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(DMPS) phospholipid monolayers on the water surface in various phase states has been demonstrated.
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Studies of various phospholipid-based systems are
of interest because of both fundamental aspects of
condensed matter physics and their basis role in bio-
logical membranes [1]. However, the preparation of
macroscopic samples of phospholipid bilayers or mul-
tilayers on solid substrates is limited because the radius
of spontaneous curvature of a lipid bilayer in an aque-
ous medium is less than 50 μm [2]. For this reason, the
X-ray and neutron small-angle scattering studies of
the structure of the lipid bilayer in an aqueous medium
were performed only for three-dimensional aggregates
(vesicles) [3–6]. In view of this circumstance, X-ray
studies of macroscopically planar monolayer and mul-
tilayer lipid structures on an extended horizontal sur-
face of liquid substrates are certainly of interest.

X-ray reflectometry studies of the spatial structure
of such samples are usually performed on specialized
synchrotron stations. The specificity of experiments
for liquid samples (in particular, the necessity of the
horizontal arrangement of a sample) significantly
complicates the design of an optical system and the
deflector system of a synchrotron beam. As a result,
the number of stations equipped for the study of inter-
faces between liquids is comparatively small and their
work load is high. Furthermore, the intensity of the
synchrotron beam is high enough to induce the degra-
dation of lipid films in a time comparable with the
duration of a single measurement of the angular
dependence of reflected radiation [7].

We created an X-ray diffractometer with the hori-
zontal arrangement of the sample and a mobile emit-
ter–detector system [8]. Such a design of the instru-
ment allows X-ray reflectometry studies of liquid sam-

ples. The possibility of studying the structure of
phospholipid multilayers deposited on a liquid silica
sol substrate with this instrument was demonstrated in
our works [9, 10]. However, it is noteworthy that the
formation of phospholipid monolayers and their
structure on the water surface (which possibly better
simulates biological membranes) differ from those
studied in our previous works.

Moreover, the contrast in X-ray experiments is to
significant extent determined by the ratio between the
electron densities of the film and substrate. For exam-
ple, according to [6], this ratio of the densities of the
lipid mesophase and water lies in the range of 0.95–
1.05. For such low-contrast systems, a significant
change in reflection and scattering curves can be com-
parable in order of magnitude to the experimental
error of a detected signal. Thus, reflectometry study of
lipid layers on water imposes additional requirements
on the level of parasitic noise of an instrument.

It is also worth noting that the solution of the
inverse problem of X-ray reflectometry, i.e., the
reconstruction of the density of the structure of the
sample in the direction perpendicular to its surface,
becomes better defined at a wider range of sliding
angles in the experiment. In this case, the reflected
signal decreases naturally. In similar experiments per-
formed on synchrotron stations, reflected radiation
can be detected at a decrease in its intensity by eight to
ten orders of magnitude with respect to the primary
beam.

In this work, we show by example of the study of
dimyristoyl phosphatidylserine (DMPS) monolayers
on water substrates that results comparable in quality
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can also be obtained in laboratory experiments. Our
setup and developed methods for data analysis allow
detecting structural effects in thin planar layers on the
surface of liquids, in particular, in the presence of sur-
factants, e.g., phospholipids. The reported results
make it possible to estimate geometrical factors
reflecting changes in DMPS in phospholipid mole-
cules at a phase transition in the monolayer on the
water surface from the “expanded liquid” state to the
gel, liquid-crystal state.

DMPS phospholipid monolayer samples were pre-
pared and studied at room temperature  in an air-
tight cell with X-ray transparent windows according to
the method described in [10, 11]. A calibrated volume
of the phospholipid solution in chloroform–methanol
5 : 1 mixture was deposited by means of a microsyringe
on the surface of the liquid substrate (KCl solution in
deionized water at pH ) placed in a Teflon dish
with the diameter  mm. The concentration of
lipid in this solution was 0.5 mg/mL. In this work, we
analyze data obtained for two 10 and 100 mmol/L
DMPS monolayers on the surface of the background
KCl electrolyte. For the first and second samples
(samples a and b, respectively), the calculated specific
area per molecule in the monolayer was A = 100 and
46 Å2, respectively. According to the previously stud-
ied dependence of the surface pressure , mono-
layer a is in the expanded liquid state, whereas mono-
layer b is apparently a spatially inhomogeneous struc-
ture consisting of an equilibrium mixture of domains
of the liquid and gel phases [12–15].

The angular dependence of the intensity of
reflected radiation was measured in two stages. At the
first stage, the tube regime was chosen such that the
intensity of reflected radiation was no more than

pulse/s in order to avoid miscounts of the detector.
As the angle increases and the intensity decreases
below 10 pulse/s, the tube regime was established at
maximum values and the measurement was continued
with the overlap of the angular range at the preceding
stage by 0.1°. The intensity of the incident beam at the
maximum power on the tube is ~106 pulse/s and the
characteristic background of the detector is 0.1
pulse/s. Thus, the range of measurements reaches
seven orders of magnitude in drop of the signal inten-
sity.

At mirror reflection, the scattering vector
, where k  and k  are the wave vectors of

the incident and scattered beams in the direction to
the observation point, respectively, has only one non-
zero component , where  is the
grazing angle in the plane normal to the surface (see
the inset of Fig. 1). The angle of total external reflec-
tion for the water surface  0.15° (qc =

 Å−1) is determined by the vol-
ume electron density in it Å3, where

T
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= 100D
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 Å is the classical radius of the elec-
tron.

An X-ray beam was prepared on the X-ray diffrac-
tometer used in this work by means of a three-slit col-
limation system and a Si(111) single reflection mono-
chromator crystal. In order to increase the total inten-
sity of the X-ray beam, we used a broad-focus tube
(  mm) with a copper anode. Owing to a larger
diameter of the heating wire of the tube, its maximum
allowed power is 20% higher, but the intensity is dis-
tributed over a larger area. As a result, the width of the
incident beam increases and a geometrical factor
should be introduced. The monochromator crystal
was tuned to the  line (the energy of photons 
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Fig. 1. Dependence  for the DMPS monolayer on
the water surface for various areas per molecule: (circles)

 Å2 at the concentration of KCl in the substrate
10 mmol/L and (squares) A = 46 Å2 at the concentration
of KCl in the substrate 100 mmol/L. The solid lines corre-
spond to the two-layer model of the monolayer given by
Eq. (2), whereas the dashed lines are the results of the
model-independent approach at the reconstruction of
electron density profiles. The difference between these two
approaches becomes noticeable at large sliding angles. The
inset shows the kinematics of scattering in the coordinate
system where the  plane coincides with the interface
between the monolayer and water, the  axis is perpen-
dicular to the direction of the beam, and the  axis is per-
pendicular to the surface and is opposite to the gravita-
tional force. In the reflectometry experiment,  in the
vertical  plane and  in the horizontal  plane.
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8048 eV and the wavelength  Å).
The width of the beam  is the width of the intensity
distribution at the level an order of magnitude below
the maximum. In our case,  was about  mm. An
estimate  of the size of the illuminated
region shows that the region illuminated by the X-ray
beam at the first stage of measurements of the angular
dependence of the intensity of reflected radiation at
this  value and angles  is much larger than the
area of the surface of the sample.

For the exact correction of distortions of the mea-
sured dependence, before each experiment, we
recorded the profile of the direct beam , where 
is the angular position of the detector in the vertical
plane in the absence of the sample at a fixed position
of the source .

The linear size of the beam in the vertical plane
along the  axis is determined by the distance  from
the axis of rotation (  mm). Let .
The length of the projection of the sample on the
plane perpendicular to the direction of propagation of
the beam is , where  is the size of the
sample along the beam.

The geometrical factor is introduced as the ratio of
the total intensity of the entire incident beam to the
fraction of the intensity of its section appearing within
the surface of the sample under the assumption that
the maximum of the beam is at the center of the
sample:

(1)

Finally, the specular reflection coefficient including
the geometrical factor is , where

 and  are the intensities of the reflected and
incident beams, respectively.

The angular dependence of the reflection coeffi-
cient thus obtained can be considered in the approxi-
mation of infinite length of the sample in the lateral
direction. The inclusion of the dependence  gives
a correction of  and less than 2% to the parameter

 at  and , respectively.
At the second stage, beginning with angles

, the intensity of reflection is measured not
only at the sliding angle  but also at the angles 
and , where the shift  is the double angular
width of the reflected beam and is 400″. This is nec-
essary for discriminations of the contribution of the
parasitic scattering background in the bulk to the
intensity measured by the detector. The resulting
reflected intensity  is calculated from three 
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. Thus, .

The software of the diffractometer makes it possi-
ble to specify a variable angular step, the width of the
slit of the detector, and the time of exposure, which
allows optimizing the measurement of the reflection
coefficient  decreasing rapidly with increasing . In
the measurements, a step of the variation of  is deter-
mined by the character of the measured dependence
and is usually varied within a range of 10″ to 500″.

The described approach to the inclusion of the
background at large angles and the geometrical factor
at small angles makes it possible to obtain the angular
dependence of the reflection coefficient of X rays in
the range of 1 to , which is comparable with results
obtained on modern synchrotron stations [11, 16–21].
Such a result is certainly achieved not only by improv-
ing the method of experiment but also by increasing its
time, which does not nevertheless exceed 10 h.

The resulting experimental dependences of the
reflection coefficient are shown in Fig. 1. The curve
for sample a noticeably differs from the dependence

 for sample b and both dependences include pro-
nounced extrema. The latter property directly indi-
cates the nonuniformity of the distribution of the
reflecting density over the depth of the near-surface
layer.

The determination of this distribution (i.e., the
solution of the inverse problem) was performed by two
different methods. The first (model) method involves
data on the structure of the molecule of the studied
lipid. It is known that the molecule of the studied lipid
consists of a dense “head” (phosphatidylserine group)
and less dense hydrocarbon tails. In the process of liq-
uid–gel transitions, hydrocarbon tails are ordered and
the head part is dehydrated, which also leads to a
change in its electron density.

For this reason, the lipid monolayer is reasonably
simulated in the form of a bilayer structure on the
water surface with smooth interfaces [22]:

(2)

where ;  is the position of the (water–
polar-group layer) interface ;  ( ) and 
( ) are the thicknesses (electron densities) of the
polar groups of phosphatidylserine and hydrocarbon
tails, respectively; and  is the bulk electron den-
sity in air.
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The parameter  determining the width of inter-
faces was fixed equal to the “capillary width”

 (  is the Boltzmann
constant and  = 50–70 mN/m is the surface tension
of the substrate), which is specified by the short-wave-
length limit in the spectrum of capillary waves

 (  Å is the order of magnitude of the
intermolecular distance) and  (

 rad is the angular resolution of the detector
and  Å−1) [23–28]. In this representation,
the theoretical  value for the chosen  values is 2.7–
3.2 Å. The reflection coefficient  of X rays from
the two-layer model thus specified can be easily calcu-
lated, e.g., in the distorted wave Born approximation
[29]. Then, the desired structure was found by mini-
mizing discrepancy between the calculated curve and
experimental data with the thicknesses and electron
densities of both parts of the lipid layer model as fitting
parameters.

The calculation of the reflection coefficient 
and the fitting of the parameters of the model profile
were performed with the C-PLOT software (Certified
Scientific Software) with one of the standard func-
tions. In this case, errors in the determination of the
model parameters can be established with the use of
the standard  criterion.

The second approach is based on the extrapolation
of the asymptotic behavior of the reflection curve

 to the region of large  values without any a pri-
ori assumptions on the transverse structure of the sur-
face [30, 31]. This approach can be conventionally
called “model-independent.” It is assumed in this
approach that the depth distribution of the polariz-
ability  contains singular points  at which the
polarizability (or its nth derivative) changes stepwise:

(3)

The set of such singular points unambiguously speci-
fies the asymptotic behavior of the amplitude reflec-
tion coefficient  at  ( ). The
positions of the points  can be determined from the
experimental curve  measured in a limited range
of  values by means of the modified Fourier trans-
form, which was described in detail in [30].

In the general case, there are only two physically
reasonable distributions  that simultaneously sat-
isfy the experimental values of the reflection coeffi-
cient  and a given set of singular points  in
the polarizability profile and differ only in the order of
the positions of these points with respect to the sub-
strate. The desired profile  divided into 
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thin layers is described by a step function of the form

, where  is the Heaviside
step function [32], with fixed positions of the singular
points . In turn, the reflection coefficient

 for such a structure can be calcu-
lated within the formalism of Parratt recurrence rela-
tions [33]. The minimization of discrepancy between
the calculated and experimental reflection curves, as
well as the fitting of the model profile , was
performed in Python programming language environ-
ment with the use of the Scientific Python package,
which implements the standard Levenberg–Mar-
quardt algorithm [34]. Finally, for weakly absorbed
materials in a hard part of the X-ray spectrum, model-
independent depth profiles of the electron density

 can be calculated from recon-
structed distributions of the optical constant  [35].

Comparison indicates good agreement between the
calculated and experimental reflection curves (see
Fig. 1) for both samples. The electron density distri-
bution in the lipid monolayer obtained with both
reconstruction methods is shown in Fig. 2. It is seen
that the chosen two-layer model of the structure is in
good agreement with the electron density profile
obtained independently within the model-indepen-
dent approach. This confirms the correctness of both
the chosen monolayer model in general and the calcu-
lated parameters of its structural components.

For lipid film a, both the total thickness of the
model structure  Å and the distance

Å between singular points on the profile  in
the model-independent approach are noticeably
smaller the length of the lipid molecule  Å. This
fact indicates that hydrocarbon chains of molecular
tails are disordered with respect to the normal to the
surface. According to the data for the second sample,
the thickness of the second layer is  Å, which
approximately corresponds to the calculated length of
16.7 Å (  Å(С–С) + 1.5 Å(–CH3)) of hydro-
carbon tails –C14H27 in the DMPS molecule. The
density  and area per hydrocarbon chain

 Å2 in sample b (  Å) correspond to the
crystal phase of a high-molecular weight saturated
hydrocarbon [2]. The angle  of deviation of the axis
of molecular tails from the normal to the surface is

 30°. In turn, the thickness of
the layer of polar heads  is in the range of 10–12 Å
for both samples. The electron densities for samples a
and b are  and , respectively. Such a dif-
ference is due to a change in the degree of hydration of
polar groups of phospholipids at the compression of
the monolayer [12].

To summarize, we have experimentally justified the
possibility of laboratory X-ray reflectometry study of
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layers on water substrates. Data for the reflection coef-
ficient  collected on our diffractometer are com-

parable in the spatial resolution  Å with
the results previously obtained with synchrotron radi-
ation. The methodical features of the experiment that
made it possible to achieve such result have been
described. Finally, data on the structure of DMPS
lipid monolayers on a water substrate in various phase
states have been obtained.

We believe that the application of the described
method of measurements to various monolayers, as
well as our method of their analysis in combination
with molecular dynamics calculations, makes it possi-
ble to reveal the features of the interaction of phospho-
lipids with the water environment and the geometrical
factors that significantly affect the distribution of elec-
tric fields in lipid membranes and near them [36].

The work of Yu.A.E. was supported by the Russian
Foundation for Basic Research (project no. 16-4-
00556а).

( )zR q

π ≈max2 / 10zq

REFERENCES
1. E. Gorter and F. Grendel, J. Exp. Med. 41, 439 (1925).
2. D. M. Small, The Physical Chemistry of Lipids (Plenum,

New York, 1986).
3. J. Nagle, R. Zhang, S. Tristram-Nagle, W. Sun,

H. I. Petrache, and R. M. Suter, Biophys. J. 70, 1419
(1996).

4. H. I. Petrache, N. Gouliaev, S. Tristram-Nagle,
R. Zhang, R. M. Suter, and J. F. Nagle, Phys. Rev. E
57, 7014 (1998).

5. G. Forster, C. Schwieger, F. Faber, T. Weber, and
A. Blume, Eur. Biophys. J. 36, 425 (2007).

6. N. Kucerka, J. Nagle, J. N. Sachs, S. E. Feller, J. Pen-
cer, A. Jackson, and J. Katsaras, Biophys. J. 95, 2356
(2008).

7. S. M. Danauskas, M. K. Ratajczak, Yu. Ishitsuka,
J. Gebhardt, D. Schultz, M. Meron, K. Yee, C. Leea,
and B. Lin, Rev. Sci. Instrum. 78, 103705 (2007).

8. V. E. Asadchikov, V. G. Babak, A. V. Buzmakov,
Yu. P. Dorokhin, I. P. Glagolev, Yu. V. Zanevskii,
V. N. Zryuev, Yu. S. Krivonosov, V. F. Mamich,
L. A. Moseiko, N. I. Moseiko, B. V. Mchedlishvili,
S. V. Savel’ev, R. A. Senin, L. P. Smykov, et al.,
Instrum. Exp. Tech. 48, 364 (2005).

9. V. E. Asadchikov, V. V. Volkov, Yu. O. Volkov,
K. A. Dembo, I. V. Kozhevnikov, B. S. Roshchin,
D. A. Frolov, and A. M. Tikhonov, JETP Lett. 94, 585
(2011).

10. A. M. Tikhonov, V. E. Asadchikov, Yu. O. Volkov,
B. S. Roshchin, I. S. Monakhov, and I. S. Smirnov,
JETP Lett. 104, 873 (2016).

11. A. M. Tikhonov, JETP Lett. 92, 356 (2010).
12. H. Mohwald, Ann. Rev. Phys. Chem. 41, 441 (1990).
13. H. M. McConnell, Annu. Rev. Phys. Chem. 42, 171

(1991).
14. Y. A. Ermakov, K. Kamaraju, K. Sengupta, and

S. Sukharev, Biophys. J. 98, 1018 (2010).
15. Yu. A. Ermakov, Biochemistry (Moscow) Suppl. Ser. A:

Membr. Cell Biol. 5, 379 (2011).
16. M. L. Schlossman, M. Li, D. M. Mitrinovic, and

A. M. Tikhonov, High Perform. Polym. 12, 551 (2000).
17. L. Hanley, Y. Choi, E. R. Fuoco, F. A. Akin,

M. B. J. Wijesundara, M. Li, A. M. Tikhonov, and
M. L. Schlossman, Nucl. Instrum. Methods Phys. Res.
B 203, 116 (2003).

18. A. M. Tikhonov, J. Phys. Chem. B 110, 2746 (2006).
19. A. M. Tikhonov, J. Phys. Chem. C 111, 930 (2007).
20. A. M. Tikhonov and M. L. Schlossman, J. Phys.: Con-

dens. Matter 19, 375101 (2007).
21. A. M. Tikhonov, V. E. Asadchikov, and Yu. O. Volkov,

JETP Lett. 102, 478 (2015).
22. F. P. Buff, R. A. Lovett, and F. H. Stillinger, Phys. Rev.

Lett. 15, 621 (1965).
23. A. Braslau, M. Deutsch, P. S. Pershan, A. H. Weiss,

J. Als-Nielsen, and J. Bohr, Phys. Rev. Lett. 54, 114
(1985).

24. A. Braslau, P. S. Pershan, G. Swislow, B. M. Ocko, and
J. Als-Nielsen, Phys. Rev. A 38, 2457 (1988).

Fig. 2. Distribution profiles normalized to the electron
density in water under normal conditions, 

/Å3: solid lines correspond to the “model”
approach (see Eq. (2)), whereas the dashed lines corre-
spond to the model-independent approach. For conve-
nient comparison, lines for sample b are shifted along the
y axis by 0.75 with respect to lines for sample a. The posi-
tion of the interface between the polar region of lipid mol-
ecules and water is chosen at .

ρ ≈w
−.0 333e

= 0z



JETP LETTERS  Vol. 106  No. 8  2017

X-RAY STUDY OF THE STRUCTURE OF PHOSPHOLIPID MONOLAYERS 539

25. D. K. Schwartz, M. L. Schlossman, E. H. Kawamoto,
G. J. Kellogg, P. S. Pershan, and B. M. Ocko, Phys.
Rev. A 41, 5687 (1990).

26. J. Daillant, L. Bosio, B. Harzallah, and J. J. Benattar,
J. Phys. II 1, 149 (1991).

27. M. Tolan, Springer Tracts Mod. Phys. 148 (1999).
28. A. M. Tikhonov, J. Chem. Phys. 124, 164704 (2006).
29. S. K. Sinha, E. B. Sirota, S. Garoff, and H. B. Stanley,

Phys. Rev. B 38, 2297 (1988).
30. I. V. Kozhevnikov, Nucl. Instrum. Methods Phys. Res.

A 508, 519 (2003).
31. I. V. Kozhevnikov, L. Peverini, and E. Ziegler, Phys.

Rev. B 85, 125439 (2012).

32. R. Kanwal, Generalized Functions: Theory and Tech-
nique, 2nd ed. (Birkhäuser, Boston, 1998).

33. L. G. Parratt, Phys. Rev. 95, 359 (1954).
34. J. Nocedal and S. Wright, Numerical Optimization,

2nd ed. (Springer, New York, 2006).
35. B. L. Henke, E. M. Gullikson, and J. C. Davis, At. Data

Nucl. Data Tables 54, 181 (1993).
36. A. M. Nesterenko and Yu. A. Ermakov, Biochemistry

(Moscow) Suppl. Ser. A: Membr. Cell Biol. 6, 320
(2012).

Translated by R. Tyapaev


