastic scattering
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energy transfer between the incident neutron and the scat-
tering particle does occur and not only the direction but also 
the sizes of the momenta of the two particles are changed. At 
radiative capture
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the incident neutron is captured by the atomic nucleus of the 
scattering particle, thus producing a new, energy-enriched 
isotope of the original element. The excited atomic nucleus 
then drops to a lower energy state by radiating a γ-quantum 
or a spontaneous nuclear decay occurs. All these three meth-
ods are used in pharmaceutical research. Elastic neutron 
scattering can be seen, for example, in neutron diffraction or 
small-angle neutron scattering; inelastic neutron scattering 
occurs in the neutron spin echo method. Radiative capture 
is used, for example, in neutron activation analysis, in which 
radiative neutron capture by the nuclei of the studied sample 
produces unstable isotopes. 
Since in scattering experiments, the wave nature of moving 
neutrons is employed, it is quite natural to characterise them 
using variables describing waves – the wave vector
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where  is a unit vector of the same direction and orientation 
as the momentum of the neutrons, and the amplitude of the 
wave function ),(k tA r

 , which is generally a complex number 
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and whose square of the module 
2( , )kA r t   gives the proba-

bility of the occurrence of a neutron with the wave vector  at 
location  and at time t. Thermal neutrons used in scattering 
experiments in biological macromolecular systems have the 
wavelength of the order of hundred thousand up to a million 
times larger than the typical size of an atomic nucleus, as a 
result of which they disperse on them (except for the above-
mentioned exceptions) as on points of no internal structure 
and thus symmetrically in all directions. The incoming neu-
tron, characterised by wave vector  and described by the 
plane wave function, is scattered on a point atomic nucleus 
M and, scattered, leaves under an angle α characterised by a 
wave vector . Overall change in the wave vector is indicated 
by the so-called transferred momentum vector  
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If we consider elastic scattering of neutrons on an atomic nu-
cleus, it holds that k = k’ and, for the size of the transferred 
momentum, we can write
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where 2θ is the scattering angle of the neutron (Fig. 1). The 
neutron scattering length b is defined for the atomic nucleus. 
Its numerical value is given by the negative ratio of the ampli-
tudes of the scattered and incident neutron wave
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Its value depends on the nucleon composition of the atomic 
nucleus, that is, on the number of protons and neutrons in 
the scattering atomic nucleus. In the event that the atomic 
nucleus has a non-zero spin, it also depends on the mutual 
neutron/nucleus spin configuration. This means in practice 

that two isotopes of the same element often have very differ-
ent scattering lengths, that is, they scatter neutrons with dif-
ferent intensity and therefore can be distinguished by means 
of neutron scattering. This is a very important specific feature 
of neutron scattering compared to X-ray scattering, whose 
scattering amplitude depends on the number of electrons 
in the atomic shell and thus does not distinguish between 
different isotopes of the same element. The said property 
of neutron scattering has wide applications in biologically 
oriented research, as the elements with the largest differ-
ence in scattering lengths of their isotopes include hydrogen 
with 1

1( )Hb  = 3.7406 fm and 2
1( )Hb = 6.671 fm. This allows us-

ing, for example, a simple substitution of “light” water H2O 
for “heavy” water 2H2O or a mixture thereof, to change the 
scattering properties of the environment in which the stud-
ied biological structure is present and thus to emphasise or, 
vice versa, suppress some of its areas. Another alternative is 
specific labelling of individual functional groups by deutera-
tion. An example of such applications in drug research will be 
demonstrated below. The values of the scattering lengths of 
individual isotopes do not increase with the atomic number 
of the atomic nucleus, as is the case with X-ray scattering. This 
allows using neutron scattering for the observation of biolog-
ical structures with a high amount of hydrogen, which is not 
possible using X-ray scattering. In the case of atomic nuclei 
with a non-zero spin, b also depends on the mutual orienta-
tion of the spins of the atomic nucleus and of the neutron be-
ing scattered. Each isotope with a non-zero spin is thus char-
acterised by two values of the scattering length – for mutually 
the same and opposite orientation of the spins of the nucleus 
and of the neutron. There is no exact theoretical expression 
describing the values of scattering lengths of individual iso-
topes – they need to be determined experimentally. Their cur-
rent values can be found, for example, on the website of the 
National Institute of Standards and Technology (2014).
The degree of interaction for not only neutrons, but any 
particles or radiation, with a scattering object is its effective 
cross section corresponding to the particles being scattered. 

Fig. 1: Schematic representation of neutron scattering on a point-like scatterer. The incident planar neutron waves characterized by 
wave vector  are scattered on the point-like atomic nucleus M in the form of spherical waves. Each scattered neutron is characterized 
by its scattering angle 2θ, wave vector  and a corresponding vector of transferred momentum .
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For  the effective cross section for thermal neutron elastic 
scattering on a single atomic nucleus, we have
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its size is most commonly expressed in units of 1 barn = 10–24 
cm2. In the case of several particles, the probability of scat-
tering in different directions generally varies and therefore 
the so-called differential effective cross section ( )d

d
σ α
Ω

 is used, 

expressing the measure of neutrons scattered to the infinites-
imal solid angle dΩ . For example, in the case of small-angle 
neutron scattering, it takes the form of
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where the summation index j runs over all irradiated atomic 
nuclei in the sample in positions . The total effective cross 
section is obtained by integrating the above expression over 
the entire solid angle. Since the samples studied by means of 
neutron scattering contain on the order of 1023 particles, direct 
summation in equation (14) is not practically possible. Integra-
tion over the irradiated volume is therefore adopted, introduc-
ing a very practical quantity – scattering length density – ρ

,
n

h h
p m v

  
 

41,913 ,n Nsh
 

 

2 2

2 .
2 2kin

n n

p h
m

E E
m 

 
 

,BE k T  

-1
396[nm] .
[m.s ]v

 
 

A A
Z ZX n + n , + X  

A A *
Z ZX n'n +  , + X  

A A+1 *
Z Zn ,X+ X   

0
2 ,k n



 

.q k k   

    
         

b A
A




 

2,4 b   

( )d
d
 
  

· 2
2( ) ,2) ( jiq rn

j jb
md kq

d k
e

h
 





 

,
k

k
b

V
 




 

2 · 3 2
2( ) ( ) ( ,)2 iq rnmd q r

d h
e rd  

 
 

( ) ( ) ,wr r      

(15)

where the summation runs over all atoms with scattering 
lengths bk, which are present in volume ∆V. Expression (14) 
takes the form
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where integration takes place over the entire irradiated vol-
ume again. As implied by their nature, biological samples 
used in neutron scattering most often have the form of bio-
macromolecules or their aggregates contained in aqueous 
solutions. This fact simplifies the calculation of the integral 
in the relationship (16). If, in fact, we subtract, from function 
ρ( ), the value of the scattering length of the water medium 
containing the studied molecular aggregates, we get the so-
called contrast scattering length density
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where ρw is the scattering length density of the water medi-
um. Δρ( ) is non-zero only in the places, where there are the 
examined macromolecules, but is zero at all points elsewhere. 
The overall result will include a so-called δ-function with the 
centre at the beginning, which does not affect the measured 
values of intensity. In the calculation of the estimated model 

of scattered neutrons intensity, which is directly proportional 
to the total effective cross-section, it is therefore sufficient to 
calculate the integral in expression (16) only over the volume 
of the molecules, which greatly facilitates the calculation. The 
above also implies that for a given system studied, the total 
measured neutron scattering intensity depends on the dif-
ference in the densities of scattering lengths of the various 
parts of the macromolecules and their aggregates, and of the 
aqueous medium, which, however, can be varied easily by 
changing the content of 2H2O. It is supposed that such chang-
es in the composition of aqueous medium have no significant 
impact on the structure of the investigated systems.
The total intensity of scattered neutrons in each neutron ex-
periment can, in principle, be divided into two components – 
coherent and incoherent. The coherent scattering component, 
as the name implies, is caused by the interference/combina-
tion of scattered wave functions at particular atomic nuclei, 
as a result of which the size generally varies with the change 
of  , that is, different in various directions and depends on 
the wavelength/velocity of the neutrons. Conversely, inco-
herent neutron scattering, at any wavelength, always has the 
same intensity in all directions and contains no information 
about the internal structure of the examined system. Incoher-
ent scattering in neutron experiments on biological samples 
is always present and has two essential components. The 
first is due to the presence of several isotopes of the same 
element in the irradiated system (due to the isotope depend-
ence of b) and the second is due to the different orientation 
of the spins of isotopic nuclei with a nonzero spin and of the 
neutrons being scattered (due to the spin dependence of the 
scattering length b). And it is particularly the spin component 
of incoherent scattering that contributes significantly to the 
overall scattering in the case of biological samples, due to the 
high content of ‘light’ hydrogen atoms ( 1

1H ). This is because 
the effective cross section of its incoherent scattering is more 
than 40 times larger than its coherent cross section.

NEUTRON DIFFRACTION

The first method employing thermal neutrons, which we will 
discuss, is neutron diffraction. Its basic principle is identical 
with that of light diffraction on a crystal – neutron waves pass 
the irradiated crystal and scatter on the individual atomic nu-
clei. The scattered waves interfere with each other and, de-
pending on the periodically repeated structures present, give 
higher intensities (on the order of magnitude) at particular 
values of transferred momentum , so-called Bragg’s peaks. By 
analogy from optics, it is known that this effect occurs when 
the path difference between the scattered waves is an integer 
multiple of their wavelength, that is, if the following is true:
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(18)

where n is an integer, λ is the wavelength of the neutrons, d is 
the minimum distance between periodically repeated struc-

NEUTRONS IN STUDIES OF PHOSPHOLIPID BILAYERS AND BILAYER–DRUG INTERACTION. 
I. BASIC PRINCIPLES AND NEUTRON DIFFRACTION
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tures in the direction of the transferred momentum  and Θ is 
the angle between the incident neutron beam and the planar 
surface of a crystal. As the first observable peak, the first-order 
maximum is always detected, since the zero-order maximum 
lies in the direction of the incident neutron beam. For the size 
of the transferred momentum we have2 sin( ),dn   
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The order of the intensity maximum is characterised by 
means of the absolute value of the respective n. At our Fac-
ulty of Pharmacy, we are engaged primarily in interactions of 
biologically active molecules with model biomembranes in 
the form of lipid bilayers of different composition. In neutron 
diffraction, these are either in the form of a large number of 
oriented bilayers stacked on a hydrophobic (Si, Au) or hydro-
philic planar substrate (SiO2) with varying degrees of hydra-
tion, or as an aqueous dispersion of non-oriented bilayers in 
multilamellar liposomes, including regions of different domi-
nant orientation of the bilayers.
The oriented samples, in fact, form a one-dimensional crystal, in 
which a primitive cell formed by a bilayer, or possibly also by a 
part of the aqueous medium between the layers, is repeated in 
the direction of a normal to the plane of the bilayers with perio-
dicity d. The normal thus indicates the only possible direction of 
transferred momenta , at which the intensity maxima are ob-
served. When using a neutron beam of the same wavelength, 
in which case it is necessary to vary the direction of the incident 
neutron beam on the sample in order to change the range of 
detected , to obtain the required plot of intensities over the 
required range of  it is sufficient to change the orientation of 
the sample only by rotation about an axis perpendicular to the 
incident neutron beam and to the normal to the plane of the 
bilayers. In the case of non-oriented layers, similar arrangement 
of the bilayers does not occur throughout the sample but only 
locally, in limited areas. Nevertheless, it is possible to observe 
Bragg diffraction in this case as well. The position of the inten-
sity maximum with the lowest corresponding value of q is, on 
the basis of (18), given by the relationship
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where d is the already mentioned periodicity of bilayers, θmax is the 
angle that corresponds to the maximum observed and that allows 
obtaining, through neutron diffraction, information on the struc-
ture of the investigated bilayers even in a non-oriented sample. 
Oriented samples, due to their prevailing orderliness in the 
total volume, allow examining the internal structure of the 
bilayers themselves. The observed intensity of scattered neu-
trons is directly proportional to the square of the amplitude of 
the resulting scattered neutron wave A(q)
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which in this case is characterised by the size of transferred 
momentum q. If we do not consider multiple scattering of 
neutrons, which is negligible due to the sample size and the 
studied interval of the angle Θ, then the resulting amplitude 
of the scattered neutron wave is given by the Fourier trans-
form of the density of the neutron scattering length ρ(z) in the 
direction of the normal to the plane of the bilayers F(q), which 
is referred to as its form factor. Since individual bilayers have 
the same composition and hydration, they have the same in-
ternal structure, with the result that ρ(z) is a periodic function 
with period d and its Fourier transform has the form of the 
sequence 0{ ( )} jF j ∞

= . Moreover, the studied lipid bilayers are 
symmetrical with respect to their centre and therefore their 
Fourier transform contains only cosine members

2 sin( ),dn   

4 sin( ).q  



 

   
            

2( ) ( ) ,I q A q  

2 2( ) ( )cos( ).
j

jzz F j
d d

  
 

2( )
j

j

F j
I

C


 

2 2
0 0

2 2
( ) ( )( ) {exp( ) exp( )}M N
z z z zz t
 
    

 

2 2 2
0

2
2( ) 2 exp ·cos( ),[ ]M N
hzjtF j

d d
  

 

|| ( ) | ( ) |
| ( ) |

.
j

MF j F j
F j

R 
 

/
0

/2

2

) ,(tota

d

l
d

zb dzF 


 
 

( ) ( ),deut hydrz z   

(22)

Member F(j) is called the jth order diffraction form factor and the 
integral jth order maximum intensity is Ij. The overall frequency 
of the corresponding jth maximum is given by the square

of its amplitude 
2( )

j
j

F j
I

C
= , where Cj is the so-called Lor-

entz factor, which in the case of oriented bilayers is directly 
proportional to j (Nagle and Tristram-Nagle, 2000). The sym-
metry of the bilayer also implies that individual members 
F(j) are real numbers whose absolute value is given by the 
size of the observed maxima of scattered neutron intensi-
ties. Their sign is determined by observing the changes in 
individual intensities with varying scattering length density 
of the water medium – by contrast variation. Evaluation of 
changes in the intensity at the same time provides the cor-
rect normalisation of form factors important in the subse-
quent analysis. The linearity of the Fourier transform implies 
a significant fact that, in the case of systems consisting of 
several components, as is the case also with the lipid bilayers 
(lipid, water, dopant drug molecules), the form factor of the 
entire system is equal to the sum of individual components’ 
form factors. Contrast variation thus becomes even more 
important, as it allows obtaining a scattering length density 
profile of the lipid bilayer in the absence of water. The cor-
relation between the profile scattering length density ρ(z) 
and the form factors of the orders of the individual scattered 
neutron intensity maxima (22) provides means for obtaining 
a model-independent profile of bilayer’s scattering length 
density, or also a possibility of creating its parameterised 
models and, through them, further evaluating experimen-
tally obtained profiles ∆ρ(z). 
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Local anaesthetic
The aim of experiments in the paper by Balgavý et al. (1991) 
was to determine the location of the anaesthetic molecule 
at its intercalation into the phospholipid bilayer. Local anaes-
thetic [2-(ethyloxy)phenyl]-2-(1-piperidinyl)ethyl carbamate 
(abbreviation IV) was synthesised by Prof. Čižmárik at the De-
partment of Pharmaceutical Chemistry, Faculty of Pharmacy, 
Comenius University in Bratislava as one homologue of the 
homologous series of heptacaine (Pešák et al., 1980, Végh et 
al., 2006). The deuterated anaesthetic with a radical –OC2D5 
on the benzene ring (IV-D, Fig. 2) was prepared by Prof. J. Csöl-
lei (FaF VFU Brno, 2014). The oriented samples were prepared 
on quartz slides as a mixture of dipalmitoyl phosphatidyl-
choline (DPPC) and the anaesthetic in a 1 : 1 molar ratio and 
hydrated by water vapour with 97 % humidity. The samples 
consisted of two series – with the anaesthetic IV and the an-
aesthetic IV-D. Three samples with different content of 2H2O 
(0 %, 50 %, and 100 %) were prepared for both mixtures and 
measured at a temperature of 23°C. 
In the first step, oriented samples were analysed to deter-
mine the location of the deuterium-labelled ethyloxy groups 
on the normal of the bilayer. Given the thermal motion of 
molecules in the membrane, they were described by Gauss-
ian distributions with the same standard deviation / 2ν and 
symmetrically placed at a distance of z0 from the centre of 
the bilayer, that is, their contribution to the overall scattering 
length density has the form
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with the corresponding component model form factor
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where tN is their scattering length density. The value of the 
position z0 was determined by minimising the R-factor
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First, the form factors obtained were analysed. The variation 
of contrast was then evaluated and, using the linearity of the 
Fourier transform, the water component form factor was de-
termined, enabling to obtain component form factors of the 
lipid bilayers with the normal and deuterium-labelled anaes-
thetic. Using relationship (22), their scattering length distri-
butions on the normal of the bilayer were obtained (Fig. 3). 
The effect of deuterium labelling of the anaesthetic on the 
scattering length density profile of the bilayer is clearly vis-
ible. After their mutual subtraction, the obtained difference 
clearly illustrated the complicated distribution pattern of 
the anaesthetic in the DPPC bilayer. Most surprising was the 
finding that the difference shows the presence of two local 
maxima on either side of the bilayer, rather than one. It could 
be described using a pair of Gaussian distributions with cen-
tres at a distance z0 = 1.28 nm and z0 = 2.18 nm from the cen-
tre of the bilayer and with a standard deviation of 0.08 nm. 
This implies that the anaesthetic at a molar ratio of 1 : 1 in the 
DPPC bilayers is in two significant positions – in the first one, 
it is completely inserted in the area of hydrocarbon chains of 
DPPC with the aromatic ring located at the level of the car-
bonyl group of DPPC, and in the other, by contrast, all of its 
volume is located in the hydrophilic region of the DPPC bilay-
ers, where it is horizontally oriented. This result is important 
when considering how the anaesthetic can interact at the 
level of a bilayer, for example, with various membrane pro-
teins (receptors, ion channels).

Cholesterol
The neutron diffraction method also significantly helped in 
locating cholesterol in biomembranes. This work was signifi-
cantly contributed to by Dr. Norbert Kučerka from the Depart-
ment of Physical Chemistry of Drugs of our Faculty of Phar-
macy. In the first series of experiments, Harroun et al. (2006) 
measured neutron diffraction on oriented lipid bilayers con-
sisting of lipids with different numbers of unsaturated bonds 
in the hydrocarbon chain (16:0–18:1PC, di18:1PC, 18:1–20:4PC 
and di20:4PC) containing 10 mole percent of cholesterol. In 
order to determine the position of cholesterol in the lipid bi-
layer, samples were prepared for each lipid containing normal 
cholesterol and samples containing cholesterol labelled with 
deuterium in the area of the hydroxyl group (Fig. 4A). Scat-
tering length density profiles of the lipid bilayer of the cor-
responding samples differed only as a result of the deuterium 
label, as the structure was otherwise the same. The phases of 
the individual form factor orders were determined differently 
from the previous example. Hydration was carried out using 
water with 8% 2H2O, of which the scattering length density 
ρw equals zero. Since for the zero order form factor we have

NEUTRONS IN STUDIES OF PHOSPHOLIPID BILAYERS AND BILAYER–DRUG INTERACTION. 
I. BASIC PRINCIPLES AND NEUTRON DIFFRACTION

Fig. 2. Structural formula of a local anaesthetic IV-D, ([2-(ethylxy)
phenyl]-2-(1-piperidinyl)ethyl carbamate), located in a DPPC 
bilayer. The grey box indicates the area of deuterium labelling. 
DPCC: dipalmitoyl phosphatidylcholine
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where the integration is over one (averaged) bilayer and the 
corresponding interlamellar water volume, at zero ρw, thus 
not only its size but, because of the scaling, also the sizes of 
all other form factors are contributed to only by the atomic 
nuclei of the lipid and of cholesterol. This makes it possible, 
by the simple scaling of a complete form factor (22), to de-
termine the signs of form factors of individual orders F(j) . To 
exclude the possible influence of phase differences in the 
lipid bilayers of the individual samples on their structure, 
which would lead to undesirable variations in the scattering 
length profiles, two samples were prepared for each of the 
lipid and cholesterol types at different relative humidities 
of the external environment (84 % using KCl and 93 % us-
ing KNO3). In fact, in the case of the gel phase, the internal 
structure of the lipid bilayer depends on the number of water 
molecules in the interlamellar space per lipid molecule. Any 
changes in the structure are immediately reflected on the 
form factors of individual orders and thus on the observed 
intensities. However, as shown by the observations, in none 
of the studied mixtures, a change in the hydration caused a 
change in the intensities associated with structural changes. 
The only effect of the increased hydration of the samples was 
a proportional decrease in individual intensities associated 
with the change in periodicity of the oriented bilayers; how-
ever, their structure was preserved and, in all the measured 
samples, a liquid–crystal phase was thus also confirmed. In 
the corresponding samples with the same lipid, the change 
in the scattering length density profile was associated only 
with the different labelling of cholesterol, as intended. The 

above-described procedure was used to determine form fac-
tors of individual orders from the measured intensities for the 
examined samples. The form factors were then used in equa-
tion (22) to obtain neutron scattering length density profiles 
for the lipid bilayers in the samples. Profiles corresponding 
to the same lipid and different cholesterols (deuterated and 
non-deuterated) were subtracted from each other to give the 
expected differences
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Fig. 3. Scattering length density profiles of lipid bilayers without water, consisting of DPPC with added normal IV (thin solid line) and 
deuterium- labelled IV-D (dashed line) anaesthetics. The thick solid line shows their difference (5-fold magnification) due to the deu-
terium labelling of the ethyloxy group on the benzene ring of the anaesthetic molecule. Adapted from Balgavý et al. (1991).
DPCC: dipalmitoyl phosphatidylcholine

Fig. 4. Deuterium-labelled cholesterol molecules (black) used in 
its localisation in lipid bilayers using neutron diffraction method. 
A) Deuterium labelling in the area of the polar moiety containing 
a hydroxyl group −OH [2,2,3,4,4,6-2H6]. B) Deuterium labelling at 
the end of the hydrophobic hydrocarbon chain
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where ρdeut (z) is the scattering length density profile of the bi-
layer with deuterated cholesterol, ρhydr (z) is that with normal 
cholesterol, and z is the position on the normal of the bilayer 
with a centre in the middle of it. They are illustrated in Fig. 5. 
The evaluation was conducted using weighted fits by a pair 
of symmetric Gaussians if two peaks were present or by one 
Gaussian if only one peak was present. The obtained differenc-
es oscillate around the expected Gaussian distributions, which 
is a consequence of incomplete form factors (finite number of 
observed intensities), from which the scattering length profiles 
were constructed. Nevertheless, the differences obtained sug-
gest a clear conclusion – the position of the hydroxyl group of 
cholesterol in the lipid bilayer depends on its composition, in 
this case also on the amount of unsaturated bonds present. 
However, the question of the general orientation of the choles-
terol molecule in the lipid bilayer remained unresolved.
The answer was found by Harroun et al. (2008) in an analo-
gous experiment, which, however, uses cholesterol with deu-
terium labelling at the end of its hydrocarbon chain which is 
hydrophobic (Fig. 4B). Similarly, as observed in the paper of 
Harroun et al. (2006), they obtained differences of scattering 
length density profiles in bilayers formed of dioleoylphos-

phatidylcholine (18:1 – 18:1 PC; DOPC) and diarachinoyl phos-
phatidylcholine (20:4 – 20:4 PC, DAPC) containing deuterium-
labelled and normal cholesterol. Their plots are illustrated in 
Figs. 6A and 6B. As one can see, the end of the hydrocarbon 
chain, in both cases, is located only in the central region of the 
lipid bilayer, regardless of the number of unsaturated bonds 
present. The above implies a tendency of cholesterol to in-
corporate into the hydrophobic region of the lipid bilayers 
in parallel with saturated hydrocarbon chains or with those 
with low unsaturation, with its hydrophilic part in contact 
with the hydrophilic region of the bilayer, and, on the other 
hand, its repulsion to chains comprising a large number of 
unsaturated bonds, in which case it remains with the whole 
of its volume in the central part of the bilayer among the ter-
minal methyl groups of hydrocarbon chains. Later, Kučerka et 
al. (2010a, 2010b) used neutron diffraction and cholesterol 
with deuterium labelling of the polar region (Fig. 4A) to inves-
tigate if the location of cholesterol in the central part of the 
bilayers formed by polyunsaturated lipids is stable or if it can 
be changed. The lipid bilayers were in the same liquid–crys-
tal phase as was the case with the above-mentioned experi-
ments, and contained 10 mole percent of normal and deute-
rium-labelled cholesterol, respectively. They were hydrated at 
a stable 84% relative humidity (using saturated aqueous solu-
tion of KCl) with water containing 8, 70, and 100% of 2H2O. To 
investigate the effect of the lipid bilayer composition on the 
location of cholesterol, two series of samples contained, in 
addition to DAPC, also palmitoyloleoylphosphatidylcholine 
(POPC) at 30 and 50 mole % and the third and fourth series of 
samples contained, in addition to DAPC, also 5 and 10 mole 
% of dimyristoylphosphatidylcholine (DMPC). For each lipid 
bilayer composition, the location of the deuterated polar 
moiety of cholesterol was determined as in the previous ex-
periments on the basis of the four observed diffraction peaks. 
A graphic representation of the resulting findings can be seen 
in Fig. 7. Kučerka et al. (2010a, 2010b) found that while in the 
case of POPC, to change the position of the intercalated cho-
lesterol in the centre of a DAPC bilayer into a position parallel 
to its chains, it is necessary to increase its content in the bi-
layer to more than 50 mole %; in the case of DMPC, the same 
effect can be achieved with a concentration of merely about 
5 mole %. The cause of this fact appears to be related to the 
preferred formation of the cholesterol-saturated hydrocar-
bon chain aggregate, as shown graphically in Fig. 7. Also the 
latter results thus clearly confirm the repulsion of cholesterol 
to (poly)unsaturated lipid chains and, conversely, a strong at-
traction to fully saturated hydrocarbon chains.
These results will undoubtedly influence perceptions about 
the role of cholesterol and polyunsaturated lipids in mem-
branes. In fact, all previous biological concepts were based 
on the results of experiments with bilayers of saturated or at 
most monounsaturated lipids.

General anaesthetics
It is known for several decades that the general anaesthetic 
potency of primary aliphatic alcohols (abbreviation CnOH, 

Fig. 5. Differences of the neutron scattering length density pro-
files of the investigated lipid bilayers containing normal choles-
terol (ρhydr (z)) and cholesterol labelled with deuterium in the area 
of the hydrophilic moiety (ρdeut(z)) (dashed line). The solid line in-
dicates the weighted fit through a pair of symmetric Gaussians 
or one Gaussian. Adapted from Harroun et al. (2006) 
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Fig. 6. Differences (dashed solid lines) of the neutron scatter-
ing length density profiles (thin solid lines) of the lipid bilayers 
containing cholesterol with deuterium-labelled terminal hydro-
carbon chain and normal cholesterol. A) Lipid bilayers formed 
by DOPC (18:1- 18:1 PC). B) Lipid bilayers formed by diarachi-
donoylphosphatidylcholine (20:4- 20:4 PC). The thick solid line 
represents a weighted Gaussian fit. Adapted from Harroun et al. 
(2008). DOPC: dioleoylphosphatidylcholine

n is the number of alkyl carbon atoms) increases up to C11OH 
and then decreases, compounds longer than C13OH are non-
anesthetic, that is, the homologous CnOH series displays a 
cut-off in the anaesthetic potency (Meyer and Hemmi, 1935, 
Pringle et al., 1981). Cut-off effect was explained theoretically 
using a mathematical model 20 years ago in the paper of Cibu-
la et al. (1994). The model was based on concepts summarised 
in a review article by Balgavý & Devínsky (1996), according to 
which the quasi parabolic dependence of biological activity 
in homologous series of amphiphilic compounds with linear 
hydrophobic substituents could be caused by a combination 
of partition equilibria and elimination of free volume below 
the hydrophobic substituent, which is usually shorter than 
phospholipid hydrocarbon chains in biomembranes. The 
theory predicts that at a constant CnOH concentration in the 
phospholipid bilayer, the bilayer thickness should be smallest 
for the shortest CnOH and that should increase with the alkyl 
chain length n. This prediction was put under test in neutron 
diffraction experiments done by Petrenko et al. (2010). They 

prepared multilamellar liposomes composed of fluid DOPC 
bilayers containing CnOH (with n = 8, 10, 14, 16, 18) at CnOH : 
DOPC = 0.3 molar ratio and hydrated with heavy water at 
20.2 ≥ D2O : DOPC ≥ 14.4 molar ratio. The bilayer thickness dL 
calculated from the lamellar repeat period d using molecular 
volumes of DOPC, CnOH and D2O, increased with the CnOH 
chain length n at CnOH : DOPC = 0.3 molar ratio linearly as 
expected: dL = (3.888 ± 0.066) + (0.016 ± 0.005) • n (in nm).
The effect of CnOHs on the structure of oriented fluid bilay-
ers prepared from DOPC was studied too. Oriented samples 
at CnOH : DOPC = 0.3 : 1 molar ratio (where n=10, 12, 14, 16) 
were prepared on quartz plates by a ‘rock and roll method’ 
(Tristram-Nagle, 2007). The same samples were used for neu-
tron diffraction at low hydration (relative humidity 98%, con-
trasts 8%, 20% and 50% 2H2O) as well as in excess of water 
(100% 2H2O). The kinetics of hydration from gas phase was 
rather long (around 24 h). The distance of peaks dPP across the 
bilayer in profiles of scattering length density such as in Fig. 3 
was used as a measure of bilayer thickness. They have found 
that shorter alcohols (n=10, 12) decrease the spacing of DOPC 
bilayers while the longer (n=16) caused the increase of spac-
ing at low hydration. A superposition of two different bilayers 
was observed in the presence of C18OH in DOPC. The effect 
of CnOH on the bilayer spacing was much smaller at excess of 
water, but the expected influence of CnOH on bilayer thick-
ness was seen in this system too.

CONCLUSION

The neutron diffraction method has an important position 
in the study of lipid bilayers, because it provides a model-in-
dependent insight into the internal structure of lipid bilayers, 
but also has limitations. The main limitation is the condition 
of a repeating planar structure. Although neutron diffraction 
can also be used for partially oriented samples, in which the 
aforementioned repetitive planar structure is always present 
in smaller delimited areas, it cannot be practically used to in-
vestigate the internal structure of the bilayers in such cases. 
Since an essential condition for the use of neutron diffraction 
is a periodically repeating identical structure in the sample, 
the use of neutron diffraction to study the influence of do-
pant biomolecules or drugs on a lipid bilayer is limited to 
molecules that intercalate into the bilayer with their whole 
volume and do not affect the adjacent bilayers. Neutron dif-
fraction is therefore not a suitable method, for example, to 
study membrane proteins, the dimensions of which often 
several times exceed the thickness of the bilayer.
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