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Abstract Small-angle neutron scattering (SANS) on the
unilamellar vesicle (ULV) populations (diameter 500
and 1,000 A) in D,O was used to characterize lipid
vesicles from dimyristoylphosphatidylcholine (DMPC)
at three phases: gel Lg, ripple Py and liquid L,.
Parameters of vesicle populations and internal structure
of the DMPC bilayer were characterized on the basis of
the separated form factor (SFF) model. Vesicle shape
changes from nearly spherical in the L, phase to ellip-
tical in the Py and Ly phases. This is true for vesicles
prepared via extrusion through pores with the diameter
500 A. Parameters of the internal bilayer structure
(thickness of the membrane and the hydrophobic core,
hydration and the surface area of the lipid molecule)
were determined on the basis of the hydrophobic—
hydrophilic (HH) approximation of neutron scattering
length density across the bilayer p(x) and of the step
function (SF) approximation of p(x). DMPC membrane
thickness in the L, phase (7=30°C) demonstrates a
dependence on the ‘membrane curvature for extruded
vesicles. Prepared via extrusion through 500 A diameter
pores, vesicle population in the L, phase has the fol-
lowing characteristics: average value of minor semi-axis
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266+2 A, ellipse eccentricity 1.11+0.02, polydispersity
26%, thickness of the membrane 48.9+0.2 A and of the
hydro 2phobic core 19.9+0.4 A, surface areca 60.7+
0.5 A> and number of water molecules 12.8+0.3 per
DMPC molecule. Vesicles prepared via extrusion
through pores with the diameter 1,000 A have polydis-
persity of 48% and membrane thickness of 45.5+£0.6 A
in the L, phase. SF approximation was used to describe
the DMPC membrane structure in Lg (7= 10°C) and Py
(T=20°C) phases. Extruded DMPC vesicles in D,O
have membrane thickness of 49.6+£0.5 A in the Ly
phase and 48.3+£0.6 A in the Py phase. The dependence
of the DMPC membrane thickness on temperature was
restored from the SANS experiment.
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Introduction

Phospholipids are the main components of cell mem-
branes. Research into the structure of phospholipids is
important from the viewpoint of structural biology and
biochemistry. Unilamellar vesicles (ULVs) are especially
interesting because most biological membranes are
unilamellar and the function and properties of integral
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membrane proteins depend on the lipid bilayer struc-
ture. ULVs are also used as delivery agents for drugs.
Knowledge of their structure at nanoscale is important
for pharmacology (Nagayasu et al. 1999; Cevc et al.
2002).

Dynamic and static light scattering are commonly
used to characterize the form and size of vesicles.
However, these methods have the limitation of obtaining
information about the thickness and the internal struc-
ture of the membrane bilayer (Pencer et al. 2001; Jin
et al. 1999). Most of the knowledge about the internal
structure of phospholipids in L, and Lg phases was
obtained by X-ray diffraction on giant multilamellar
vesicles (MLVs) in H,O, which have negligibly small
membrane curvature (Nagle and Tristram-Nagle 2000).
In many works, small-angle neutron scattering (SANS)
has been used to characterize the bilayer structure of
ULVs at high excess of D,O. Membrane thickness can
be found by experimentally measuring the radius of
gyration of the bilayer using the Guinier approximation
(Feigin and Svergun 1987; Knoll et al. 1981; Gordeliy
et al. 1993, 2005; Balgavy et al. 1998). Calculations of
bilayer parameters from the radius of gyration are based
on the part of SANS curve in the interval of scattering
vector ¢ from 0.03 to 0.14 A~!. This approach was used
to calculate the bilayer thickness and lipid surface area
of the DMPC membrane in L, phase on the basis of
strip function model of the neutron scattering length
density (Kucerka et al. 2004b). The electron density
profile or the one of neutron scattering length density is
calculated by Fourier transformation from diffraction
peak intensities in the diffraction experiment on the
MLVs or oriented dry membranes (Wiener and White
1991; Nagle and Tristram-Nagle 2000; Tristram-Nagle
et al. 2002). An accuracy of the determination of struc-
ture depends on the space resolution of the scattering
experiment:
Ax ~ i,

dm
where ¢, is a maximum value of the measured scattering
vector. In the diffraction experiment,

LWL
dm hm

(1)

(2)

where d, is the repeat distance and A, the maximum
diffraction order. In excess water, the DMPC membrane
has d,=62.7 A at T=30°C and Ax=3.9 A for h,,=8.1In
SANS experiment, a coherent scattering intensity of
vesicle population can be measured to g, ~ 0.3 Al
This gives a resolution Ax=10.5 A of the Fourier
transformation, which limits an application of the indi-
rect Fourier transformation for the evaluation of the
internal membrane structure from SANS experiment
(Glatter 1977, 1980).

Small-angle X-ray scattering (SAXS) has smaller
value of the incoherent background relative to SANS,
which allows one to measure the coherent SAXS scat-
tering from bilayer form factor up to the value of

q=04 A~ and improves the resolution of the Fourier
transformation to the value Ax=79 A (Kiselev et al.
2005a; Kucerka et al. 2005). The disadvantage of the
SAXS application for the ULVs characterization is a
low value of the contrast Ap between the membrane and
water. The X-ray contrast between DMPC molecules in
the L, phase and water is |[Ap,|=0.14 x 10'° cm 2. In
the case of neutron scattering, the contrast is |Ap,|=
0.45 x 10" cm™2, whereas the application of D,O
increases the neutron contrast to |Ap,| = 5.6 X 10 cm 2.
For vesicles in water, the form factor of vesicle size is
complex to be measured without contrast improvement.
Disaccharide solutions in water were used to improve
the contrast conditions in SAXS experiment on the
DMPC vesicles: 40% sucrose solution (w/w) increases
the X-ray contrast by a factor of 10 compared to that of
pure H,O (Kiselev et al. 2001, 2003b). The surfactant
(C;FsCOOLIi) with fluorinated chains was used for the
X-ray contrast improvement in the investigation of
ULVs formation by rapid mixing of the anionic and
zwitterionic micelles (Weiss et al. 2005).

Design of appropriate scattering models and approx-
imations of the scattering length density along the
normal to the bilayer p(x) (based on some preliminary
knowledge about bilayer structure) could improve the
spatial resolution in an evaluation of the internal mem-
brane structure from SANS experiment. The model of
randomly oriented planar bilayer was applied for iden-
tification of the membrane thickness and internal
membrane structure (Pencer and Hallet 2000; Kucerka
et al. 2004b). Step function (SF) approximation of p(x)
was applied for the investigation of oligolamellar vesicles
(Schmiedel et al. 2001). This approach could be used to
obtain additional information about the membrane re-
peat distance and percentage of non-ULVs (Schmiedel
et al. 2005). Other important information about vesicle
population concerns the average vesicle radius and
polydispersity. The hollow sphere (HS) model was ap-
plied for the calculation of vesicle radius, vesicle poly-
dispersity, membrane thickness and internal membrane
structure (Kiselev et al. 2001; Balgavy et al. 2001). The
application of the HS model allows the possibility to
describe the internal membrane structure as two or three
regions with constant scattering length density via SF
approximation of p(x). The HS model has two principal
drawbacks: (a) it can only be used for spherical vesicles,
(b) p(x) can only be described as a step function, whereas
neutron diffraction experiments demonstrate that p(x)
has a more complex and smooth shape (Wiener and
White 1991; Gordeliy and Kiselev 1995).

A model of separated form factors (SFF) allows
simulation of p(x), using almost any function, which
significantly expands the possibilities of studying the
internal membrane structure (Kiselev et al. 2002).
The size of DMPC vesicle does not depend sufficiently
on the different functions used for modeling p(x).
However, the values of membrane thickness d, thickness
of the hydrophobic region D and the number of water
molecule within a bilayer per DMPC molecule N, are



sensitive to the type of function p(x) (Kiselev et al. 2004;
Kucerka et al. 2004b).

In the case of homogeneous approximation,
p(x)=const, D,O penetration into the bilayer makes
part of the hydrophilic region invisible relative to the
bulk D,O (Kiselev et al. 2004). Therefore, approxima-
tion of p(x)=const gives an underestimated value of
d=35.2+0.2 A for DMPC vesicles at 7=30°C (Kiselev
et al. 2003b) The result, based on the SF approximation
of p(x), is more reasonable: d=44.5+0.3 A (Kucerka
et al. 2004b). Generation of p(x) based on the Gaussian
functions gives d=150.6+0.8 A (Kiselev et al. 2004). The
water distribution function across the bilayer has sig-
moidal form (Armen et al. 1998; Kiselev et al. 2004). In
liquid L, phase, the contribution from the D,O distri-
bution function to the integrated neutron scattering
length density of DMPC is sufficiently larger than the
one from the polar head group (Kiselev et al. 2004).
Competition between contributions of D,O and polar
head groups to the integrated neutron scattering length
density allows one to simplify the approximation of p(x)
and decrease the number of fit parameters.

It is commonly believed that contrast variation
(variation of the H,O/D-O ratio in the water) can im-
prove the validity of obtained parameters in SANS
experiment. This is true when penetration of water inside
the studied object is negligibly small and p(x) can be
considered as constant or step function with parameters,
which are independent of the scattering length density of
H,0/D,0 solvent. For example, the application of the
contrast variation for evaluation of the DMPC mem-
brane thickness in L, phase gives membrane thickness
32 A for the p(x)=const and 37+4 A for more realistic
approximation of the p(x) (Kucerka et al. 2004a). Both
the values obtained from contrast variation should be
considered as thickness parameter of the “dry” mem-
brane. It was shown that the best condition for the
evaluation of the membrane thickness is infinite contrast
(Gordeliy et al. 1993; Kucerka et al. 2004a). Pure D,O
creates the best experimental conditions to separate the
contribution from protonated membrane and deuterated
solvent to the integrated p(x).

In the present work, the SFF model is used to analyze
the structure of the polydispersed population of DMPC
vesicles in Lg, Py and L, phases. Two types of p(x)
functions are used for the evaluation of bilayer param-
eters. Parameters of the vesicle population ((R), o for
spherical shape or {a), €, o for elliptical shape) and of the
bilayer (d, D, N,) are calculated. The presented methods
show what we can learn about vesicle structure from
SANS experiment on other types of vesicular systems.

Materials and methods
Sample preparation

Dimyristoylphosphatidylcholine was a gift from Lipoid
(Moscow, Russia). D,O (99.9% deuteration) was
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purchased from Isotop (St Petersburg, Russia). Samples
for measurements were prepared by conventional
extrusion technique. Heavy water and DMPC were
mixed in a plastic tube and the tube was sealed. DMPC
concentration in the sample was 15 mM (about 1 wt%).
The tube content was heated to a temperature above the
main phase transition temperature and then cooled
down to about —20°C. The cooling-heating cycle,
accompanied by sample shaking, was repeated four
times. From the dispersion of MLVs thus obtained,
extruded ULVs were prepared in a single-step procedure
according to MacDonald et al. (1991) using the Lipos-
oFast Basic extruder (Avestin, Ottawa, Canada). The
ULVs populations were prepared by extrusion through
one polycarbonate filter (Nucleopore, Plesanton, USA)
with pores of 500 A (namely 500 A extruded vesicles) or
1,000 A (namely 1,000 A extruded vesicles) diameter,
mounted in the extruder fitted with two gas-tight
Hamilton syringes (Hamilton, Reno, USA). The sample
was subjected to 25 passes through the filter at a tem-
perature higher than the main phase transition temper-
ature of the DMPC. An odd number of passes was
performed to avoid contamination of the sample by
large and multilamellar vesicles, which might not have
passed through the filter. The sample was filled into a
quartz cuvette (Hellma, Miillheim, Germany) with a
2 mm sample thickness. Samples for DSC were prepared
in H,O and D»O as dispersion of MLVs with 20% of the
DMPC (w/w).

SANS measurements

The SANS spectra were collected from ULVs as func-
tion of temperature in the temperature interval 10— 60°C
in the range of scattering vector ¢ from 0.02 to 0.15 A
and at T=230°C in the range 0.0083 A~' < ¢< 02 A™!
from YuMO small-angle time of flight spectrometer of
the Frank Laboratory of Neutron Physics, JINR,
Dubna, Russia (Ostanevich 1988). Spectra were also
obtained from SANS-1 spectrometer of the Swiss
Spallation Neutron Source at the Paul Scherrer Institute
(PSI), Switzerland. Three sample-to-detector distances 2,
6 and 20 m were used to obtain the SANS data over a
wide ¢ range from 0.0033 to 0.56 A~'. Neutron wave-
length was 4.7 A. T=10, 20 and 30°C were chosen as
temperatures of the Ly, Py and L, phases of the DMPC
in D50, respectively, according to our DSC results and
X-ray diffraction study (Kobayashi and Fukado 1998).
Netzsch DSC 200 was used for differential thermal
analysis. DSC curves were recorded at the heating rate
1°C/min.

Evaluation of vesicle parameters from SANS curve
The simplest method of membrane thickness character-

ization is the Guinier approximation of scattering curve
(Guinier and Fournet 1955; Feigin and Svergun 1987).
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The macroscopic cross-section of ULVs population with
R>d can be presented as

_ = _ —R

where 7 is the number of vesicles per unit volume, and
) _ 4G

R =—2. 4

Radius of gyration R, is determined from the Guinier
plot (In[4%(¢)¢*] vs. ¢*) and membrane thickness para-
meter dg is calculated from (4) (Knoll et al. 1981;
Gordeliy et al. 1993). The vesicle radius and polydis-
persity cannot be determined in the Guinier approxi-
mation. Equation (4) is valid for the case of a large value
of contrast, when the scattering length density of D,0O is
larger than the average scattering length density of the
bilayer. This is true for the case of ““dry’ bilayers, when
the penetration of D,O molecules inside the bilayer is
negligibly small (Ibel and Stuhrmann 1975; Gordeliy
et al. 1993). For DMPC vesicles in D>O, the penetration
of water molecules into the hydrophilic part of the bi-
layer influences the neutron scattering length density
distribution (Kiselev et al. 2004). That is why dg is
smaller relative to the real membrane thickness d (Bal-
gavy et al. 1998; Kiselev et al. 2001). The values of dg
and d are different on some constant Ady:

d = dg + Ady. (5)

A value of Ady depends on the penetration depth dy of
the D,O molecules inside the bilayer and bilayer
hydration (quantity of the D,O molecules in the bilayer).
A value of Ady is approximately equal to half the value
of dy and this simple ratio Ady = dy/2 could be applied
for the qualitative estimations.

The model of SFF was proposed for an evaluation of
the vesicle radius, the polydispersity and the internal
membrane structure (Kiselev et al. 2002). The coherent
macroscopic cross-section of the monodispersed popu-
lation of vesicles is defined by the formula:

d=
d_Qmon ( (6)

where 7 is the number of vesicles per unit volume, 4(g)
the scattering amplitude of a vesicle and S(g) the vesicle
structure factor (Feigin and Svergun 1987; Kiselev et al.
2003a). For spherical ULV with radius R (Kiselev et al.
2002)

q) = nd*(q)S(q),

a2 .
a) =4n [ p MM e, )
—d)2

where po(x)=ppro — p(x) is contrast, the difference
between neutron scattering length densities of the bilayer
p(x) and the heavy water pp,o. Integration of (7) gives
an exact expression for the scattering amplitude of ves-
icle with separated parameters R, d and p(x):

dj2

/ pel)cos(qx)dx
—d)2
/2

R
+4n—Rcos(qR)/ pc(x)x sin(gx)dx.
q
—d)2

RZ
Aves(q) = 4nq—Rsin(qR)

(8)

In the case of R> >d/2, R+ x =~ R, one can neglect the
second term with respect to the one in (8) (Kiselev et al.
2002). The first term in (8) presents the SFF model of the
SANS scattering for vesicles. The coherent macroscopic
cross-section of monodispersed population of vesicles in
the frame of SFF model is written as

dx
Emon (9)

where Fy(q, R) is a form factor of the infinitely thin
sphere with radius R,

R ?
<4n R sin(qR)) )

and Fy(q, d) is a form factor of the symmetric lipid
bilayer,

(q) = nFi(q,R)Fy(q,d)S(q),

F(q,R) = (10)

/2 2

Folq.d) = / pe(x) cos(gx)dx
—d)2

(11)

The SFF model allows the characterization of
deformations of the vesicle shape from spherical to
elliptical. In this case, instead of Fy(¢g, R), the form factor
of the infinitely thin ellipse Fg(¢, a) is written as

g = [ s/ Yo
0

where ¢ is an ellipse eccentricity, ¢ a minor semi-axis and
the function Ag(z) = 4nea®(sin(z)/z). The polydispersity
of vesicle population is described by non-symmetrical
Schulz distribution (Hallet et al. 1991; Schmiedel et al.
2001):

where (R) is an average vesicle radius and m a coefficient
of polydispersity. Relative standard deviation of the
vesicle radius is given by ¢ = /1/(m + 1).

Thus, the coherent macroscopic cross-section of po-
lydispersed vesicle population Iipeor (¢, (R), d) is calcu-
lated as

(12)

(13)

Jom gz (¢,R,d)G(R, (R))dR

Jom G(R, (R))dR

Itheor(Q7 <R>7d) = ) (14)



where R.i, and R... depend on the diameter of a
polycarbonate filter.

The experimentally measured macroscopic cross-sec-
tion does not fully equal the theoretically calculated value
of the coherent macroscopic cross-section Iineor (¢, {R), d)
due to the incoherent scattering background IB from a
sample and spectrometer resolution distortions. The
experimentally measured macroscopic cross-section
dX(q)/dQ is approximated with good accuracy as

= (q) 1A2 d*Iiheor (4: (R). d)
dQ 7 i

= [theor(% <R>a d) + 1B,

(15)

for the case of (A/q) < 0.2, where A? is a second mo-
ment of a spectrometer resolution function (Ostanevich
1988).

Equation (15) was applied to fit the SANS data using
the standard minimization and error analysis program
DFUMIL from the JINRLIB library (http://www jinr.ru/
programs/jinrlib). This code is the extended version of
the subroutine FUMILI D510 from the CERN Program
Library. Main principals of numerical algorithm are
described in Dymov et al. (2000) and references therein.
Details of the error analysis method on the basis of
negative logarithm of likelihood function can be found
in Eadie and Dryan (1971). To estimate the fit quality,
we used the y* functional:

N (5 (@) dQex (9:) ’
ey (B e )

where 6(¢q;) are experimental errors of dZe,(¢)/dQ, N
the number of experimental points and k& the number of
fitting parameters.

In the case of hydrophobic-hydrophilic (HH)
approximation of p(x) and with the spherical form of
vesicles we have six free parameters: the number of
vesicles per unit volume 7, the average vesicle radius (R),
the coefficient of polydispersity m, the thickness of the
lipid bilayer d, the thickness of the hydrophobic bilayer
part D and the value of the incoherent background IB.
In the case of the elliptical form of vesicles, the elliptical
vesicles eccentricity ¢ is added as an additional free
parameter. The average vesicle radius (R) is replaced by
the average value of the minor semi-axis {a). So, the
number of free parameters is equal to 7.

In the case of step function (SF) approximation of
p(x) we add into the list of free parameters the average
scattering length density of the polar head group ppy
and remove parameter D. In this case, the value of
D=d—dpy, where dpy =9 A is a known thickness
of polar head groups. So, the number of free parameters
of SF approximation for the spherical form of vesicle
and the elliptical form of vesicles is equal to 6 and 7,
respectively.

The important question is what could be the more
appropriate type of p(x) function. This problem was
analyzed by X-ray reflectometry from the lipid

(16)
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monolayer (Schalke et al. 2000). For the case of SANS,
the p(x) function based on the step function plus water
distribution function can describe well the membrane
form factor in the range 2n/d < ¢ < 4mn/d. The mem-
brane form factor for ¢ >4n/d could be described only
based on Gaussian functions. Our case is the region of
2n/d < ¢ < 4rn/d.

Different regions of SANS curve are important for
the determination of different vesicle parameters.
Parameter # is a scaling factor for the congruent shift of
the calculated SANS curve relative to the experimental
one. It can be determined from a single experimental
point. The value of IB is mainly determmed from the
end of the scattermg curve ¢>0.3 A~'. Parameters of
the vesicle size (R) and polydlspersuy ¢ are mainly
determlned from the scattermg curve in the region from
0.0033 A~! to about 0.03 A~! (Kiselev et al. 2003b).
The 1mp0rtant region to define parameters of p(x)
functions is ¢ >0.03 Al (Kucerka et al. 2004c). It was
shown by Kiselev et al. (2001, 2003b) that membrane
thickness cannot be evaluated from SAXS curve col-
lected in the region of 0.005 A< qg < 0.04 A1 for

1% DMPC concentration. On the contrary, evaluation
of the vesicle radius is not possible from the SANS curve
collected in the region of 0.035 A '< ¢ <01 A
(Kucerka et al. 2004b) or 0.021 A™'< ¢ < 036 A™!
(Schmiedel et al. 2005).

Results and discussion

Dependence of the membrane thickness on temperature,
Guinier approximation

It was shown recently via DSC that D»O influences the
phase transition properties of three phospholipid mem-
branes: DPPC, DSPC, DHPC (Matsuki et al. 2005). The
DSC thermal analysis was carried out to clarify the
influence of D,O on the phase transitions of DMPC.
Figure 1 presents the DSC curves recorded on MLVs of
DMPC in H,O and D,O. By solvent substitution of H,O
by D,0, a noticeable shift of the pre-transition and main
phase transition peaks is observed. The temperatures
and enthalpies (AH) of phase transitions were deter-
mined from the DSC thermograms and the results are
listed in Table 1. The raise in the main transition tem-
peratures of DMPC in D>O is about 0.6°C. Unlike the
main transition temperature, the variation of pre-tran-
sition temperature was + 1.6°C as compared to H,O.
The AH values showed the same trends as the transition
temperatures; they increased in all the transitions.
Figure 2 presents the dependence of DMPC mem-
brane thickness parameter dg on temperature. DMPC
vesicles were prepared by extrusion through pores with
diameter 1,000 A. SANS spectra were collected using
YuMO spectrometer. Values of dg were evaluated in the
Guinier plot via (3) and (4). The membrane thickness
parameter dg is found to be 44.2+0.8 A at T=10°C
(Lp phase), 43.4+0.8 A at T=20°C (Py phase) and
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Fig. 1 Differential scanning calorimetry curves from MLVs of
DMPC in H,O (solid line) and D,O (dotted line). The first
endothermic peak (pre-transition) corresponds to the transition
from the Ly to the Py phase. The second endothermic peak (main
phase transition) corresponds to the transition from the Py to the
L, phase

Table 1 D,O’s influence on the DMPC phase transition properties

Solvent T, (°C) AH,, (cal/g) Twm (°C) AH, (cal/g)
H,0 14.9 1.3 23.2 8.1
D,O 16.7 1.6 23.8 8.6

T, (peak position) and AH,, are pre-transition temperature and
enthalpy, Ty, (onset) and AH,, are main phase transition temper-
ature and enthalpy, respectively

45—
.
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Fig. 2 Dependence of DMPC membrane thickness parameter dg
on temperature for the 1,000 A extruded vesicles. Values of dg were
evaluated from SANS curves in the Guinier approximation

38.840.8 A at T=30°C (L, phase). These values of dg
underestimate the membrane thickness d relative to the
data from the X-ray diffraction experiment which are
48.2 A at T=10°C and 44.2 A at T=30°C (Nagle and

Tristram-Nagle 2000; Tristram-Nagle et al. 2002). The
value of Ady in (5) is equal to 4 A in the Ly and 5.4 Ain
the L, phase of DMPC, which reflects increased DMPC
hydration in the L, phase. The Guinier approximation
describes the relative changes in the membrane thickness
under temperature alteration rather well. Figure 2
demonstrates the decrease in the membrane thickness
at the main phase transition temperature of 23.8°C.
The membrane thickness decreases on the value of
5.4+1.6 A on heating from 10 to 30°C in concurrence
with a 4 A decrease obtained from X-ray diffraction
experiment.

What is the appropriate p(x) approximation
and fitting procedure?

The important question is the choice of the appropriate
p(x) approximation and the number of free fitting
parameters. In this section we present our fitting results,
obtained for three approximations of p(x) known from
the literature (Kucerka et al. 2004c). These approxima-
tions are presented in Fig. 3a—c. The fixed parameters of
these approximations are the neutron scattering length
density of DO, ppyo = 6.33 x 10!°cm~2, and the neu-
tron scattering length density of hydrocarbon chains,
pen=—0.36 x 10" cm™2 (Schmiedel et al. 2001). The
most simple case is the homogeneous approximation of
the neutron scattering length density of the lipid bilayer,
p(x)=const, namely approximation (a). Approximation
(a) has two free parameters, the membrane thickness d
and the average neutron scattering length density of the
lipid bilayer p,,. More realistic is the approximation of
the membrane structure as the region of the hydrocar-
bon chains with thickness D and the region of the polar
head groups with thickness (d—D)/2, approximation (b).
Free parameters of step function approximation (b) are
the membrane thickness d, the thickness of the hydro-
carbon chain region D and the average neutron scat-
tering length density of the polar head group region ppy.
Approximation (c) has the same number of free
parameters, but more complex scattering length density
distribution in the region of polar head groups. Linear
D,0 distribution inside the polar head group region was
introduced in the approximation (c) in addition to the
step function type of p(x) from dry bilayer. These three
approximations of the p(x) were used to fit the experi-
mental SANS spectrum at 7=30°C for 500 A extruded
vesicles. The results are presented in Table 2. Obtained
values of the average radius and the polydispersity for
approximations (b) and (c) are in good agreement and
are little bit different from the approximation (a). This
difference of about 2 A in the values of the radius of
infinitely thin spheres can be used as an accuracy of the
average radius determination for vesicles.

For the case of homogeneous approximation (a) it is
convenient to use in the equations the average contrast
Ap=ppro — pay instead of p,,. On the contrary, the
value of p,, is more suitable for presentation in figures
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and tables. In this case, (11) is integrated to the fol-
lowing form (Kiselev et al. 2002):

ot~ (20 (2)), 0
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Fig. 3 a Homogeneous approximation of the neutron scattering
length density across the lipid bilayer, p(x) = p,, = const
or p.(x) = Ap = const. d is the membrane thickness and p,, the
average scattering length density of the bilayer. Approximation (a).
b Step function (SF) approximation of the neutron scattering
length density across the lipid bilayer p(x) with free parameters of
the polar head group. d is the membrane thickness, D the thickness
of the hydrocarbon chain region and ppy the scattering length
density in the region of the polar head group. Approximation (b).
¢ Step function (SF) approximation of the neutron scattering length
density across the lipid bilayer p(x) with linear water distribution
inside the polar head group. d is the membrane thickness, D the
thickness of the hydrocarbon chain region and ppy the scattering
length density of the polar head group. Approximation (c)

and we obtain the factor n(Ap)? in (9). The value of n has
to be known for the determination of Ap and therefore
pay from the fitting procedure. The number of vesicles
per cm® n(R, d) depends on the vesicle radius and the
membrane thickness. The value of n(R, d) is calculated
from the DMPC concentration in the sample as

C

(R, d) Npmpc(R,d)’
where C is the number of DMPC molecules per cm® and
Npwmpc(R, d) the number of DMPC molecules in the
single vesicle with radius R and membrane thickness d.
The concentration of DMPC in our experiment is
15 mM. The number of DMPC molecules per cm® is
calculated to be C=15x 10~ 3 x Ny x 10~ =904 x
10'7, where Ny is the Avogadro’s number. It is known
that the molecular volume of DMPC in the liquid L,
phase is equal to 1,101 A® (Nagle and Tristram-Nagle
2000). The volume of the lipid bilayer of a single vesicle
can be calculated by the formula V=4xn/3 [(R+d/
2)*—(R—d/2)*]. So, Npmpc(R, d) =V/1,101 is the num-
ber of DMPC molecules in a single vesicle. Similar to the
approximation (a), (18) was used in the approximations
(b) and (c) for calculations of n(R, d).

Results of the experimental spectrum fitting are
presented in Table 2. The obtained value of the average
contrast Ap=4.84 x 10'°cm™? corresponds to the
pav=149 x 10" cm 2 The scattering length of
the DMPC molecule is 3.1x 10_1200m_2, the volume of
the dry DMPC molecule is 1,101 A®. Thus, the average
scattering length density of the dry DMPC molecule is
equal to 0.28 x 10100 cm 2. The value of the membrane
thickness d=36.7 A obtained in the homogeneous
approximation is smaller than d=44.2 A from X-ray
diffraction experiment (Nagle and Tristram-Nagle
2000). These differences in p,, and d can be explained by
the effect of penetration of D,O molecules in the lipid
bilayer (Kiselev et al. 2004). D,O penetration increases
the value of p,, and makes the part of the bilayer near
the membrane surface invisible for neutrons. Thus,
homogeneous approximation is not appropriate for the
evaluation of membrane thickness. This conclusion is
supported by the large value of y*=18.7 and the dif-
ferences in the experimental and fitted spectra as pre-
sented in Fig. 4a. The fitted curve is in good agreement

(18)
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Table 2 Parameters of 500 A extruded DMPC vesicles in the L, phase (T=30°C) calculated in the framework of SFF model for three

different approximations of the p(x) presented in Fig. 3a—c

Approximation (RY(A) o (%) d(A) D (A) p (10" cm™2) IB (103 cm™") I
(a) 272.94+0.4 28 36.7+0.02 Pav=1.49%£0.005 5.01+0.01 18.7
(b) 2753+0.4 27 46.4+0.03 18.100.03 ppi=3.40+0.003 5.76+0.01 4.05
(©) 275.0+0.4 27 47.44+0.04 17.30 +0.05 ppi=4.90+0.001 5.90+0.01 3.62

(R)isthe average vesicle radius, o the vesicle polydispersity, d the membrane thlckness D the thickness of the hydrocarbon chains. Sense of the
p parameters is presented in Fig. 3a—c. IB is the value of incoherent background, 4> is a fit quality parameter. Accuracy of ¢ is about 1%

with the experimental curve up to ¢=0.17 A~"'. This
value of ¢ determines the homogeneous region of SANS
curve. The homogeneous region of SANS curve is larger
than the region of Gulnler approximation which is
limited by ¢=0.14 A~

Application of SF approximation (b) with free
parameters d, D and ppy gives good agreement between
experimental and fitted curves as seen in Table 2
(4*=4.05) and Fig. 4b. The obtained value of d=46.4 A
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Fig. 4 Experimental macroscopic cross-section of the ULVs
population at 7=30°C (dots) for vesicles extruded through pores
of 500 A diameter and fitting curve (solid line). a Homogeneous
approximation p(x)=const presented in Fig. 3a. b Approximation
(b) of p(x) presented in Fig. 3b

is reasonable, but the value of D is too small. The
obtained thickness of the polar head group region
dpy=(d—D)/2 =142 A is unreasonably larger than
the value of 9 A from X- ray diffraction (Nagle and
Tristram-Nagle 2000) and the value of 8 A from SANS
based on the Gaussian approximation of p(x) in the
region of polar head groups (Kiselev et al. 2004). Similar
to the approximation (b) an application of the approx-
imation (c) requires three fitting parameters for the
description of the internal bilayer structure (d, D and
pph)- Linear water distribution inside the polar head
group region improves the agreement between experi-
mental and fitted curves (y°=3.62) and increases the
value of membrane thickness to 47.4 A, but similar to
SF approximation (b) gives unreasonably large thickness
of the polar head region 15.1 A. The results obtained in
the approximations (b) and (c) show that the fitting
procedure decreases the value of D to the value of
hydrophobic-hydrophilic boundary. The water distri-
bution function across the bilayer has sigmoidal form
(Armen et al. 1998; Kiselev et al. 2004). In the L, phase,
the contribution from D,O distribution function to the
integrated neutron scattering length density of DMPC is
sufficiently larger than the one from the polar head
group (Kiselev et al. 2004). This is the reason why our
approximations based on two free parameters of polar
head group (D, ppy) cannot describe the internal struc-
ture of the bilayer correctly. The second disadvantage of
the used approach is the relationship between R and d
via (18) in the calculation of n(R, d). This connection is
in conflict with the ideology of SFF model, which is to
separate R and d. Moreover, calculations of n(R, d)
complicate the convergence process due to the system
polydispersity. The described approximations give rea-
sonable values of the average radius and the membrane
thickness, but are not appropriate for the determination
of the internal membrane structure. More appropriate
approximations of p(x) are the subject of the next
paragraphs.

Note that the accuracy of calculated parameters de-
pends on the statistical errors in the measured scattering
intensity and the interval of ¢ used. Statistical errors of
SANS PSI spectra are smaller than 2%. This is the
reason why parameter errors in Table 2 are so small.
For comparison, the same calculations have been per-
formed with the SANS spectra measured using YuMO
small- dngle spectrometer in the ¢ range from 0.0083 to
0.2 A~! with statistical errors growmg from 2% at the
small ¢ to 30-50% at ¢ =~ 0.2 Al see Fig. 7. In this
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Fig. 5 Hydrophobic-hydrophilic (HH) approximation of the neu-
tron scattering length density across the lipid bilayer p(x). d is the
membrane thickness and D the thickness of the hydrophobic part
of the membrane

case, the parameter errors are significantly larger:
homogeneous approximation (a): (R)=277+5 A, o=
30+1%, d=36.7+0.1 A, p,y=(1.30£0.01)x 10"%cm ™2,
¥=131; SF approximation (b): (R)=277+5 A,
6=30+1%, d=42.1£04 A, D=132+0.7 A, ppu=
(4.140.1)x 10%ecm ™2, y*=1.15.

DMPC vesicles in the L, phase, the HH approximation
of p(x)

The hydrophobic-hydrophilic approximation of the
internal bilayer structure is used as p(x) function in
the L, phase of DMPC. It is based on the fact that the
neutron scattering length density of D,O molecules in
the hydrophilic region of the bilayer is sufficiently larger
than the neutron scattering length density of polar head
groups in the L, phase of DMPC (Kiselev et al. 2004).
The HH approximation of p(x) is presented in Fig. 5
(Schmiedel et al. 2005). The lipid bilayer consists of two
parts: hydrophobic and hydrophilic. Linear approxi-
mation is used for the water distribution function in the
hydrophilic region, where pp,o=6.33 x 10'® cm~2 and
pen=—0.36 x 10'° cm ™2 are fixed parameters of neu-
tron scattering length densities. The parameters of the
DMPC bilayer determined from the SANS curve are the
membrane thickness d and the thickness of the hydro-
phobic part D.

The number of water molecules N, and the surface
area per DMPC molecule 4 are determined from the
system:

d
A 5= Yompc + Ny Vb20os (19)

D — d—D
A(/’CHE JrP1)202 PcH 5

) = Ipmpc + Ny, (20)
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where Vpmpce=1,101 A? and V2o =30 A* are molec-
ular volumes of DMPC and D->O, lpympc=3.07 X
1002 em and /pro=192 x 1072 cm are neutron
scattering lengths of DMPC and D,O molecules,
respectively. Let us denote /" = Ipypc/Ipo and V' =
Vompc/Vb2o. One can define the average neutron scat-
tering length density of hydrated DMPC as

d — D ppoo — pcu

p=gPcnt—g 5 (21)
The solution of (19) and (20) is
e !
N, = pV pDzE)l C A=2x Vbmpc +NwVD2O. (22)
Pp20 — P d

Extruded 500 A vesicles

Figure 6 shows the experimentally measured and fitted
SANS curves for the DMPC ULVs at T=30°C. ULVs
were prepared by extrusion through pores with the
diameter 500 A. The experimentally measured macro-
scopic cross-section was calculated by two different
methods: by application of the exact expression for the
scattering amplitude using (8) and by application of the
SFF model using (9). This allows one to check a validity
of the SFF model and estimate a contribution of the
second term in (8). The obtained parameters are given in
Table 3. Parameters of vesicle populations and internal
membrane structure evaluated by exact expression and
by SFF model for scattering amplitude coincide exactly.
The second term in (8) improves > without any influ-
ence on the accuracy of the evaluated parameters.
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Fig. 6 Experimental macroscopic cross-section of the ULVs
population at 7=30°C (dots) for vesicles extruded through pores
of 500 A diameter and fitting curve (solid line). HH approximation
of p(x) presented in Fig. 5. The inset shows the magnified curve for
large ¢
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The obtained value of (R)=275.6+0.5 A is in
concurrence with the radius of the pores (250 A) used
during vesicle extrusion. The membrane thickness d,
evaluated on the basis of the HH approximation of p(x),
is equal to 47.8+0.2 A, whereas the thickness of the
hydrophobic region D is 20.5+0.3 A and of the mem-
brane hydrophlhc part, Dy = (d — D)/2 =13.7 £ 0. 5A.
The latter is larger than that of the polar head groups
Dpy=9 A, evaluated from X- ray diffraction (Nagle and
Tristram-Nagle 2000), or Dpy=28.1£1.7 A evaluated
from SANS (Kiselev et al. 2004). This result shows that
water molecules penetrate into the hydrocarbon chain
region at 4.7 A. The value of membrane thickness
d=478+02 Ais3.6 A larger than d=44.2 A evaluated
from X-ray diffraction experiment on the giant MLVs
(Nagle and Tristram Nagle 2000). The number of water
molecules =11.9+0.3 and  surface  area
A 61.0+04 A2 of the DMPC molecule differ from

=7.2and A=59.6 A for the giant MLVs (Nagle and
Tr1stram Nagle 2000). Hydration and membrane thick-
ness of the curved DMPC bilayer are larger relative to
the flat bilayer. Similar results were obtained recently for
POPC membrane structure as function of vesicle radius
(Schmiedel et al. 2005).

The form of vesicles in the liquid L, phase cannot be
ideally spherical. Probably, the vesicle shape fluctuates
near the spherical form. These fluctuations serve as the
origin of the ULVs deformation and orientation in the
strong magnetic field. ULVs deformation in the strong
magnetic field of 4 T has been detected via SANS
(Kiselev et al., unpublished). The elliptical form of the
vesicle shape can be taken into account on the basis of
(12). Table 3 presents the results for the case of 500 A
extruded vesicles, assuming that their form is elliptical.
The value of eccentricity is 1.1, which demonstrates that
the vesicle shape is close to a sphere. Nevertheless, the
membrane thickness has a value of 48.9+£0.2 Aate=1.1
in comparison with d=47.8+0.2 A for ¢= 1, The dif-
ference between these two values of d is 1.1 A. Param-
eters of the bilayer, d and D, are evaluated from the
membrane form factor Fy(q, d), which does not depend
on the value of ¢ in the SFF model. In the same
approx1mat1on of p(x) no reason exists for the difference
in the value of d. So, the value of 1.1 A characterizes the
accuracy of the membrane thickness evaluation from the

SANS curve collected in ¢ range from 0.0033 to
0.56 A~ 1. Decreasing the q range to the interval
0.0083 A™'< ¢ < 02 A 'andi increasing the statistical
errors, as shown in Fig. 7 for 500 A extruded vesicles,
decrease the accuracy of the parameter evaluation. The
parameters of vesicle population in the L, phase evalu-
ated via HH approximation from SANS spectra
measured using YuMO spectrometer (see Fig. 7) are:
(R) 277+5A, 0= 31£1%,d= 489i07A D=20+3 A,

w1243, 4=60%3 A2, ¥*=1.08. It is shown in
Table 2 that y* for the p(x) approximations (a), (b) and
(c) are worse than > for HH approximation presented in
Table 3. Similar results were obtained in the case of
spectrum measured using YuMO spectrometer: y>=1.31
for the approximation (2 a), x°=1.15 for the approx1ma-
tions (b) and (¢) and y“=1.08 for the HH approxima-
tion. The results from two different instruments taken
together show that the HH approximation is more
appropriate for the modeling of DMPC bilayer structure
in the L, phase.

Extruded 1,000 A vesicles

Figure 8 demonstrates the experimental macroscopic
cross-section of the ULVs population at 7=30°C and
fitting curve for 1,000 A extruded vesicles. The results of
the fit are presented in the Table 3. Figure 9 demon-
strates the comparison of the experimental SANS curves
recorded at 30°C for 500 and 1,000 A extruded vesicles.
The position of the first minimum in the form factor
of infinitely thin sphere depends on the vesicle radius
as ggp=m/R, see (10), and corresponds to the
qs00=0.0126 A~ for 500 A extruded vesicles and
q1.000 =0.0063 A~ for 1 ,000 A extruded vesicles. Vesi-
cles prepared via extrusion through pores of 500 and
1,000 A differ in membrane curvature and polydisper-
sity. The polydispersity (relative standard deviation of
radius) increases from 27 to 47% on increasing the
vesicle radius as seen from Fig. 9.

The fitted curve cannot describe the experimental
curve well in the region of sphere form factor
(0.0033 A< g < 0.03 A~ 1) as shown in the inset of
Fig. 8. This discrepancy between experimental and fitted
curves increases the value of x> in Tables 3 and 4 for

Table 3 Results for DMPC vesicles in the L, phase (7=30°C) based on the HH approximation of the p(x)

Model; D (A)  (R)or{a) (A) ¢ o (%) dA) D (A) Ny A (A? IB(em™)

Exact; 500 275.74+0.4 1 27 478402  205+03 119403  61.0£04  0.007 1.65
SFF; 500 275.6%0.5 1 27 478402  205+03 119403  61.0£04  0.007 1.68
SFF; 500 2662 1.11£0.02 26 489402 199404 128403  60.7+0.5  0.007 1.65
SFF; 1,000 450° 1 48 455+0.6 208+04 108+04 62.6+1.0  0.007 15.50

Dr is the diameter of the pores used at extrusion, {a) the average value of the minor semi-axis, ¢ the eccentricity, (R) the average vesicle
radius for ¢ = 1, o the vesicle polydispersity, d the membrane thickness, D the thickness of the hydrophobic core, Ny, and A the number of
water molecules and the surface area per DMPC molecule, respectively, IB the value of the incoherent background, y* the fit quality

parameter. Accuracy of ¢ is about 1%
HR)=450 A, ¢ =0 from DLS (Hallet et al. 1991)
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Fig. 7 Experimental macroscopic cross-section of the ULVs
population at 7=30°C (dots) for vesicles extruded through pores
of 500 A diameter and fitting curve (solid line). HH approximation
of p(x) presented in Fig. 5. YuMO spectrometer

1,000 A extruded vesicles. For 1,000 A extruded vesicles
in L, phdse > =15.5 for the full ¢ range from 0.0033
to 0.56 A . Calculation of #? in the ¢ range from 0.03
to 0.56 A~!, which is important for the membrane
structure, demonstrates sufficiently better agreement
between experimental and fitted curves, y>=8.7. As a
result of the discrepancy between the experiment and the
fit at 0.0033 A~'< ¢ < 0.03 A, the evaluated value
of the average vesicle radius (R)= 314 6+0.7 A is suffi-
ciently smaller than the radius of the polycarbonate
pores of 500 A. Value of (R)y=314.6 A is in contradic-
tion to the values obtained from other methods. DLS
and freeze-fracture electron microscopy results show
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Fig. 8 Experimental macroscopic cross-section of the ULVs
population at 7=30°C (dots) for vesicles extruded through pores
of 1,000 A diameter and fitting curve (solid line). HH approxima-
tion of p(x) presented in Fig. 5. The inset shows the magnified
curve for small ¢
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Fig. 9 Experimental macroscopic cross-sections of the ULVs
populations at 7=30°C for vesicles prepared by extrusion through
pores of 500 and 1,000 A diameters

that the average vesicle radius after extrusion is about
the radius of the pores (MacDonald et al. 1991; Hallet
et al. 1991; Patty and Frisken 2003). The underestima-
tion of the vesicle radius for 1,000 A extruded vesicles
has different reasons. The first reason is a big value of
the vesicles polydispersity, 48%. The second is an
accuracy of the correction for spectrometer resolution:
A/q =0. 53 0.27 and 0.14 for ¢=0.0033, 0.0063 and
0.0126 A~! , respectively (Pedersen et al. 1990). Third is
the small number of experimental points: value of
q1.000 = 0.0063 A is not so far from the value of
Gmin =0.0033 Al (only five experimental points).
Additional possible reason could be the difference be-
tween the distribution statistics of 500 and 1,000 A ex-
truded vesicles (Korgel et al. 1998). The careful study of
vesicle form and distribution requires more powerful
SANS instrument and (or) complementary application
of static and dynamic light_scattering. We consider
(R)=314.6+0.7 A for 1,000 A extruded vesicle as arti-
fact. The value (R)=450 A from DLS is used for the
characterization of 1,000 A extruded vesicles in Tables 3
and 4 (Hallet et al. 1991).

The membrane thickness d=45.5+0.6 A is found for
the ULVs prepared by extrusion through pores with
diameter 1,000 A. This value of membrane thickness
is in better agreement with the value d=44.2 A as
obtained for giant MLVs in H,O. Decreasing bilayer
thickness on reduction of the membrane curvature re-
duces the number of water molecules N, from 11.9+0.3
to 10.8+0.3 and 1ncreases the surface area A4 from
61.0£0.4 to 62.6+1.0 A%, whereas the hydrophobic
thickness D stays unchdnged under the membrane cur-
vature alteration. Our findings about the differences in
the bilayer structure of the extruded ULVs and MLVs
with zero curvature is supported by the experimental
results presented recently in Schmiedel et al. (2005). It
was shown by the systematic study of POPC vesicles
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Table 4 Results for DMPC vesicles based on the SF approximation of p(x) in the frame of SFF model

Dr (A) T (°C), phase (R) or {a) (A) & 6 (%) d(A) e (101 cm™2)  Nypy 4 (A?) IB(em )

500 30, L, 275.1£0.5 1 27 455407 3.7+£02 6.840.6 57+£1  0.007 2.8
1,000 30, L, 450° 1 48 457407 4.0+02 8.0+0.6 59+1  0.007 11.5
500 20, Py 187+1 1.63+0.02 22 479407 3.6+£0.3 53+£0.5 50£1  0.006 45
1,000 20, Py 450° 1 35 483+0.6 3.8+02 59+04 50.4+08 0.006 19.9
500 10, Ly 185+ 1 1.62£0.02 21 49.1+0.7 3.7+02 52405 488+09 0.005 6.0
1,000 10, Ly 450° 1 37 49.6+0.5 3.6+02 5940.5 492+09 0.006 222

T is the temperature, Dg the diameter of the pores used at extrusion, {a) the average value of minor semi-axis, ¢ the eccentricity, (R) the
average vesicle radius for ¢ = 1, ¢ the vesicle polydispersity, d the membrane thickness, ppy the scattering length density of polar head
group, Ny pu and 4 the number of water molecules in the region of polar head group and surface area per DMPC molecule, respectively,
IB the value of the incoherent background, % the fit quality parameter. Accuracy of ¢ is about 1%

YRYy=450 A, ¢ =0 from DLS (Hallet et al. 1991)

extruded through pores of 500, 1,000, 2,000 and 4,000 A
diameter that POPC membrane thickness is equal to
47, 44, 43.8 and 42.1 A, respectively, for the different
membrane curvatures. The value of A increases from
71 A? for 500 A extruded POPC vesicles to 75 A? for
4,000 A extruded POPC vesicles. The POPC bilayer
hydration is also influenced by the membrane curvature.
The value of N,, decreases from 13.5 for 500 A extruded
vesicles to 10.4 for 4,000 A extruded vesicles.

Presented results are similar to those of Schmiedel
et al. (2005) in that the structure and hydration of vesicle
bilayer after extrusion depend on the membrane curva-
ture in the L, phase. The bilayer thickness and hydration
are altered with increasing vesicle radius to its values for
the flat bilayer. It is known that ULVs prepared via
extrusion of MLVs through pores of 500-1,000 A
diameter are not time-stable system (Kiselev et al.
2003b). Probably, the membrane thickness and the
hydration undergo alteration during system equilibra-
tion from the non-stable ULVs to the static state of the
MLVs. One can assume that hydration of the DMPC
bilayer could be the driving force in the transformation
of the ULVs to the MLVs.

DMPC vesicles in the L, phase, the SF approximation
of p(x)

The SF approximation of scattering length density
across the lipid bilayer p(x) is shown in_Fig. 10. The
thickness of the polar head group dpyy =9 A was fixed as
in the calculations done earlier (Kucerka et al. 2004b).
Vesicle shape is considered as spherical. The difference
relative to calculations in Kucerka et al. (2004b) is ex-
pressed in free value of the scattering length density in
the region of polar head group ppy. The fitting param-
eters of the lipid bilayer are d and ppy. This allows one
to calculate the number of water molecules located in the
polar head group region Ny py and the surface area 4,
taking into account that for SF approximation the
average neutron scattering length density of hydrated
DMPC is defined as

d — 2Dpy 2Dpy
p Pcu + 7 Pri

p= (23)

The calculated parameters are given in Table 4. Inside
the SF approximation, the membrane thickness
d=455+£0.7 A does not show dependence on the
membrane curvature and is the same as membrane
thickness for 1,000 A extruded vesicles. Both the ob-
tained values of the membrane thickness are larger than
those of the giant MLVs (44.2 A) in H,O. Other fitted
and calculated parameters for 500 and 1,000 A extruded
ULVs are the same within the experimental errors. Two
calculated values of Nypy =6.8=£0.6 and N,py =
8.0 0.6 are in good agreement with the data for giant
MLVs 7.2 (Nagle and Tristram-Nagle 2000). Finally, the
average value Nypy = 7.4+ 0.6 can characterize the
number of D,O molecules in the polar head group of
DMPC at 30°C. Comparison of the hydration calculated
by HH and SF approximations allows one to calculate
the number of D,O molecules in the region of hydro-
carbon chains as 4.5+£0.9 for 500 A and 3.4+0.9 for
1,000 A extruded vesicles. Probably, a decrease of
membrane curvature reduces the quantity of water
molecules penetrated into the region of hydrocarbon
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Fig. 10 Step function (SF) approximation of the neutron scattering
length density across the lipid bilayer p(x) with fixed thickness of
the polar head group. d is the membrane thickness and dpy =9 A is
the thickness of the polar head group. ppy is the scattering length
density in the region of the polar head group



chains. But more precise experiments and data are nec-
essary to check this. Surface area A calculated based on
the SF approximation has an average value of 58 £ 1 A2,
which is a little bit smaller than the value of 59.6 A for
giant MLVS (Nagle and Tristram-Nagle 2000). The
values of % for 500 A extruded vesicles in L, phase show
that the HH approximation (Table 3) describes the
membrane structure better relative to the SF approxi-
mation (Table 4).

DMPC vesicles in the Ly and the Py phases, the SF
approximation of p(x)

Figure 11 shows the SANS spectra from 500 A extruded
vesicles measured at 7=10°C (Lg phase) and 7=30°C
(L, phase). Without consideration of the vesicles poly-
dispersity and the instrument resolution, the first mini-
mum of Fy(q, d) corresponds to gr = n/R The vesicle
radius R=275.6 A corresponds to the gz=0.011 A"
Shift of the g to larger values of ¢ reflects the decredse
of average vesicle radius at temperature lowering as seen
from Fig. 11.

The consideration of SANS curves in the Guinier
region of ¢ from 0.03 to 0.14 A~! shows the different
exponents at 7=10°C and 7=30°C (3). It is visually
seen that at temperature decreasing from 30 to 10°C the
radius of gyration of the bilayer R, increases. This simple
analysis corresponds to the dependence of the mem-
brane thickness parameter dg on temperature as shown
in Fig. 2.

The application of the HH approximation for fitting
SANS curve in Lg and Pp phases gives unreasonable
results for bilayer structure. The basis of the HH
approximation is the larger scattering length density of
D,O molecules inside the bilayer relative to that of polar
head groups. It is true for L, phase of DMPC. A common
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Fig. 11 Experimental macroscopic cross-sections of the ULVs
populations at 7=30°C and 7=10°C for vesicles prepared by
extrusion through pores of 500 A diameter
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property of phospholipids is a decrease of hydration un-
der phase transitions from L, to Ly phases (Nagle and
Tristram-Nagle 2000). We have every reason to consider
other approximations of p(x) for Lg and P phases.
Different approximations have been tested to fit the
experimental curve. The SF approximation of p(x) with
fixed thickness of the polar head region dpy was selected
as more appropriate for Lg and Py phases of the DMPC
bilayer (Fig. 10). A value of pcy=—0.396 x 10'° cm

was used as fixed parameter in the calculations of Ly and
Py phases of DMPC. This value of pcy reflects a decrease
in the specific volume of the hydrocarbon chains from
781 A% in the L, phase to 710 A% in the Ly phase (Nagle
and Tristram-Nagle 2000; Tristram-Nagle et al. 2002).
The structure of hydrocarbon chainsin Ly and Py phases
is similar; no exact volumetric data exist for the Py phase
(Ruocco and Shipley 1982). The same value of pcy was
used in Ly and Py phases.

Measured SANS curves of the Ly and the Py phases
for 500 and 1,000 A extruded vesicles were fitted based
on the SF approximation of p(x). A deformation of the
spherical shape to elliptical was taken into account.
Unlike in the L, phase, extruded 500 A vesicles in Ly
and P,; phases have pronounced elliptical form with
eccentricity ¢ = 1.6. The 1,000 A extruded vesicles have
¢ = 1.1 and can be considered as spherical taking into
account problems in the determination of vesicle radius.
The internal membrane structure did not show the
dependence on the eccentricity and membrane curvature
for both vesicle populations The results of fitting and
calculation are g1ven in Table 4. The average values of
the minor semi-axis a= 185 A and the major semi-axis
b=300 A in the Ly phase change to a=187 A and
h=303 A in the P/; phase for 500 A extruded vesicles.
These values are in concurrence with the radius of pores.
Similar to the L, phase, the average radius of 1,000 A
extruded vesicles is underestimated relative to the radius
of pores and DLS results. The DLS data is introduced to
Table 4 for wvesicle radius. Polydispersity of vesicle
population has smaller values in Ly and Py phases rel-
ative to that in the L, phase. For 500 A extruded vesi-
cles, the polyd1sper51ty increases from the value of 21%
in Ly phase to 26% in L, phase. The average surface
area of the 500 A extruded vesicles S = 4mea? is equal to
9.9 x 10° A? in the L, phase. The average area of the
vesicle decreases to the value of 7.2 x 10° A? in the Py
and 7.0 x 10° A% in the Lp phases. The decrease of
vesicle area during the phase transitions from L, to Ly
phase should increase the membrane thickness. Mem-
brane thickness increases from 47.8+0.2 A in the L,
phase to 49.1£0.7 A in the Ly phase.

Unlike in the L, phase, the difference in the mem-
brane curvature for 500 and 1,000 A extruded vesicles
has no influence on the membrane thickness and
hydration in Lg and Py phases. Values of the memb-
rane thickness d=49. 6i0 5 A and the surface area
A=492+0.9 A®> for 1,000 A extruded vesicles are
slightly larger than values d=48.2 A and 4=47 A?
determined for giant multilamellar DMPC vesicles in the
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Ly phase hydrated by H,O (Tristram-Nagleet al. 2002).
Giant multilamellar DMPC vesicles can be considered as
membrane with zero curvature. For the Ly phase, the
number of D,O molecules in the region of polar head
groups per DMPC molecule N, py obtained for 500 and
1,000 A extruded vesicles are the same. Average value of
Nypu = 5.6+ 0.5 obtained in the Ly phase is smaller
than hydration of the L, phase, Ny py = 7.4 £ 0.6.

Unlike in the L, and Ly phases of DMPC, precise
information about internal membrane structure and
hydration in the Py phase is hard to evaluate through
the X-ray diffraction experiment due to the two dimen-
sional lattice structure of the ripple bilayer. The ripple
141.7 A profile of DMPC has the basic asymmetric tri-
angular shape with the ripple amplitude of about 19 A
and the projection of the major ripple side on the lateral
direction about 103 A. Evaluation of electron density
profiles along the normal to the major and minor sides
(based on three diffraction orders) shows that internal
bilayer structure is near to the Ly and L, phases for
major and minor sides, respectively (Sun et al. 1996).
Further SAXS and WAXS investigations of Py phase
formation under T-jump protocol confirm that equilib-
rium bilayer structure of the Py phase corresponds to
the Ly phase with small percentage of the L, phase.
Probably, bilayer in the L, phase exists in the corners of
triangular ripple (Rappolt et al. 2000).

The used SANS evaluation of bilayer structure can-
not make out the coexistence of two phases in the Py
phase. The data evaluated from SANS correspond to the
average bilayer parameters. Parameters of the vesicle
populatron and the brlayer structure of DMPC vesicles
in ripple phase are given in Table 4. For 500 A extruded
vesicles, the evaluated vesicle parameters are the same in
Ly and Pg phases within the range of experimental
errors. For 1,000 A extruded vesicles, the membrane
thickness decreases from the value of 49.6 £0.5 Ain the
Ly phase to 48.3+0.6 A in the Py phase. This 1.3 A
decrease in the membrane thickness could be explained
by the coexistence of Ly and L, phases in the bilayer of
the Py phase. Finally, one can use parameters evaluated
for 1,000 A extruded vesicles ~d=48.3+0.6 A,
Nypa =59+04 and 4=50.4+0.8 A to characterize
the average DMPC bilayer structure in the Py phase.

Guinier approximation for the flat membrane,
connection with SFF model

It is commonly believed that the Guinier approximation
describes the SANS curve at ¢ — 0. This is true for
globular particles with one typical size (Guinier and
Fournet 1955). ULVs have two typical sizes: radius and
membrane thickness, which are different in the scale of
1-2 orders of magnitude. SANS curves from vesicles
have two Guinier regions. The first Guinier region is that
of the vesicle size at ¢ — 0 and the other is the Guinier
region of the membrane. The utility and validity of the
membrane Guinier approximation is clarified below.

Let one consider a lipid membrane as that with
p.(x) = Ap = const. This approximation is convention-
ally named the homogenous approximation (Feigin and
Svergun 1987). Really, a lipid membrane is non-
homogenous, p.(x) # const. The homogenous approxi-
mation can describe only some part of the experimental
scattering curve (Feigin and Svergun 1987). This part of
the curve can be obtained via comparison of experi-
mental and calculated SANS curves (Kiselev et al.
2002). The homogeneous region of SANS curve is lim-
ited by ¢ ~ 0.16-0.17 A~" for the L, phase of DMPC.
According to the SFF model, the scattering amplitude of
vesicles for p.(x) = Ap=const and R> > dg is written as
(Kiselev et al. 2002)

o 1) (2 (059

The approximation of the harmonic function by expo-
nent

sir; ¥ exp (_ (\%)2>

is valid for x <1. Equation (24) can be rewritten as

Alg) = (S sinq(gR)>ApdG exp (_ (‘]ZZ) >’

where S=4n R? is the vesicle surface area. It is impor-
tant to note that transition from the harmonic function
to the exponent has no request of ¢ — 0. The validity of
this transformation is ¢(dg/2) The exponential presen-
tation of the scattering amplitude is the principal prop-
erty of the Guinier approximation. For ¢ the vesicle
form factor F= A is written as

Fla) = ("5 (apde P ey (— @) @)

Let us consider a flat lipid bilayer, which corresponds
to R — oo. In this case, Ag = (n/R) — 0, where Agq is
the distance between minima of the sin (qR) Any SANS
spectrometer has uncertainty in the measured values of
g, also as any vesicle population has uncertainty in the
value of R. One can, therefore, use the average value
sin?(gR) = 1/2 instead of sin*(¢R). Finally, using (4) for
R,, one obtains

<2:S> (Apdc)” exp (—¢°R?).

Equation (28) is the Guinier approximation of the form
factor for the flat bilayer with infinitely large area S and
membrane radius of gyration R,. The form factor of the
infinitely thin flat membrane has 1/¢° behavior. The
form factor of the membrane with thickness parameter
dg has exponential form and is characterized at ¢ — 0
by asymptotic properties of the function F(¢q)¢*>. Equa-
tion (28) was evaluated from the SFF model on the basis

(24)

(25)

(26)

F(q) = (28)



of two approximations: Ap=const and R — oo.
According to the above analytical analysis, only one
membrane parameter dg can be evaluated from SANS
curve in the region of Guinier, which is the region of
homogeneous approximation. Unhomogeneous struc-
ture of the membrane corresponds to the next region of
scattering curve g > (2/dg).

Dependence of the membrane thickness parameter dg
on temperature as shown in Fig. 2 can be corrected now
for the values of membrane thickness calculated for
1,000 A extruded vesicles at 10, 20 and 30°C. Obtained
values of parameter Ady are 5.4, 4.9 and 6.7 A, respec-
tively, for the Ly, Py and L, phases of DMPC. Mem-
brane thickness d is calculated using (5) with an
assumption that Ady has permanent values in the Lg,
Py and L, phases. Figure 12 shows the obtained
dependence of the DMPC membrane thickness on
temperature for 1,000 A extruded vesicles. The main
feature in temperature dependence d(7T) is a sharp in-
crease in the membrane thickness at the temperature of
the main phase transition 77=23.8°C.

Structure of the DMPC bilayer

The important question to be emphasized is what is the
meaning of the obtained membrane parameters d and D
and, correspondingly, what is the meaning of their
accuracy. In SANS we cannot measure directly the steric
thickness of the membrane or of the hydrophobic core.
The evaluated information from SANS are parameters
of the neutron scattering length density distribution
function p(x) and, correspondingly, the experimental
errors presented in Tables 3 and 4 are related to the
accuracy of the function parameters. High accuracy of
the obtained parameters demonstrates a stable conver-
gence of the fitting curve to the experimental.
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Fig. 12 Dependence of DMPC membrane thickness parameter dg
and membrane thickness d on temperature for 1,000 A extruded
vesicles
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From numerical results obtained with the HH
approximation for spherical and elliptical vesicle forms,
one can conclude that the accuracy of the membrane
thickness evaluation is about 1 A. This value of accuracy
characterizes the accuracy of the SANS method. HH and
SF approximations of the p(x) describe only the main
features of the p(x) function. For DMPC in L, phase, the
p(x) function based on Gaussian approximation was
evaluated from SANS experiment on the DMPC vesicles
(Kiselev et al. 2004). For the L, phase of DPPC hydrated
by D,O, the p(x) function was calculated via dynamic
simulations (Kucerka et al. 2004c). Presented results
show that the HH approximation describes the neutron
scattering length density better than the SF approxima-
tion. Similar conclusions were made via application of
HH and SF approximations for the fitting of SANS
curves of POPC oligolamellar vesicles with different
membrane curvatures (Schmiedel et al. 2005). Biological
membrane has a negligible curvature. Thus, results ob-
tained by HH approximation for 1,000 A extruded vesi-
cles in the L, phase are more biologically relevant. It is
important to compare these results with results obtained
by other methods. DMPC bilayer parameters evaluated
from the complementary application of the X-ray
diffraction on the oriented sample and SAXS on the
extruded ULVs are: d=434 A, 4=60.6 A> and
Nwpn = 7.2 (Kucerka et al. 2005). These results are
different from the presented d=45.540.6 A,
A=62.6£1.0 A% and Ny pyr = 8.0 + 0.6.

The second important question is water penetration
depth into the lipid bilayer. For many decades it was a
common opinion that water penetrates only into the
polar head group region. Recently, water penetration
into the region of hydrocarbon chains was detected
experimentally for saturated phospholipids by nuclear
magnetic resonance (Tokutake et al. 2004), SANS
(Schmiedel et al. 2001, 2005; Kiselev et al. 2004) and
neutron diffraction (Kiselev et al. 2005b). Presented
SANS results support the water penetration into the
region of hydrocarbon chains. Thickness of the DMPC
hydrophilic part Dy = (d — D/2) = 12.4 +0. 5A is cal-
culated from obtained value of d=45.5+0.5 A and
D=20.8+£0.4 A in the L, phase. The value of Dy is
larger than the thickness of the polar head group
Dpy=9 A, evaluated from X- -ray diffraction (Nagle and
Tristram-Nagle 2000). Consequently for DMPC, water
molecules penetrate into the hydrocarbon chain reglon
at 3.4 A. Finally, water penetration into the region of
hydrocarbon chains of saturated phospholipids can be
estimated as about 3 A. About hydration of the polar
head region, the obtained value Ny py = 8.0 0.6 can
characterize the number of D,O molecules in the polar
head group of DMPC at 30°C.

The structure of lipid bilayer hydrated by D,O in
the Ly phase is characterized by d=49.6+0.5 A,
A=49. 2i0 9 A% and Nypu = 5.6 £0.5. Averaged over
two component phases the structure of the lipid bilayer
in the Py phdse is characterized by d=48.3+0.6 A,
A=50.4+0.8 A2 and Ny puy = 5.9+ 0.4.
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Membrane thickness 45.5 A in the L, and 49.6 A in
the Ly phases of extruded vesicles in D,O is larger than
the relative corresponding values of 43.4 and 482 A
evaluated from MLVs hydrated by H,O. Two reasons
could be the source of this difference. The first reason is
the non-equilibrium structure of extruded vesicles and
the dependence of the bilayer parameters on membrane
curvature. DMPC bilayer is stressed after extrusion and
extruded vesicles aggregate into MLVs. The second
reason could be the difference in the bilayer structure
hydrated by D,O and H,O. Strengths of hydrogen and
deuterium bonds are different (Matsuki et al. 2005).
X-ray diffraction study shows no difference in the repeat
distances of the DMPC hydrated by H,O or D,O in Ly
and Py phases, whereas the repeat distance of L, phase
in D,O is about 0.5 A smaller relative to that in H,O
(Kobayashi and Fukado 1998). This experimental result
is inconsistent with the presented 2.1 A increase of
DMPC membrane thickness in D>,O and demonstrates
that the main component is the influence of the mem-
brane curvature.

Conclusions

The separated form factor model of the small-angle
scattering can be used for data interpretation for vesicles
with a radius larger than 250 A. The Shultz distribution
describes well the vesicle shape and size for vesicles
prepared via extrusion through pores of 500 A. Average
vesicle shape is near to spherical (eccentricity 1.1) for the
L, phase of DMPC and deviates sufficiently from
the sphere in Ly and Py phases (eccentricity 1.6). The
approximation of the neutron scattering length density
across the DMPC bilayer in the L, phase as hydro-
phobic and hydrophilic regions with linear water dis-
tribution describes the internal bilayer structure without
any preliminary structural information. The step func-
tion approximation of the scattering length density al-
lows evaluation of the DMPC membrane thickness and
neutron scattering length density of the polar head
group in the Ly, Py and L, phases based on the pre-
liminary structural information about the thickness of
the polar head group. The DMPC bilayer thickness of
the curved ULVs after extrusion in D,O (49.6 £0.5 and
45.5+£0.6 A in Ly and L, phases, respectively) is larger
relative to that of the flat membrane (48.2 and 43.4 A in
Ly and L, phases, respectively). Information about the
specific volume of the lipid molecule allows one to
receive additional structural information from SANS. A
preliminary knowledge of the DMPC molecular volume
allows one to calculate bilayer hydration and lipid
surface area. Average structure of lipid bilayer in
the Py phase is characterized by d=48.3+0.6 A,
A=50.4+£0.8 A and Ny pg =59 £0.4.

The results presented here emphasize the importance
of appropriate models and approximations for the
interpretation of SANS data. The usefulness of SANS
technique for the characterization of the internal bilayer

structure and hydration was described for vesicular
systems. Development of flexible vesicles for penetration
through human skin is one from perspective nanotech-
nologies of the drug delivery systems (Cevc et al. 2002).
The methods discussed herein can be used for the
characterization of such vesicular systems during their
formulation.
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