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Abstract—The structure dynamics in the temperature range of the melting phase transition of a dimyristoyl-
phosphatidylserine multilayer on the surface of a colloidal silica solution with a particle diameter of 5 nm has
been investigated by X-ray reflectometry and grazing diffraction of 71-keV photons. The joint model and
model-free analysis of the reflectometry data revealed a structure consisting of a surface lipid monolayer and
a set of lamellar bilayers sandwiched between water layers, with a period of ~150 A. With an increase in tem-
perature above the critical value one can observe a surface monolayer transition from a crystalline phase with
a minimum area per lipid molecule of 40 + 1 A2 to a disordered (liquid) phase with a calculated area per mol-
ecule of 52 + 2 A2. At low temperatures, the data indicate that from five to eight H,0O molecules are tightly
bound to the PS fragment of the lipid in both the monolayer and the bilayer structures. However, above the
transition temperature, approximately 14 water molecules are attached to the headgroups of the bilayer: this
is almost twice as many molecules as the eight H,O molecules-per-headgroup in the surface monolayer.

DOI: 10.1134/S1063774524600509

INTRODUCTION

Biological membranes at the water—liquid inter-
face play an important role in many cellular processes.
Since a phospholipid bilayer is generally considered as
a cell membrane model, its properties have been ana-
lyzed in many biophysical studies [1]. Monolayer and
bilayer systems, consisting of lipids of different types,
are of interest for biomedical research, because they
imitate the surface of a natural membrane [2, 3]. One
of unsolved problems in the field of interface phenom-
ena is the exact characteristic of the phospholipid
bilayer structure in an aqueous solution of electrolyte.
This problem is complicated by the fact that the char-
acteristic radius of spontaneous curvature of a phos-
pholipid bilayer in an aqueous medium is less than
30 um [4]. As a consequence, macroscopically flat
samples for structural analysis are generally prepared
either using the Langmuir—Blodgett method [5] or by
depositing liposomes on different solid substrates [6,
7]. The first method, being relatively simple and inex-
pensive, allows one to form sufficiently flat extended
lamellar films from Langmuir monolayers, formed
initially at the air—water interface [8]. The second
method does not make it possible to obtain homoge-
neous samples with sufficiently large geometric
parameters, which is necessary, for example, for X-ray
surface scattering experiments [9]. Thus, most studies
devoted to the surface properties of phospholipids deal
with either planar Langmuir monolayers [10] or solu-
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tions of single unilamellar vesicles and three-dimen-
sional multilayer aggregates on solid substrates [11].

A new multilayer technology was described in [12].
It is based on spontaneous formation of a planar
lamellar structure (for example, molecules of zwitter-
ion phospholipid 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC)) on a polarized surface of silica
hydrosol solution [13]. A specific feature of this system
is the presence of a wide electrical double layer on the
hydrosol surface [14]; the electric field of this layer
orients dipole molecules of deposited lipid in it [15].
The thickness of the lipid film (i.e., the number of
monolayers in it) can be controlled by changing the
pH level in the hydrosol subphase [16]. This, relatively
new method opens prospects for studying bilayer sys-
tems using surface-sensitive methods with a high spa-
tial resolution, based on X-ray and neutron scattering
[17, 18]. This method can also be useful for various
applications related to multilayer amphiphilic thin
films, for example, in nanotechnologies, for produc-
tion of modern electron devices, or in optics; these
issues are being widely discussed [19—21].

In this study we used synchrotron X-ray scattering
to investigate the thermotropic dynamics of the struc-
ture of a hydrated lamellar multilayer of charged satu-
rated phospholipid 1,2-dimyristoyl-sn-glycero-3-
phospho-L-serine (DMPS) near the melting phase-
transition temperature of hydrocarbon chains: 7T, =
36°C [22]. The system under consideration makes it
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Fig. 1. X-ray reflectivity curves R(g,) for multilayer DMPS
on the silica hydrosol surface with nanoparticles 5 nm in
size. Curves I—5 correspond to the data obtained at 7= 23,
28, 34, 37, and 40°C, respectively. The solid and dotted
lines show, respectively, the results of model-independent
and model reconstructions. The inset presents the kine-
matics of X-ray scattering at the air—sol interface.

possible to investigate simultaneously and compare
directly the thermotropic behavior of the monolayer
and lipid bilayer in the same experiment. To recon-
struct the depth profile of a DMPS film structure with
a sufficiently high degree of reliability, an extended
analysis of X-ray scattering data was performed based
on the model-independent approach [23].

EXPERIMENTAL

Samples of DMPS phospholipid multilayers
(Avanti Polar Lipids) were placed in a sealed one-stage
thermostat with X-ray-transparent windows, which
was described in [24]. Lipid films on the surface of col-
loidal silica, serving a substrate, were prepared in a
Teflon plate 100 mm in diameter. A concentrated
homogenized solution Ludox FM, stabilized by
sodium hydroxide (Grace-Davison), contained silica
particles ~50 A in diameter (15 wt % SiO,, pH = 10).
The Debye screening length in a silica suspension is
Ap = &seiksT [(c N o) =400 A, where &, is the per-
mittivity of free space, €, is the permittivity of water,
kg is the Boltzmann constant, N, is the Avogadro
number, e is the elementary charge, and ¢~ is the vol-
ume concentration of OH~ (10~ mol/L at pH =10).
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To form a lipid film, a drop of 7 mL phospholipid
solution (30 mg/mL in a mixture of chloroform and
methanol 10 : 1) was deposited on the silica suspension
surface using a Hamilton dosing syringe. The amount
of material in this drop is sufficient to form a multi-
layer structure, consisting of approximately ten
DMPS monolayers. Lipid spreading over meniscus
was accompanied by a decrease in the surface tension
v at the air—hydrosol interface from the initial value of
74 mN/m to the final value of 35—40 mN/m. Then
the lipid film was balanced in a thermostat at 7=
23°C for ~1 h.

The transverse and surface structures of DMPS
multilayer at the air—hydrosol interface were investi-
gated using, respectively, X-ray reflectivity and graz-
ing incidence diffraction. Measurements were per-
formed on the ID31 beamline of the European Syn-
chrotron Radiation Facility (ESRF) (Grenoble,
France) [25]. Experiments were carried out using a
focused monochromatic beam with a photon energy
~71 keV (A= 0.1747 + 0.0003 A) and intensity up to
10'° photons/s. The transverse beam size was 250 X
10 um. Data were collected using a CCD detector
MaxiPix [26] (256 x 256 pixels, linear pixel size 55 um).

Let us define k;,, and k, as the wave vectors with an
amplitude k,= 2m/A for the incident and scattered
beams, respectively (Fig. 1). It is convenient to intro-
duce a coordinate system in which the origin of coor-
dinates O is located at the center of the illuminated
region, the xy plane coincides with the air—sol inter-
face, the x axis is oriented perpendicular to the beam
direction, and the z axis passes along the normal to the
surface in the direction opposite to the force gravity
direction. We introduce also the following designa-
tions: o is the angle of incidence, B is the angle
between the liquid surface plane and the direction to
the detector in the plane of incidence yz, and ¢ is the
angle between the incident ray direction and the scat-
tering direction in the xy plane. Thus, the components
of the scattering vector q = k;, — k. in the interface
plane are, respectively, g, = ky(cosPcosd — cosa)
and g, = kjcososing, and its projection onto the
zaxis is g, = ky(sin o + sinf3).

The X-ray reflectance was measured at § = o and
¢ = 0°, so that q is directed exactly along the normal to
the surface and |q| = ¢, = 2k(sin o.. The total external
reflection angle for the air—sol interface is o, =

Mrp,/T = 1.8 X 1072 (g.~ 0.022 A~'), where 7, =
2.814 x 105 A is the electron Thomson scattering
length. This angle is determined by the bulk density of
hydrosol substrate electrons: p, = p,, where p, =
0.333 ¢/A=3 is the density of water electrons under
normal conditions. The reflectance R =1 at g, < gq..

Figure 1 shows the dependence R(gq,) for the sur-
faces of hydrosol substrate with DMPS lipid films.
Curves /—5were measured at temperatures 7= 23, 28,
Vol. 69
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34, 37, and 40°C, respectively. With an increase in
temperature the characteristic periodic peaks in the
range of small g, (curve I at g, < 0.3 A1) gradually
smooth out and almost disappear at the highest tem-
perature.

Figure 2 shows the total intensity of grazing-inci-
dence diffraction 7,(g)). This intensity is given as a
function of the scattering vector component in the
interface plane: ¢, = (¢, + ¢,%)"/%. Since o, B < 1 in
our experiment, g; (4mt/A)sin(¢/2). Diffraction data

were obtained at the angle of incidence o = 8% 1073°
and integrated over the angle B from 0° to 1° at 7= 23
(circles) and 40°C (squares). This corresponds to the
states of the lipid film before and after the melting
phase transition, which occurs in the DMPS bulk at
T.= 36°C. Note that the diffraction peak intensity
with respect to the specular reflection is very low
(comparable with the level of scattering background
noise in the experiment. The noise background was
measured separately and then subtracted from the dif-
fraction curve.

ANALYSIS OF X-RAY SCATTERING DATA
Specular Reflection

The experimental reflectivity and diffraction
curves were averaged over the exposure region .S with
an area of ~0.5 cm?. This circumstance makes it possi-
ble to consider the structure in the framework of a lay-
ered planarly inhomogeneous medium, on the
assumption that the lateral correlation relief in the xy
plane is independent of the electron density depth
profile p(z). To solve the inverse problem of X-ray
reflectivity with a sufficiently high degree of reliability
and obtain information about the interface structure
along the normal to the surface, we applied the model-
independent approach [27], which is based on the
extrapolation of the asymptotic behavior of reflec-
tance R at large wave vector values [23]. A significant
difference of this approach from the conventional
analysis based on structural models is that it does not
require any a priori suggestions about the internal
structure of the object. This approach was used previ-
ously to study the kinetics of formation of a similar
lamellar structure in DSPC multilayers on the surface
of a substrate from silica hydrosols [15].

Within the model-independent approach the only
key assumption is that the distribution polarizability
d(z) contains a number of peculiar “discontinuity
points,” at which the first derivative of the function
0(z) = Re(1 — €) (where € is the permittivity in the
X-ray spectrum) changes jumpwise: A(z) = d8(zj + 0)/
dz — a’S(zj — 0)/dz, where z; is the coordinate of the jth
discontinuity point. The finite set of these points
unambiguously determines the asymptotic behavior of
the reflectivity curve, which in the case considered
above corresponds to the Porod asymptotics: R
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Fig. 2. Total grazing-incidence diffraction intensity ID(q”)
from multilayer DMPS. Circles and squares present the
data obtained at (/) 23 and (2) 40°C, respectively. The
solid line illustrates fitting of the diffraction peak by the
Gaussian function.

(1/g)* [28]. For the reflectivity curve R(g,), measured
in a limited range of g,, autocorrelations of polarizabil -
ity depth distribution are estimated using the modified
Fourier transform [23]

k,

‘max

Fx)=—16 [ 18Rt - C1coshonrdk,
kO (kmax - kmin) Kunin 1
. ()
c=—1 | & RUoa,
kmax ~ Pmin g

min

where k = q,/2, and the range of integration from & ;,
to K. is determined within the measured range of g..
An analysis of the function F(x) for different combina-
tions of k., and k,,, values gives a set of stable
extrema at fixed points x= dj; at which F(d;) =
A(z)A(z)). In the general case, there are only two phys-
ically reasonable distributions 0(z), which satisfy the
experimental curve R(q,), provide a specified set of
singularities, and differ by only the sequence of loca-
tion of these points along the z axis. The uniqueness of
the solution to the inverse reflectometry problem,
obtained by this method, was discussed in detail
in [27].

Then the profile is parameterized by a Heaviside
step function H(z) [29]. In this case, the structure is
presented by a set (M= 100) of thin homogeneous
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Fig. 3. Electron density profiles p(z) calculated within the
model-independent (solid lines) and model (dotted lines)
approaches. Curves /—5 correspond to the data obtained
at T = 23, 28, 34, 37, and 40°C, respectively. For conve-
nience, the curves are shifted along the ordinate axis. The
values are normalized to the water electron density under
normal conditions: p,, = 0.333 e/A™.

cuts, so that &(z) = z:_l A(z,,)H(z — z,,) with a fixed
position of singularities z;. Then the calculated reflec-
tivity curve R(q,,0(z)) is numerically fitted to the
experimental data R.,,(q,) using the polarizabilities of
all layers in the distribution 8(z,...z,,) as the optimiza-
tion parameters [30]. Since the problem of numerical
fitting is poorly caused in this case, to obtain a stable
solution, we introduced an additional regularizing

term z:; (4,,_; — 9,,) = min,which provides smooth-

ness of the desired distribution in the ranges between
singularities. The standard Levenberg—Marquardt
algorithm [31] was applied to search for a numerical
solution. All calculations were implemented in the
Python language using the Scientific Python package
[32]. The polarizability profile 8(z) for a specific
medium, obtained by this procedure, unambiguously
determines the electron density depth profile p(z) =
21d(z)/roM? [33].

The solid lines in Fig. 1 are the fitting curves for
specular reflection, calculated from the normalized
electron density profile p(z)/p,, (Fig. 3). It can be seen
that the calculation results are in good agreement with
the experimental data. The numbers of the curves in
Figs. 1 and 3 correspond to the data obtained at 7=
23, 28, 34, 37, and 40°C.
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Grazing-Incidence Diffraction

Curve I (T< T,) in Fig. 2 exhibits a pronounced
diffraction peak at gy = 1.52 A-!, which corresponds to
an ordered molecular structure of DMPS. The solid
line illustrates fitting of the diffraction peak by a
Gaussian function with a half-width Ag =~ 0.03 A"
Curve 2 in Fig. 2 shows flat scattering background
at high temperatures 7> T,; the disappearance of the
diffraction peak indicates structural surface disor-
dering.

Under the grazing incidence conditions (o<
0.90,), the X-ray penetration depth into a material is
approximately A = A/2mo., = 50 A; thus, nonspecular
scattering occurs only from a thin surface layer. The
grazing-incidence diffraction intensity /I, is deter-
mined by the equation

Iy o< J(a(r) —&(r")) exp (2imqyr) dr
N

oo )
X I e(z)exp(2ig,z)dz,

where r = (x, y) is the radius vector and .S is the illumi-
nated area. The presence of two-dimensional correla-
tions in the surface plane leads to the occurrence of
Bragg diffraction bands at ¢ = 2m/|h|, where h is the
reciprocal lattice vector [34]. The second integral in
Eq. (2) corresponds to the structure factor of the sur-
face layer along the z axis.

Structural Model

Traditionally, hydrophobic and hydrophilic parts
are selected in the phosphoglyceride DMPS molecule
(Fig. 4). The hydrophobic part is formed by two ali-
phatic chains —C;H,; of the glycerol ethers of myristic
acid in the positions C1 and C2. The hydrophilic part
is formed by the polar glycerol-3-phospho-L-serine
(PS) motif. The Na™ cation in the phosphatidylserine
membrane is located mainly near the phosphate
group. The total number of electrons in the sodium
salt C3,HgsNO(PNais I', + T',= 381, where I', = 171
and I',/2 = 105 is the number of electrons in the PS-
fragment with Na* and hydrocarbon tail C;H,,,

respiftively. The total length of the DMPS molecule is
~25A.

The calculated electron density profile in Fig. 3
contains a feature in the form of a sharp peak at the
air—lipid film interface, which corresponds to a layer
of thickness d = 30 A; this approximately corresponds
to the thickness of a Langmuir DMPS monolayer
[35]. The next feature is located at a distance
w ~ 100 A from the monolayer and has a width of 24,
which presumably corresponds to a lipid bilayer.
Therefore, it is expedient to continue the interpreta-
tion of Fig. 3 within the conventional model approach
(see, e.g., [36]). In the first approximation it is suffi-
Vol. 69
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Fig. 4. Chemical structure of ionized DMPS molecule.
The hydrophobic component is shown by a dotted line.

cient to restrict oneself to the layered model (Fig. 5)
with four most pronounced structural elements, spe-
cifically, a DMPS monolayer and bilayer sandwiched
between water layers with the density ~p,,. The model
profile p(z) corresponding to this structure has the
form p(z) = p,/2 + P, + Py; it includes two structural
components and the bulk component p,/2.

The profile P,, corresponding to the DMPS mono-
layer, is described by the equation

R(z) = IZ@H p)er f( (};j

(3)
2 -y
a;(z)=z- Ln erf(x) =—=|e " dy
with the following fitting parameters: p, = p,, is the

electron density of water layer, L, =0 is the position of
the water—polar group interface (z = 0), and p; =0 is
the electron density of air. L, and L, are the thick-
nesses of the layers formed, respectively, by the head
and acyl DMPS groups; p, and p, are the mean elec-
tron densities in the regions of head and acyl groups,
respectively; and G, is the surface roughness [37, 38].
The first, second, and third terms of the sum in Eq. (3)
correspond, respectively, to the boundary between the
surface of lipid head groups and the water substrate,
the boundary between the regions of acyl and head
groups, and the boundary between the environment
and monolayer aliphatic tails.

One can suggest that the bilayer is located between
electrolyte solution layers (“water” layers) and is
formed by two lipid monolayers, oriented by aliphatic
tails in a tail-to-tail way. Then the bilayer part of the P,
profileis is determined by the following equation with
six fitting parameters:

1 b;(2)
P(2) = (GRS f[ j
22 ZC” g, eff\/E'

bi(z) =z + zln,
n=0

Where 10 == l4 w, ll 13 (~ Ll)’ 12 (~ 2L2) are, reSpeC-
tively, the thlcknesses of the regions of head and acyl
groups of the model bilayer; {; = {; and {, are the
averaged electron densities of the regions formed by

4
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Fig. 5. Structural model of a multilayer DMPS film, con-
structed based on the analysis of model-independent cal-
culations.

head and acyl groups, respectively; (= {,= py= p,
and (5= p,. As well as in Eq. (3), the terms of Eq. (4)
describe the change in the electron density at four
boundaries of the model bilayer, sandwiched between
two water layers of thickness w.

To estimate the fitting parameters, we used the first
Born approximation, which relates the electron den-
sity gradient along the normal to the interface, aver-
aged in the interface (dp(z)/dz), with the specular
reflection as [39]

dp(z)
Pb;[°< T >exp(1qz )dz

2

R(q,)
Ry (q,)

, (%)

where Ry(q.) = (q. —lg; —4:1°)’ /(q. + I —:17*)’

is the Fresnel function.

The results of fitting reflectivity curves and model
profiles are shown by dotted lines in Figs. 1 and 3,
respectively. Only models with a minimum number of
fitting parameters are presented. Within these models
the “water” layer parameters (w, p,) are practically the
same for all fittings and estimated to be w =~ 95 A and
Po = Pw- The expected total thickness of model profiles
is ~300A. At T< T. the experimental reflectivity
curves are adequately described by the layered model
with eight fitting parameters; within this model a
bilayer consists of two surface tail-to-tail oriented
monolayers (/, =5=L,,§;=8;=p,, ,=2L,,{;=p,)
and roughness parameter G # G,. To describe exper-
imental data at 7> T, one needs another free fitting
parameter ({; # p,). Estimates of the optimization
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Table 1. Estimated parameters of a model DMPS monolayer according to (3)

T,°C L, A Ly, A P1/Pw P2/Pw cp, A A, A2
23 11.6 £ 0.2 14.7 £ 0.2 1.53 £0.03 1.03 £0.03 3.8+£0.2 40+ 1
28 134 £0.2 12.5+0.2 1.38 £ 0.03 0.96 £ 0.03 34+£0.2 46 + 1
34 14.7 £ 0.2 11.0 £ 0.2 1.29 £ 0.03 0.88 £0.03 34%0.2 512
37 12.8 £0.2 11.6 £ 0.2 1.27 £0.03 0.88 £0.03 3.2+£0.2 52+2
40 12.8 £0.2 121 +£0.2 1.28 £ 0.03 0.92 £0.03 3.3£0.2 512

Ly, L, are, respectively, the thicknesses of the head- and acyl-group regions and py, p, are, respectively, the averaged electron densities in
the head- and acyl-group regions. The roughness 6, is the fitting parameter for the model monolayer. The electron densities are normalized
to the water density under normal conditions: py, = 0.333 e/A™3. Ais the calculated area per lipid molecule in the surface monolayer.

Table 2. Estimated parameters of model DMPS bilayers according to (4)

T, °C LA w, A Co/Py &1/Py Ceips A AT'/10
23 53+ 1 95+ 3 1.05 +0.01 1.53+0.03 10+1 5+1
28 52+1 97 +3 1.05 +0.02 1.38 £ 0.03 2+1 8+1
34 51+ 1 93+ 3 1.03 £0.02 1.29 +0.03 10+ 1 10+ 1
37 49 + 1 95+ 3 1.02 +0.02 1.57 £ 0.03 14+1 14+1
40 50+ 1 85+5 1.01 £ 0.02 1.51 £0.03 19+1 14+1

The electron densities are normalized to the water density under normal conditions: p,, = 0.333 e/A’3 . AT'/10 is the calculated number

of H,O molecules bound to the DMPS head group in the bilayer.

parameters of Eq. (3) for the monolayer and Eq. (4)
for the bilayer are given in Tables 1 and 2, respectively.
On the one hand, the quantitative model, which takes
into account more than one lipid bilayer, is more con-
sistent with the data obtained both at 23 and 28°C;
however, it requires more fitting parameters, which
inevitably leads to higher ambiguity of their estimates.
At the same time, to solve the inverse reflectometry
problem, the model approach based on volume limita-
tions [40] is hardly applicable in this case because of
the relatively narrow available range of g, in the corre-
sponding datasets.

RESULTS AND DISCUSSION

The calculated electron density depth profiles (Fig. 2)
show the presence of a structure with a total thickness
ranging from 500 to 300 A (~Ap). This structure con-
sists of a surface monolayer and a quasi-periodic
lamellar component, where the distance between
bilayers of polar DMPS molecules is ~100 A. Similar
structures were observed for films of zwitterion phos-
phocholines on the surface of silica sol solution [41].
The profiles indicate that the ordering of lipid layers is
improved while approaching to the surface. A similar
feature was described for other film structures, for
example, liquid indium film [42], and for lamellar
DSPC films [15]; however, significant differences
were found for the films studied. First, the typical
spontaneous ordering time T for a DMPS film is less
than 1 h, which is much smaller than the value T ~ 24 h,
observed previously for multilayers of zwitterion lipid

CRYSTALLOGRAPHY REPORTS

DSPC [15]. Second, the characteristic structure
period in the DMPS multilayer is ~150 A, which is
3 times larger than the expected DMPS bilayer thick-
ness, ~50 A, as well as the periods of the lamellar
structures formed by neutral phosphocholines: 60—
70 A [41].

Note that the monolayer thickness d = L, + L, is
comparable with the radiation penetration depth A, in
view of which only the upper monolayer structure was
actually investigated in the grazing-incidence diffrac-
tion experiments. One pronounced diffraction peak in
Fig. 2 at 1.52 A~!indicates that there is a high-symme-
try hexagonal lattice of hydrocarbon lipid chains —
C;H,; with a parameter a = 4.8 + 0.1 A at the air—
film interface in the low-temperature phase. This
result corresponds to the maximum specific area per
chain: S, = 19.7 £ 0.8 A2; within the error, this value
coincides with that for lamellar DMPS vesicles: S, =

20.4 A2 [11, 43, 44]. However, this value corresponds
to somewhat smaller (by 5%) area per molecule, A =
2S,, than in DSPC lipid monolayers (39.7 against

41.6 A?). This, relatively small area per molecule is
nontrivial, because DMPS head groups, being
charged, repulse from each other. It was suggested in
[45] that the decrease in area per head group, for
example, in bilayers of very similar compound—1,2-
dipalmitoyl-sn-glycero-3-phosphoserine (DPPS)—is
due to the strong intermolecular coordination between
phosphoserine lipid molecules. This feature was dis-
cussed in detail in [43].
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In the temperature range 7< T,, the two-layer
model (Eq. (3)) efficiently describes this structural
element with the parameters approximately equal to
the parameters for the liquid crystal (LC) state of a
Langmuir DMPS monolayer; these parameters were
considered in detail in [46]. In particular, at the area
per lipid A =~ 41 A2, it is assumed that approximately
three water molecules are bound with the DMPS mol-
ecule. The calculated number of electrons in a model
surface monolayer is I' = A(p,L, + p,L,). Then the
excess of electrons per a DMPS molecule in a mono-
layer can be estimated as A’ =T — (I';, + I')). This dis-
crepancy in the electron density is due to the presence
of additional hydrated water molecules and, possibly,
some number of OH™ anions and Na™ cations, pene-
trating the lipid film from the substrate bulk during
film ordering. The transport and accumulation of
these ions in the phospholipid film occurs presumably
according to the electroporation mechanism, which
was previously proposed to explain the equilibrium
time in multilayer DSPC films [15, 47]. The total
amount of stored material per lipid head group can be
estimated as ~AI'/10, taking into account that a Na*
cation, H,O molecule, and OH™ anion contain 10 elec-
trons each. In a similar way one can estimate the
degree of hydration of lipid molecules in a bilayer
(Table 2). If we take into account that the ordering of
a film with a PS fragment (for example, near the
amino group) can be accompanied by binding up to
one pair of ions (Na*, OH™) in addition to one sodium
cation near the phosphate group, the number of water
molecules bound with the lipid head in the monolayer
(bilayer) reaches minimum: AI'/10 = 2.

With an increase in temperature the sharp features
in p(z) profiles, related to the lamellar structure pre-
sented in Fig. 3, gradually smooth out. At tempera-
tures 7> T, the feature related to the surface mono-
layer in Fig. 3 significantly attenuates. Above the
melting transition point the peak in the grazing-inci-
dence diffraction curve also disappears (Fig. 2), which
is indicative of disordered (liquid) state of the mono-
layer. Using the density of acyl tails p, as the measure
of their order, one can estimate the area per molecule
in the model monolayer based on the molecular
dynamics calculations for a liquid Langmuir mono-
layer [46], although these thermodynamic phases are
radically different. For example, in the molten state at
T= 37°C p,= 0.88p,, correspond to the monolayer

area per molecule A equal to 52 + 2 A2

The values of the fitting roughness parameter G, are
consistent with the values given by the model of capil-
lary-wave surface structure. In the experiment G, was
set by the short-wavelength limit Q,,,,= 2w/a and

max

long-wavelength limit Q,;, = ¢.
of capillary waves [38]:

AB in the spectrum
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o} = K8l 1| Do | (6)
27'C'Y Qmin

where a = 10 A is a parameter on the order of intermo-

lecular distance and 2AB = 0.04 mrad is the detector

angular resolution; g-"™ = 0.6 A~". For the surface ten-
sion Y= 45 mN/m Eq. (6) gives 6, = 3.8 A, which is
approximately equal to the fitting value at 7= 23°C.
According to Eq. (6), the decrease in the parameter G,
from 3.8 to 3.3 A with an increase in temperature from
23 to 40°C may indicate an increase in the surface ten-
sion yby ~10 mN/m.

Except for the effective roughness and integral den-
sity, the parameters for the model bilayer with the tail-
to-tail configuration coincide with those for the
monolayer in the entire range of measured tempera-
tures (Table 2). The calculated bilayer thickness
slightly decreases with an increase in temperature:
from 53 + 2 A at 28°C to 49 + 2 A at 40°C. Estimates
of AI'/10 show that, with an increase in temperature,
the bilayer hydration increases by a factor of about 3:
from 5 to 14 water molecules and ions per lipid mole-
cule. Note that at temperatures above the 7, the degree
of bilayer hydration is comparable with that for bulk
hexagonal Pg and orthorhombic LgL.C phases, for
example, DPPC lipid [48]. In addition, at 7> T, the
€, value is so large (, > p,) that the water content in
the bilayer exceeds almost dpubles the calculated
value: eight H,O molecules per head group in the sur-
face monolayer.

The effective roughness G, varies from 10 to 20 A
in the measured temperature range; thus, it always sig-
nificantly exceeds the contribution from the capillary-
wave roughness G,,. This effective roughness is gener-
ally related to the presence of internal structure of
noncapillary-wave character, for example, because of
the motion of SiO, nanoparticles from the substrate
bulk to the surface and the corresponding violation of
the bilayer planar structure. Apparently, melting of
chains in the lipid film facilitates penetration of sub-
phase nanoparticles into the surface structure, which
may also facilitate both the transport of molten lipid
material to the solution bulk (for example, due to the
Brownian motion of particles) and their condensation
on the hydrophilic surface of the surface monolayer [49].

It is convenient to compare the phase parameters in
the presented thermodynamic system with the results
of molecular dynamics (MD) simulation for bilayers
of phosphoserine and phosphocholine lipids
immersed in an electrolytic medium. According to the
MD calculations [43] for a disordered phase, the area
per head group in a DPPS bilayer (53.8 + 0.1 A?) is
13% smaller than in the DPPC bilayer. A close value of
54 A2 per DPPS head group was obtained in [44].
These values are in fairly good agreement with the esti-
mated area per molecule for a DMPS bilayer in the
molten state, 52 + 2 A2, and with the experimental
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values in the range of 45—55 A2, found for other sys-
tems [50, 51].

We did not investigate the reversibility of the melt-
ing transition in a lipid film, because such a study calls
for very long-term measurements, which, in turn, are
inconsistent with the limited time frame of the syn-
chrotron experiment. However, we believe that the
characteristic time of lipid film transformation from
the molten state into ordered one may significantly
exceed the initial formation time at temperatures
below 7, (~1 h). The kinetics of this process can also
be affected by the film radiative damage, which was
studied in detail for Langmuir DMPS monolayers
in [52].

CONCLUSIONS

The new technique for forming multilayers, com-
bined with the methods of synchrotron X-ray reflec-
tivity and grazing-incidence diffraction, was applied to
study the structure and hydration of a macroscopically
flat lamellar film of dimyristoyl derivative of PS in the
range of melting phase transition at 36°C. Two mutu-
ally independent approaches were combined to solve
the inverse problem of X-ray reflectivity with a suffi-
ciently high degree of reliability and obtain informa-
tion about the surface and transverse film structure at
the interface. The first approach does not require any
preliminary assumptions about the interface structure
(“model-independent” approach), whereas the sec-
ond one requires some a priori information about the
possible structure of polar layers at the interface
(“model” approach). The extended analysis of X-ray
reflectivity data made it possible to reveal some spe-
cific features related to the layer-by-layer structure of
DMPS film and explain these details by hydration
and, to some expent, distribution of ion charges at the
interfaces.

The model-independent reconstruction revealed
a characteristic spatial period in the DMPS multi-
layer, which turned out to be ~150 A. An analysis of
the reconstruction shows that the bilayer is formed by
two flat monolayers sandwiched between layers of
water (electrolyte solution). Based on this result, we
constructed a qualitative parametric structural model,
consisting of lipid monolayers at the interface with air
and tail-to-tail oriented bilayers between water layers
of thickness ~100 A; this model adequately describes
the reflectometry data.

With an increase in temperature above T, a transi-
tion from the crystalline phase with an area per lipid of
40 + 1 A2to the disordered (liquid) phase with an esti-
mated area per lipid of 52 & 2 A2 occurs in the surface
monolayer of thickness ~26 A. The total estimated
thickness of model bilayer is up to 51 + 2 A. At 23°C
the calculated effective width of the water—bilayer—
water interface is ~10 A, which greatly exceeds the
established value of 3.8 + 0.2 A for the width of the
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air—monolayer—water interface. In addition, at 7> T,
the former value increases to 20 A, whereas the latter
decreases to 3.3 = 0.2 A; these estimates (for the air—
monolayer—water interface) lie in the range of rough-
nesses corresponding to surface capillary waves. The
data obtained indicate that from three to five water
molecules, both in the monolayer and bilayer, are
closely bound to the PS fragment at low temperatures.
However, at temperatures exceeding the melting tran-
sition point, up to 14 water molecules are bound to the
bilayer head groups, which is almost twice as large as
the number of molecules per head group (8) in the sur-
face monolayer. The structural parameters of flat
DMPS bilayers are in agreement with the previously
published data, both the results of studying liposome
solutions based on small-angle scattering and the MD
calculation results.
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