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The dependence of the structure of a phospholipid layer (DSPC and SOPC) adsorbed on a hydrosol substrate
on the concentration of NaOH in a solution of 5-nm silica particles has been studied by X-ray reflectrometry
with the use of synchrotron radiation. Profiles of the electron density (polarizability) have been reconstructed
from the experimental data within a model-independent approach. According to these profiles, the thickness
of the lipid film can vary from a monolayer (~35 A) to several bilayers (~450 A). At the volume concentration
of NaOH of ~0.5 mol/L, the film on the hydrosol surface is a macroscopically flat phospholipid membrane
(bilayer) with a thickness of ~60 A and with areas of (45 + 2) and (49 + 3) A2 per DSPC and SOPC molecule,

respectively.
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A phospholipid bilayer is the simplest model of a
cell membrane [1—3]. The method of obtaining mac-
roscopically flat multilayers of lipid membranes on a
strongly polarized substrate of an aqueous solution of
amorphous silica nanoparticles was proposed in our
work [4]. Using a model-independent approach to
reconstruct electron density profiles [5, 6], we
revealed from the X-ray reflectometry data that the
thickness of a phospholipid multilayer is determined
by the following parameters of the hydrosol substrate,
which specify the width of the surface electric double
layer: the concentration of Na*, pH level, and size of
nanoparticles. In particular, a macroscopically flat
phospholipid membrane spontaneously appears on
the surface of the hydrosol of 5-nm particles under
certain conditions.

Films of 1,2-distearoyl-sn-glycero-3-phosphocho-
line (DSPC) and 1-stearoyl-2-oleoyl-sn-glycero-3-
phosphocholine (SOPC, see Fig. 1) were prepared
and studied with the methodology described in [4]. A
10- to 20-pL drop of a solution of phospholipid in
chloroform was deposited from a syringe on the sur-
face of the liquid substrate placed on a fluoroplastic
plate with a diameter of ~100 mm; the amount of sub-
stance in the drop was enough for the formation of
more than ten lipid monolayers after its spreading on
the surface. In this case, the adsorbed film is in equi-
librium with three-dimensional aggregates in which an
excess of the surfactant is accumulated. A change in
the surface tension y of the air—hydrosol interface
from ~74 to ~50—30 mN/m was detected by the Wil-

helmy method using an NIMA PS-2 surface pressure
sensor. Then, the equilibrium of the sample was
reached inside a hermetic single-stage thermostat at
T =298 K in about 12 h.

Powders of synthetic DSPC and SOPC and their
solutions in chloroform was purchased from Avanti
Polar Lipids and chloroform (~99.8%) was purchased
from Sigma-Aldrich. The hydrophobic part of mole-
cules of these lipids (L; = 2 nm) consists of two hydro-
carbon chains including 18 carbon atoms. The hydro-
philic part of the molecule (L, = 1.5 nm) is formed by
glycerin and phosphocholine. The only difference
between the structures of DSPC and SOPC is the
presence of a double carbon bond between the ninth
and tenth atoms in one of the hydrocarbon chains in
the latter molecule. The DSPC (or C,4,HggNOgP) and
SOPC (or C,,HgNOgP) molecules contain I' = 438
and 436 electrons, respectively.

Concentrated monodisperse Ludox FM sol stabi-

lized by sodium hydroxide was obtained from the
Grace Davison Co. This aqueous solution with a den-

Fig. 1. Molecular structure of the DSPC phospholipid.

478



ON THE FORMATION OF A MACROSCOPICALLY FLAT PHOSPHOLIPID MEMBRANE

sity of 1.1 g/cm? includes amorphous silica particles
with the diameter D = 5 nm (16 wt % SiO,, 0.3 wt %
Na, and pH = 10).

The NaOH hydrosol was enriched in a vessel by its
mixing (shaking and subsequent deposition in a Bran-
son 2510 ultrasonic cleaner) with a solution
(~5 mol/L) of alkali metal oxide (99.95% of the metal,
Sigma-Aldrich) in deionized water (Barnstead UV). It
is very important that the pH level of sol not exceed the
critical value pH, < 12, at which coagulation of
nanoparticles occurs [7].

The surface-normal structure of lipid films was
studied by the reflectometry method with the use of
synchrotron radiation at the X19C station of the NSLS
synchrotron, which was equipped with a universal
spectrometer for study of the surface of a liquid [8]. A
bending magnet with a critical energy of ~6 keV was
used as a source of radiation for the X19C station. A
focused monochromatic X-ray beam with an intensity
of 10" photon/s and an energy of photons E = 15 keV
(L= (0.825 £ 0.002) A) was used in the experiments.
The beam whose cross section at the output of the
magnet had a height of 5 mm and a width of 40 mm
was focused by a toroidal mirror with a focal length of
~10 m. Then, the beam with the diameter of the cross
section less than 1 mm was deflected by means of a
single-crystal (Si (111)) monochromator to the surface
of the sample oriented by the gravitational force. Thus,
the range of the glancing angle a from 0° to ~8° could
be covered when measuring the reflection coefficient.
The monochromator of the spectrometer was based on
a three-circle goniometer (Huber), had water cooling,
and was placed in a hermetic chamber filled with gas-
eous helium at a low excess pressure (~10 Torr). The
geometric parameters of the beam incident on the sur-
face of the sample, as well as the spatial resolution of
the detector, were controlled in the experiments by
means of slits. In this work, the reflection coefficient
was measured by a detector with the angular resolu-
tions AB = 0.02° and 0.8° in the vertical and horizontal
planes, respectively.

Let k;, and k. be the wave vectors of the incident
beam and the beam scattered in the direction to the
observation point, respectively. The scattering vector
q = k;, — k. at mirror reflection (a = ) has only one
component g, = (4m/M)sino, where o and B are the
glancing and scattering angles, respectively, in the
plane normal to the surface (see inset in Fig. 2).

When measuring the reflection curve, the effect of
lateral inhomogeneities of the surface and near-sur-
face layers is averaged because the characteristic area
of the region illuminated by a probe beam on the sam-
ple is ~100 mm?2. As a result, the reconstructed struc-
tures can be considered within the notion of an ideal
layered inhomogeneous medium.

The detailed reconstruction of the distributions of
the polarizability of the medium &(z) over the depth z
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Fig. 2. Reflection coefficient R of the air—hydrosol inter-
face with the adsorbed lipid film for (circles) the DSPC
monolayer (pH = 10); (diamonds) the DSPC multilayer
(pH = 10); (squares) the DSPC multilayer (pH = 11); (tri-
angles and crosses) the DSPC and SOPC bilayers, respec-
tively (pH = 11.5); and (solid lines) calculations. The inset
shows the wave vectors k;,, and kg, of the incident beam and
the beam scattered in the direction to the observation
point, respectively.

was performed within a model-independent approach
based on the extrapolation of the asymptotic angular
dependence of the reflection coefficient to the region
of large a values [5, 6]. It is assumed that the recon-
structed structure includes peculiar “points of discon-
tinuity” at which either 8(z) or its nth derivative 8”(z)
changes stepwise:

D" =90, +0-O¢, -0, )

dz dz

n n

where z; is the coordinate of the jth point of disconti-
nuity. In turn, the asymptotic behavior of the ampli-
tude reflection coefficient in the first Born approxi-
mation has the form

20 L \M2m A
o= () 2o o
Z Jj=1

According to [5], a finite number of different ampli-
tude reflection coefficients describing the experimen-
tally measured square of their absolute value R in a
certain interval of g, correspond to a given combina-
tion of m points of discontinuity of D" (z). In particu-
lar, if the distances between all points of discontinuity
are different, there are only two solutions d(z) satisfy-
ing the required asymptotic behavior of the reflection
curve.
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The procedure of the model-independent recon-
struction of the polarizability profile includes two
stages. First, the order and positions of the points of
discontinuity for the structure under study are deter-

mined by analyzing the dependence quz"+4 (wheren =
0,1, 2, ... is the desired order of singular points). Then,
the distribution d(z,, ..., Z;,) divided into a large num-
ber M ~ 100 of thin layers is numerically optimized. In
this case, the calculated reflection curve R, is fitted to
the experimentally measured curve R with the use of
the standard Levenberg—Marquardt algorithm [9].

All experimental curves in this work decrease as

1/qz6. Consequently, to describe the structures, it is
sufficient to use only the singular points of the first
order. In this case, the residual target function ensur-
ing the required asymptotic behavior of the angular
dependence of the reflection coefficient has the form

MF(615 aSM)

N
= %Z log R(¢;) — log R.(q,)]”

j=

z (8, +8,,-25)° (3
J#J15e s dm
+ Q2 Z (6j+l _Sj)a
J=Jtedm

where N is the number of experimental points; j,, ..., j,,
are the positions of the points of discontinuity; and
0,~ 10? are the parameters controlling the accuracy
of fitting. The second sum in Eq. (3) ensures the con-
tinuity of the profile 8(z) in the intervals between the
points of discontinuity z,, ..., g,, and the third sum
ensures the first order of points of discontinuity.

The reconstructed profile d(z) corresponds to the
electron density distribution p(z) [10]:

21
=25, 4)
o\
where 7, = 2.814 x 10~ A is the classical radius of the
electron. Then, the dependence p(z) can be used, e.g.,
to estimate the area A per molecule in a monolayer
with the thickness d = z, — z;:

a=—T (5)

[ p(az

1

Figure 2 shows the experimental dependences of
the reflection coefficient R(g,) for the interfaces
between air and the hydrosol of 5-nm particles with
the adsorbed lipid film. Circles correspond to the sur-
face of the sol with pH = 10 (Ludox FM) where the
amount of deposited DSPC is insufficient for the for-
mation of a uniform monolayer on the entire surface of
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the substrate. The period of oscillation of R for this
system is Ag, = 0.25 A-1, which implies the presence of
an adsorbed monolayer (—2m/Aq, = 30 A) in the illu-
mination region. Diamonds show the dependence
R(q,) for the same surface of the sol with pH = 10 but
with a homogeneous DSPC multilayer. Squares corre-
spond to the surface of the NaOH-enriched
(~0.3 mol/L) sol with pH = 11 with the same phos-
pholipid multilayer. The last two dependences are
similar to the previously reported data for hydrosol
substrate with silica particles with a diameter of
~22 nm and pH = 9 [4]. The data presented by trian-
gles (DSPC layer) and crosses (SOPC layer) were
obtained for NaOH-enriched (~0.5 mol/L) substrates
with pH= 11.5. The period of oscillations R for these
data is Ag, = 0.15 A"'; i.e., the thickness of the
adsorbed layer ~271/Aq, = 50 A (bilayer).

According to the p(z) profile reconstructed for the
DSPC monolayer (Fig. 3a, where py, = 0.333 e~ /A3 is
the electron den51ty in water under normal condi-
tions), its thickness is (36 £ 2) A = L+ L, ie., all
molecules are predominantly oriented along the nor—
mal to the surface. Although the calculated area per
molecule A = (44 £+ 2) A? is in good agreement with
the value for the crystal monolayer, the electron den-
sity in the region of the hydrophilic group is lower than
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Fig. 3. Reconstructed distribution profiles p(z) normalized
to the electron densny in water under normal conditions,
pw = 0.333 ¢~/A3. (a) The solid line is for the DSPC
monolayer on the surface of the hydrosol of ~5-nm parti-
cles and the dashed line is the model electron density dis-
tribution for the DSPC monolayer [4]. (b) The solid line is
for the DSPC multilayer on the hydrosol substrate with
pH = 10 and dash-dotted line is for the same lipid multi-
layer on the substrate with pH = 11.
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that in the model distribution (dashed line in Fig. 3a)
for the DSPC monolayer from [4]. This likely indi-
cates the incomplete filling of the lipid layer.

The layer with an increased density p = 1.2py with
the thickness =50 A directly follows the monolayer
and the next layer has a thickness of ~80 A and an elec-
tron density of =py,. We attribute the formation of the
last two layers to the condensation of silica nanoparti-
cles at the boundary of the monolayer formed by
hydrophilic groups [11].

The profile of the DSPC multilayer on the surface
of the hydrosol with pH = 10 (solid line in Fig. 3b) has
a six-layer structure (total thickness ~450 A) with the
period between the points of discontinuity of (72 £ 2) A,
which corresponds to the doubled length of the DSPC
molecule. Assuming that each of the observed layers is
equivalent to a molecular bilayer, we calculated the
value A = (39 % 1) A2 At the same time, according to
the experimental data on grazing diffraction, A =
(41.6 £ 0.7) A? [4]. Thus, according to Eq. (5), the
excess number of electrons per lipid molecule is 32 =
9, which corresponds to about three H,O molecules

and/or Na®* ions. The thickness of the DSPC multi-
layer on the substrate with pH = 11 is noticeably
smaller (~300 A, the dash-dotted line in Fig. 3b). This
multilayer has a four-layer structure with the period
between the points of discontinuity of (68.1 £ 0.9) A
and with the calculated value 4 = (34 £ 2) A2. Thus,
the “excess” number of electrons per lipid molecule is
86 *+ 2, which corresponds to ~9H,O molecules

and/or Na* ions.

Figure 4a shows the electron density profile for a
thin film of the DSPC lipid on hydrosol heavily
enriched in NaOH (~0.5 mol/L, pH = 11.5). One of
the points of discontinuity in it is located at a depth of
30.6 A. Assuming that the position of this singular
point corresponds to the interface between the outer
and inner monolayers, we obtain A = (45 £ 2) A2.

The denser layer adjacent to this interface has a
thickness of ~20 A. On one hand, its thickness is
slightly smaller than that of the DSPC monolayer and
the total density is close to the total density of the latter
monolayer. On the other hand, the thickness of this
layer is less than half of the characteristic diameter of
particles in the volume of the initial sol (=5 nm). If this
layer is formed by colloid particles, it is necessary to
assume that their radius decreases significantly with
an increase in the concentration of sodium in a solu-
tion. However, at a high concentration of Na*, an
inverse process—coagulation of particles, which is
manifested, e.g., in the turbidity of the solution—was
experimentally observed [7]. This allows the interpre-
tation of this distribution as a profile of the lipid
bilayer on the surface of the hydrosol.

For the SOPC lipid film on the substrate with
pH = 11.5, the thickness of the dense region is no more
than 60 A (Fig. 4b). In this case, p(z) decreases
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Fig. 4. Reconstructed distribution profiles p(z) normalized
to the electron density in water under normal conditions,
ow = 0.333 ¢~/A3, for the (a) DSPC and (b) SOPC mem-
branes on the substrate with pH = 11.5.

smoothly with the depth and, correspondingly, no
interface between the film and substrate is observed.
No pronounced stratification of silica nanoparticles in
the surface region is observed either. The total density
of the entire observed structure at depths up to 57 A is
more than twice as large as the theoretical value for the
monolayer of this lipid. Under the assumption that the
amount of SOPC in the film corresponds to two
(three) monolayers, we obtain 4 = (49 + 3) A2
((65 £ 3) A?). Only the latter value is in agreement
with the estimate of the quantity A for bilayer walls of
SOPC vesicles in aqueous suspensions [12].

Electron density profiles for the DSPC and SOPC
films in Fig. 4 have a very similar structure. At the
same time, DSPC and SOPC phospholipids have dif-
ferent temperatures 7., of a phase transition associated
with the melting of hydrocarbon chains (chain-melt-
ing transition) [2]. For the former phospholipid, 7, =
55°C, which explains the formation of the macroscop-
ically flat crystalline membrane (4 = (45 + 2) A2). For
SOPC, T, = 6°C and the parameter A4 is ~10% larger
than that for DSPC. Thus, the SOPC membrane at
room temperature is possibly in a liquid aggregate
state.

For the last two systems, the interval z in which the
surface electron density differs from the bulk density,
oy = 1.2py, is 50—60 A wider than the thickness of the
bilayer (~60 A). The appearance of this transient
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Parameters of structures on the surface of the NaOH-stabilized sol of 5-nm SiO, particles: the thickness L and the surface

area A per lipid molecule

Structure Phospholipid pH LA A, A?
Monolayer DSPC 10 36 £2 44+ 2
Bilayer in a multilayer DSPC 10 722 41.6 £0.7
Bilayer in a multilayer DSPC 11 68 =1 41.6 £ 0.7
Bilayer DSPC 11.5 60 £2 4512
Bilayer SOPC 11.5 60 =2 493

region is possibly due to the condensation of silica
nanoparticles at the edge of the lipid membrane [11].

It was previously shown that a very wide transient
layer (electric double layer) appearing because of the
difference between the potentials of the forces of the
electric image for Na* cations and negatively charged
silica nanoparticles (macroions) exists at the (air—sil-
ica sol) interface [13]. Its width is determined by the
Debye screening length Ap in the bulk of the solution
[1]. The addition of sodium hydroxide to the compo-
sition of the sol results in the shift of chemical equilib-
rium in it, which is accompanied by an increase in the
pH value of the solution or the volume concentration

¢~ of OH™ ions. Since Ap 1/\/;, an increase in pH
leads to the narrowing of the double surface layer [14].

The set of our data indicates that the total thickness
of the adsorbed DSPC multilayer is ~Ap (see table).
The enrichment of the hydrosol substrate with NaOH
results in a decrease by several times in the maximum
thickness of the adsorbed lipid layer according to a
decrease in Ap. The thickest (~450 A) multilayer of six
DSPC bilayers is formed on the surface of the hydro-
sol at pH = 10 (Ap ~ 300 A), the multilayer with a
thickness of ~300 A at pH = 11 (Ap ~ 100 A) consists
of four bilayers, and one bilayer appears at pH = 11.5
(Ap ~ 50 A). In this case, the oriented packing of mol-
ecules inside each bilayer corresponds to a two-
dimensional phospholipid crystal.

To summarize, electron density profiles recon-
structed within the model-independent approach
demonstrate that the thickness of the DSPC film
adsorbed on the surface of the hydrosol coincides in
order of magnitude with the Debye screening length in
the substrate. At the volume concentration of NaOH
~0.5 mol/L and pH = 11.5, a macroscopically flat
phospholipid membrane with a thickness of ~60 A and
with the A value characteristic of a two-dimensional
crystal (hexagonal phase P [2, 4]) is formed on the
surface of the hydrosol. The A4 value for SOPC is at
least ~10% larger than that for the DSPC bilayer. In
this case, the formation of a liquid membrane with a
thickness of ~60 A (phase L, [2]) is possible.
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