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Abstract—Small-angle neutron scattering spectra of a polydispersed population of dipalmitoylphosphatidyl-
choline (DPPC) unilamellar vesicles in heavy water in the presence of dimethyl sulfoxide (DMSO) are ana-
lyzed by means of the separated form-factor method. An increase in the mole fraction of DM SO in water from
0 to 15% was shown to lead to an increase in the thickness of the bilayer to the characteristics repeat distances
of DPPC multilamellar membranes. This fact is indicative of dehydration of the intermembrane space and a
steric contact between adjacent DPPC bilayers at 15% mole fraction of DMSO.

DOI: 10.1134/S106377451705011X

INTRODUCTION

Investigations of the structures and properties of
phospholipid membranes as multilamellar (Fig. 1)
and unilamellar (Fig. 2) vesicles in water excess are of
great interest because they can provide an understand-
ing of the fundamental principles of organization and
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Fig. 1. Multilamellar lipid vesicle in water excess.

763

functioning of biological and artificial lipid mem-
branes. This knowledge can be of practical use in bio-
chemistry and pharmacology.

Small-angle neutron scattering (SANS) using
wavelengths in the range from 1 to 10 A is the main
experimental technique for investigations of unilamel-
lar vesicle systems in large water excess. The X-ray dif-

Fig. 2. Unilamellar lipid vesicle in water excess.



Fig. 3. Schematic representation of the gel phase of the
DPPC multilamellar membrane. The multilamellar struc-
ture is composed of a bilayer of DPPC molecules with the
membrane thickness dj, and the solvent (water) interlayer
with the thickness d,,. The DPPC membrane repeat dis-
tance is d = dj, + d,,. In the gel phase, hydrocarbon tails are
inclined at an angle of 28° to the membrane surface.

fraction using synchrotron radiation sources is widely
applied to study the structures of multilamellar vesi-
cles in water excess. Extensive studies of vesicle sys-
tems with different chemical compositions are being
performed by Russian and foreign researchers [1, 2].

The separated form-factor (SFF) method devel-
oped in [3, 4] is an efficient tool for analysis of SANS
spectra that provides the data on the structures and
properties of unilamellar vesicle systems in large water
excess. The SFF method was successfully applied to
analyze the structure of dimyristoylphosphatidylcho-
line unilamellar vesicles in different phase states of the
lipid bilayer [4] at different concentrations of aqueous
sucrose solutions [5] and to study multicomponent
vesicle systems based on ceramide 6, which model the
outermost layer of mammalian skin (Stratum Cor-
neum) [6—8]. In [5] the SFF method was adapted to
the analysis of small-angle X-ray scattering data. The
description of the SFF method is included in Advances
in Planar Lipid Bilayers and Liposomes [9].

In this work, we studied the structure of dipalmi-
toylphosphatidylcholine (DPPC) unilamellar vesicles
in heavy water (D,0) in the presence of deuterated
dimethyl sulfoxide (DMSO) by means of SANS.

Aqueous DMSO solutions (10—50%) are widely
used in medicine as a local anti-inflammatory drug
and a local anesthetic. Dimethyl sulfoxide is added to
foam compositions in order to enhance transdermal
drug delivery. This compound penetrates the skin
within seconds. Another important field of application
of DMSO is its use as a cryoprotectant. Dimethyl sulf-
oxide is added to cell media to prevent cell damage
during freezing. A 10% aqueous solution of DMSO
can be used for the safe freezing of cells and their stor-
age at liquid nitrogen temperature.

It was shown [10] that the amount of free water in
the intermembrane space of DPPC multilamellar ves-
icles decreases with an increase in the DMSO concen-
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tration (Fig. 3). However, the question about the
influence of DMSO on the thickness of the DPPC
lipid bilayer d,, which was calculated from the SANS
data using the Guinier approximation, remained
open. As demonstrated in [4], the analysis of small-
angle scattering data using the Guinier approximation
gave an underestimated value of the thickness of the
lipid bilayer.

The goal of this work is to study in more detail the
DMSO-induced dehydration of the intermembrane
space of DPPC based on the analysis of small-angle
neutron scattering spectra using the SFF method.

We analyze the SANS data for DPPC unilamellar
vesicles and compare these data with the results of
investigation of DPPC multilamellar vesicles in aque-
ous DMSO solutions by synchrotron-based small-
angle X-ray scattering.

EXPERIMENT AND SAMPLE PREPARATION

Small-angle neutron scattering spectra of DPPC
unilamellar vesicles were measured on a YuMO small-
angle neutron spectrometer at the IBR-2 pulsed reac-
tor (Laboratory of Neutron Physics of the Joint Insti-
tute for Nuclear Research, Dubna) at two positions of
the detector corresponding to sample-to-detector dis-
tances of 13.17 and 4.38 m. The measurements were
performed at a sample temperature of 20°C corre-
sponding to gel-phase DPPC.

Dipalmitoylphosphatidylcholine multilamellar
vesicles were prepared by dissolution of 1 wt % DPPC
in an aqueous (D,0) solution of deuterated DMSO.
The mole fractions of DMSO in mixtures of DMSO
and D,0 were 0, 5, 10, and 15%. Dipalmitoylphos-
phatidylcholine unilamellar vesicles were prepared by
repeated extrusion of a solution of multilamellar vesi-
cles through polycarbonate filters with a pore diameter
of 500 A using a LiposoFast Basic extruder (Avestin,
Ottawa, Canada) [11].

SEPARATED FORM-FACTOR MODEL

As mentioned above, the structure of a vesicle sys-
tem was studied by the SFF method developed for the
analysis of the SANS data for unilamellar vesicles [3,
4]. As opposed to other known approaches (e.g., the
shell model [12], the Guinier approximation [13]), the
SFF method enables the employment of every appro-
priate function for the description of the neutron scat-
tering length density distribution along an axis normal
to the membrane plane p(x), thus extending the possi-
bility of modeling of the bilayer structure.

The SFF method is described in detail in [3—5].
This approach is based on the factorization of the
expression for the scattering amplitude giving the
equation for a macroscopic cross-section of a mono-
dispersed vesicle population
Vol. 62

No. 5 2017



DIMETHYL SULFOXIDE-INDUCED 765

dx

T (@) = nFy(q,R)Fy(q,p)S(q, R), (1)

where F; and F), are the form-factors of the infinitely
thin spherical shell with radius R and the lipid bilayer,
respectively:

2 2
Fs<q,R>=[4nR—sin<qR>j :
qgR
dy/2 2 (2)
Fy(g,p) = j Ap(x) cos(gx)dx

—dy/2
Here, n is the number of vesicles per unit volume, d,, is
the thickness of the lipid bilayer, Ap(x) = p(x) — Pp2o
is the neutron scattering length density difference

between the lipid bilayer p(x) and heavy water pp,o
(contrast), and S(g, R) is the Debye structure factor [ 14]:

_ _% sin(2gR) 3
S@g,R) =1 y [—ZqR j (3)

where V, is the vesicle volume, v = 1/n.

Taking into account the polydispersity of the vesi-
cle system described by the Schulz distribution

m m+1 DR

where (R) is the average vesicle radius and m is the
polydispersity coefficient, the macroscopic cross-sec-
tion dX(q)/dQ of a polydispersed vesicle population
takes the form

R max
% (. R.(R)G(R.(R)dR
%(q)w’*mi“ Rmax . )
j G(R,(R)dR
Rmin

where the integration limits R, and R, were
assumed to be equal to 100 and 1000 A, respectively.
Taking into account the incoherent background 7z and
the spectrometer resolution [15], the macroscopic
cross-section takes the final form

dx 1,24’ [dZ }
I(@)="=(@)+-AN"—|= + 1. 6
(@) dQ(q) 2 dQ(q) B (6)
Here A is the second moment of the resolution func-
tion of the spectrometer calculated as proposed in [16].

In the calculations, the neutron scattering length
density of the lipid bilayer p(x) was approximated
using a model shown in Fig. 4 (the step approximation
model), which takes into account the neutron scatter-
ing length density difference between the hydrophilic
region py and the hydrocarbon chain region of the
bilayer pcy. As it was shown in [4], the step approxi-
mation p(x) is suitable for the analysis of vesicle sys-
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Fig. 4. Step approximation of the neutron scattering length
density distribution (cm’2) across the lipid bilayer: ppyq,
in heavy water; pyy, in the hydrophilic region; pcyy, in the
hydrocarbon tail region; dj, is the thickness of the lipid
bilayer (A); D is the thickness of the hydrophobic region of
the lipid bilayer (A).

tems in the gel phase. It provides an explicit formula
for the form-factor Fjin Eq. (2), thus simplifying cal-
culations. In this case, the lipid bilayer is divided into
two parts: the hydrophilic part, which includes the
polar head region, and the hydrophobic part consist-
ing of nonhydrated hydrocarbon chains. In the calcu-
lations, the thickness of the hydrophobic region D was
kept equal to 20 A. The results of calculations are sum-
marized in Table 1.

We used the following fitting parameters: the aver-
age vesicle radius (R), the polydispersity coefficient m,
the number of vesicles per unit volume #, the incoher-
ent background Iz, and parameters determining the
structure of the bilayer, such as the bilayer thickness d,
and the neutron scattering length density in the hydro-
philic polar head region py. The scattering length den-
sity of hydrocarbon chains was kept fixed at pcy =
—0.36 x 10" cm~2. The neutron scattering length den-
sity in aqueous DMSO solutions was assumed to be
equal to pp,p = 6.37 X 10'° cm~2. The rms deviation of
the vesicle radius (polydispersity) from the average

radius (R) was calculated by the equation
_ [
(m+1)

The calculations were performed with the
DFUMIL program from the JINRLIB library
(http://www.jinr.ru/programs/jinrlib), which imple-
ments the generalized least-squares method. The y?
values given in Table 1 were calculated by the equaiton

y_dz ’
2 1 dQexp

B dQ '
* ‘N-k§ 5(a,)

(g,
, (7
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Table 1. Parameters of a 1 wt % population of DPPC vesicles in aqueous DMSO solutions at concentrations of 0—15%

Mole fraction of s 0 2
DMSO. % (R), A m G, % d,, A x Py, 101 cm
0 2802 175+ 1.3 23.3 527104 3.7 28+£0.5
5 257 %2 177+ 1.1 23.2 559%0.5 3.6 32+0.5
10 257 %2 18.0£ 1.0 22.9 56.9+0.6 3.8 31£05
15 262£2 20.3£1.2 21.7 57.2£0.5 5.5 31£05

(R) is the average vesicle radius, m is the polydispersity coefficient in the Schulz distribution (4), ¢ is the polydispersity of the vesicle
population, d, is the thickness of the lipid bilayer, X~ is the discrepancy between calculated and experimental curves, and pyy is the neu-
tron scattering length density in the hydrophilic region of the lipid bilayer.

where d(g,) are errors in experimental data, N is the
number of experimental data points, and k is the num-
ber of fitting parameters.

RESULTS AND DISCUSSION

The results of fitting of the calculated SANS spec-
tra to experimental curves using the SFF method are
presented in Fig. 5. The corresponding values of the
fitting parameters are given in Table 1. These data
demonstrate that the SFF model provides a good
agreement with experimental data.

At the minimum concentration (5%) of DMSO in
water, the vesicle radius is 257 A, which is 23 A smaller
than the radius of DPPC vesicles in D,0 (280 A). A

dz/dQ, cm™!

104+

102 L

100 L

1072

Fig. 5. Fitting of the SANS spectra of a polydispersed pop-
ulation of DPPC unilamellar vesicles in a solution in D,O
in the presence of DMSO at a concentration of 0—15%,
which were measured on a YuMO spectrometer, to the cal-
culated data using the SFF model; dX(g)/d<2 is the macro-
scopic cross-section of the polydispersed vesicle popula-
tion and q is the scattering vector. The fitting parameters
are given in Table 1. For the sake of clarity, the experimen-
tal and calculated cross-sections at concentrations of 5, 10,
and 15% are multiplied by 10, 100, and 1000, respectively.
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further increase in the DMSO concentration leads to
an increase in the vesicle radius up to 262 A at 15%
mole fraction of DMSO. This value is 18 A smaller
than the vesicle radius in D,O (280 A). Dimethyl sulf-
oxide has almost no effect on vesicle polydispersity.
The neutron scattering length density in the hydro-
philic region py is not changed, within experimental
error, depending on DMSO. The neutron scattering
length density in heavy water is similar to that in deu-
terated DMSO. Therefore, the replacement of heavy
water molecules in the polar head region by DMSO
molecules should not lead to a change in py.

The membrane thickness d, increases with an
increase in the DMSO concentration from 52.7 £ 0.4 A
at a zero DM SO concentration to 57.2 £ 0.5 A at 15%
mole fraction of DMSO. The observed DMSO-
induced increase in the membrane thickness by 4.5 +
0.8 A is the key result, which makes it possible to draw
more accurate quantitative conclusions about the
DMSO-induced dehydration of the intermembrane
space.

Table 2 summarizes the data on the influence of
DMSO on the repeat distance of DPPC multilamellar
vesicles in water excess obtained by synchrotron-based
X-ray diffraction [10].

In this study, the thickness of the DPPC lipid
bilayer in aqueous DMSO solutions was estimated
with higher accuracy compared to the data reported in
[10], which allowed us to more accurately calculate the
thickness of the intermembrane space (water inter-
layer) d,, = d — d,. The d,, values are given in Table 2 for
DMSO concentrations of 0, 5, 10, and 15%.

In pure water the thickness of the intermembrane
space is d, = d — d, = 11.3 + 1.2 A. The d,, values
decrease with an increase in the DMSO concentra-
tion. In [10] the thickness of the lipid bilayer was cal-
culated using the Guinier approximation, and d,, =
7.8 + 1.8 A was obtained for 10% mole faction of
DMSO. The calculation of the thickness of the lipid
bilayer using the step function (Fig. 4) gave d, = 1.8 £
1.4 A at 10% mole faction of DMSO and d,, = 0.9 +
1.3 A at 15% mole faction of DMSO. Therefore, the
intermembrane space disappears and adjacent bilayers
are in steric contact with each other at 15% mole fac-
Vol. 62
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Table 2. Dependence of the DPPC membrane repeat dis-
tance d [10] and the thickness of the water interlayer d,, on
the mole fraction of DMSO in water

Mole
fraction of 0 5 10 15
DMSO, %
d,A 64+08| 60+0.8|58.7+0.8/58.1£0.8
d,, A 11.3+£12] 41%£1.3 1.8+14] 09+£1.3

tion of DMSO. This is in agreement with the differen-
tial scanning calorimetry data [10], which were indic-
ative of the DMSO-induced dehydration of the inter-
membrane space. The number of free water molecules
per DPPC molecule decreases from 4 in pure water to
1.1 = 0.4 at 15% mole fraction of DMSO [10].

CONCLUSIONS

The combined analysis of the small-angle neutron
scattering and X-ray diffraction data demonstrates
that the intermembrane space of DPPC multilamellar
vesicles decreases with an increase in the DMSO con-
centration in the ternary DPPC—water—DMSO sys-
tem from 11.3 + 1.2 A at a zero DMSO concentration
t0 0.9 + 1.3 A at 15% mole faction of DMSO. At 15%
mole faction of DMSQ, adjacent bilayers are in steric
contact with each other, which is in agreement with
DMSO-induced dehydration of the intermembrane
space [10].
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