


1. INTRODUCTION

Dimethyl sulfoxide has two very important biological properties. The first DMS3O
property is its ability to protect a variety of cells from the damaging effects of freezing and
storage at a very low temperature. The second one concerns the modification of X-ray induced
damage in cells and whole animals when DMSO is presented before and during exposure 0
radiation [1].

The main purpose of cryobiclogy is to find an "optimal” way for cooling biological
systems down to low temperatures (about the femperature of liquid nitrogen) and to prevent
the crystallisation of water inside of the biological tissue. One of the problems here is a long
time, compared with the time of ice formation, of freeze-induced dehydration (diffusion of
water molecules through the membranes from the biological tissue to the conserving solvent).
The mechanism of DMSO cryoprotection is stilt debated [2] and on the molecular level is not
clear till now.

DMSO makes hydrogen bonds with water molecules. The structure of binary
DMSO /water system has been investigated by means of the spin-lattice relaxation and
chemical shift behavior of water and DMSO protons [3]. It was found that DMSO and water
molecules have a tend to form hydrogen bonds in the relation 1/2 (mole DMSO fraction
Xpuso = 0.33) or 1/3 (Xpmso = 0.25). The DMSO /water phase diagram is well-known [4].
The phase behavior of binary DPPC /water system has been investigated by calorimetry [5].
The influence of DMSO fraction on the pre-transition existence and on the repeat distance of
DPPC multilamellar structure has been investigated [6] for the region of small DMSO mole
fraction Xpymso < 0.13. A conclusion about the decreasing of intermembrane solvent space
with the increasing of DMSO concentration was made.

In present work the DMSO influence on 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) membranes was studied by X-ray diffraction, small-angle
neutron scattering (SANS) and differential scanning calorimetry (DSC). Qur purpose was (o
obtain information about the changes in the structure of DPPC in the present of DMSO at
T=20°C and about the ice formation (melting) under the cooling (resp. thawing). Calorimetric
and X-ray diffraction measurements was performed in order to explore the main phase
transition in the DPPC bilayers and the influence of DMSO on the membrane structure for

mole DMSO fraction 0 £ Xpyso £ 1

FIGURE 1. Model of phospholipid/water
multilayers. Water molecules are divided into
three fractions: the first one — free water
‘molecules located into the center of
intermembrane space, the second — bound
water molecules  located  into  the
intermembrane space pear the polar head of
DPPC molecules and the third - bound water
molecules located into the spatial region of
DPPC head groups.

Phospholipid /water multilayer system can be represented as described at Fig. 1. It is possible
to divide the water molecules into two fractions; the first fraction — molecules bonded to polar
head groups of phospholipid molecules and located in or near the region of DPPC head
groups, so-called bound water, the second — so—called free water molecules, which exist



between lipid bilayers without any interaction with membrane surface. The bound water, in
turn, can be divided into the fraction of molecules embedded into the spatial region of polar
head groups and the fraction located into the intermembrane space near the polar head groups.
The bound water is in the interaction with the head groups of DPPC. The numbers of bound
water molecules located into the region of polar head groups and into the intermembrane
space are equal to 2.2 and 8.6 per one DPPC molecule respectively, the number of free water
molecules per one DPPC molecule equals 4 (7, 5.

2. MATERIALS
i,2-dipatmitoyl-sn-glycero-3-phosphatidylcholine (DPPC, over 99% purity) was
_ obtained from Sigma-Aldrich corporation (Paris, France). Spectrophotometric grade Dimethy!
sulfoxide (DMSO, over 99% purity) was produced by Aldrich (Paris, France). Water (18 MQ
- cm) was obtained by means of Millipore.

3. SAMPLE PREPARATION

The samples were prepared either in eppendorfs for calorimetry or in capillaries for X-
ray diffraction. The X—ray quartz capillaries (1.5 mm diameter and 0.01 mm wall thickness)
were purchased from GLAS company (W.Muller, Berlin, Germany). Desired amount of lipid
and DMSO / water sclution was placed in the containers. Both eppendorfs and capillaries
were hermetically sealed. The samples were heated up to a temperature above the main phase
transition temperature, sonicated (slightly, in order to prevent cracking of the capillaries) for
5min in the Branson sonicator, stored at this temperature about 3 hours and then cooled
down to a room temperature. The process was repeated 4 times in order to obtain
homogeneous DPPC multilamellar suspension. For the differential scanning calorimetry
measurements, one drop of sample was placed in the sealed aluminium platelets. The sample
weight in the platelets was about 10 to 15 mg. The weight ratio between DPPC and solvent
was chosen to keep constant the number of solveat molecules per DPPC molecule. Let us call
Npmso: Nw: Njjp the number of DMSO, water and DPPC molecules respectively. For DPPC
in pure water the ratio Ny, / Nijp =40.8 corresponds to a 1/} weight ratio. For DPPC in
DMSO / water mixture the ratio (EJDMSO + Ny) / Njjp was kept equal to 40.8. It means that if
Wsol and Wppe are weights of solvent and DPPC respectively then the solvent concentration
in the sample Weo) / (Wgo + Wpppe) i8 larger than 0.5 for all DMSO concentrations. In the
following, the mole fraction of DMSO Xpypg; will be defined as the mole fraction of DMSO
in the solvent mixture Npayso / (Npmso + Nw)- All measurements were performed in the
excess of solvent.

For SANS study we used large unilamellar vesicles which were prepared by extrusion of
a heated (50-60°C) 1% (w/w) DPPC dispersion through Nuclepore membrane filters (potes
with 2000 A in diameter) [8].

4. EXPERIMENTAL TECHNIQUES

X-ray diffraction patterns were measured at LURE on D22 beam lines of DCI
syachrotron ring. The period d (repeat distance) of the layered structure was determined from
the position of the diffraction peak by using Bragg equation: 2d sinf = n A, where 8 is a half
of the scattering angie and n is order of diffraction peak, n=1 in our experiment.

SANS measurements were performed at the YuMO time-of-flight small-angle
spectrometer (pulse neutron source IBR-2) in Frank Laboratory of Neutron Physics (FLNP).
Guinier approximation of the small-angle scattering cross-section was used to interpret the

neutron smalt-angle scattering spectra [9, 10]. For extended unilamellar structures (sheets or
vesicles) with a surface area S, a thickness d; of the layer (or radius of gyration R)) much
smaller than the radii of curvature of the surface (or the lateral dimensions of the layer) the
approximation, valid for scattering vectors q in the domain 21/ /S <g < l/R, is given by
cquation (1)
H
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where Ap is scattering length density relative to the solvent. For an homogeneous membrane,
its thickness dj is calculated through the formula d, = RA1Z.

Differential thermal analysis measurements were performed by using the Perkin Elmer
DSC 4 calorimeter. For the investigation of the main phase transition the temperature interval
from 0°C to 85°C and the scanning rate of 2.0 degrees per minute was used. The phase
transition of Lauric acid (Tpp = 43.7°C, AH =42.58 cal/ g) was used for the calibration. For
the study of phase transitions associated with freezing of water and melting of ice the
temperature interval from 20°C to —130°C and the scanning rate of 10 degrees per minute was
used. In this case we used the melting temperature of pure ice for calibration.

5. RESULTS AND DISCUSSION

5.1 Influence of DMSO on the Structure and Main Phase Transitions

Fig.2 presents the consequence of diffraction patterns recorded with acquisition time 2 min
during the heating of sample from T = 25°C to T = 80°C. Heating rate 1°C/min was used in
the temperature ranges 25°C - 40°C and 50°C - 80°C, in the temperature range from 40°C to
50°C heating rate was decreased to 0.5°C/min which gave us 1°C step between the diffraction
patterns. In the temperature interval 25°C - 33°C the diffraction patierns (Fig. 2, patterns 1-5
from the botiom) correspond to the gel Lﬁ' phase. From T =35°C to T=41C (Fig. 2,
patterns 6-9 from the bottom) the membrane exhibits the ripple phase Pg’ which is
characterized by the shift of the diffraction peak to the region of smaller angles and by
decreasing of diffraction peak intensity. At T=41°C a membrane undergoes the phase
transition from Pg-phase to the liquid crystalline Ly phase, so-called main phase transition.
For the sake of more precise determination of the phase transition temperature the heating rate
0.2°C/min was used in the region near the main phase transition, which gave us the accuracy
of +0.4°C for determination of phase transition temperature by X-ray diffraction. With the
increasing of DMSOQ mole fraction the region of Pg- phase decreases and membrane
undulations disappear at Xpyso = 0.10, at the same time the temperature of the main phase
transition increases with the increasing of DMSOQ mole fraction. The same result was obtained
by differential thermal analysis. Fig. 3 presents the DSC curves for 6 samples with different
DMSO mole fraction from Xpwmso = 0.00 to Xpyso = 0.10. For example for curve recorded
from DPPC /water system the first endothermic peak (so-called pre-transition) at temperature
about 37°C corresponds to the transition from Lg’ phase o Pg’ phase. The second
endothermic peak corresponds to the main phase transition from Pg”phase to L phase. The
difference between the pre-transition and the main phase transition temperatures diminishes
while Xpmsg increases so that at Xpyso =0.10 two endothermic peaks are merged together
and pre~transition disappears. The same phenomenon was observed recently {6], but with a
different concentration (Xpyso = 0.04) of the pre-transition disappearance.



Fig. 4 presents the dependence of the main phase transition temperature T}, and of the
repeat distance d of the multilamellar structure at T =20"C on the mole DMSOQ fraction,
which was measured by X-ray diffraction and calorimetry. The values of the main phase
transition temperature obtained by X-ray diffraction and by calorimetry are in good
agreement. We can divide a range of DMSO fraction used into three regions. The first one is
that of small DMSO moie fractions (0.0 £ Xypyy50 < 0.3) there important changes in the repeat
distance and the phase transition temperature are observed. Second one is the region of
intermediate DMSO mole fraction (0.3 £ Xpupso £0.9) there the repeat distance and the
phase transition temperature are constant. In the third region, near pure DMSO solvent, the
DPPC membrane undergoes a transition towards a phase characterized by a smali repeat
distance (52 A) and a high transition temperature {74.2°C).
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FIGURE2. The consequence of diffraction
patterns from DPPC/water system recorded with
acquisition time 2min during the heating of
sample from T=25°C to T=380°C. The
oscillations of intensity in the center of figure
correspond to the direct beam absorption by beam
stop. The symmetrical to the center of beam left
and right peaks correspond to the first order
diffraction from multilamellar structure. The
temperature  region with a decreased peak
intensity is Pg- phase of DPPC membrane.

The repeat distance of DPPC multilayer d is connected with the membrane thickness
dy and thickness of solvent d,,, in the intermembrane space via expression f = di + d,,. The
decreasing of DPPC membrane repeat distance at T = 20°C can occur as a result of dyordy,
decreasing. In order to determine the influence of DMSO concentration on the bilayer
thickness dj SANS experiment with large unilamellar DPPC vesicles was carried out. The
values of DPPC membrane thickness dj obtained at T =20°C with the accuracy 1 A in
Guinier approximation (1) are 49.6 A for Xpyso=0.0, 49.2 A for Xpyso=0.05 and
50.1 A for Xpmso = 0.10. The same results concerning the absence of DMSQ influence on

FIGURE 3. Calorimetric curves for main
phase transition in the DPPC /DMSO /water
system (long sharp peaks) at Xpys0 =00,
0.02, 0.04, 0.05, 0.08, 0.1 and pretransition
(broad peaks on the left side of curves for
Xpmso =0.0, 0.02, 0.04, 0.05). Ordinate
roote in the relative unites, The pretransition
is disappeared after Xpp50 = 0.08.

the membrane thickness were obtained recently from electron density profile of
DPPC /DMSQ /water system for 0.0 £ Xpyso £0.13 [6].
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FIGURE 4. The dependence of l'he main transition FIGURE 5. SANS curves for extruded DPPC
temperature and the repeat distance of DPPC vesicles af T =20°C: ®-in D20 solvent.
membrane on the mole fraction of DMSO in excess R T Ia; 1403 A M- in DMSODN0
sofvent. @ - main phase transition temperature 1= e e ' -
obtained from diffraction meuasurements  with
heating rate 0.2°CAmin and acquisition time 2min
per spectrum, B - main phase transition temperature
obtained from calorimetrical measurements with
heating rate 2.0°C/min, A - repeat distance of
multilamellar liposomes at T=20°C.

solvent with XDMSO =01, R1 = {45203
A. The mucroscopic cross section dZ/dQ
proportional to the q"3 at smalbl values of
scaltering vector g. which correspond tw the
scattering from large vesicles.

Fig. 5 demonstrates SANS curves for DPPC vesicles in DMSO D->0 soivelm.
Scattering curves from vesicles in pure D20 and from vesicles in DMSQ /D20 solbvent wnt.h
Xpmso = 0.1 practically coincide. As it is seen from Fig. 4 the region 0.0 € Xpage £0.10 s
thejrcgion where the main changes in the DPPC membrane repeat distance oceur. The repeat
distance o decreases from 64.0 £ 0.8 A at Xpyso = 0.0 1o 57.9£0.8 A at Xpyysp =0.1 and
with further DMSOQ fraction increasing the repeat distance diminishes slowty to the constant
value of about 57 A. These changes in the membrane structure correspond to the dccreu.\'m_; ol
intermembrane solvent thickness d,, from 144+ 1.8 A at Xpyso =00 to 782 ].‘.\ A
Xpmso =0.1, which can be explained as a reduction of the solvent amount in the
intertmembrane space. . . _ _ ‘

The values of d=640+08A and Jj=49.6+ 1.0 A obtained in our work for
DPPC fwater system at T = 20°C are in good agreement with the values from electron density
modeling of X—ray small-zngle diffraction (SAXS): 4=63.710.3 A and =498+ 23 A
[

5.2. Crystallization of water and melting of ice ‘

Fig. 6a presents the calorimetric curves (Xypso = 0.0, 0.01 0.03, ().05.‘ (H)b_:. 0.1,
0.15) for the binary DMSO /water system under cooling from 20°C down to -130°C \\'l.[h the
rate —10°C / min. For the binury DMSO /water system only one transition is observed in tl_u.\'
temperature range. The shape of the transition remains narrow up w Xingsa = 0.1, but tor -



larger cryoprotector concentration Xyye0 =0.15 the transition becomes broader, as can be
noted from Fig. 6a. A multiplication factor k¥ was introduced o scale the curves so that the
amplitude of the transition remains approximately constant. This factor was found to be
necessary because of the fast decrease of the transition enthalpy when DMSO is added. The
transitions for solutions with Xpysn S 0.10 correspond to creation of binary system which
consists of ice and liquid DMSOQ /water mixture. The eutectic temperature for DPMSO /fwater
system is —63°£1°C [4]. Consequently the transition in the solution with Xpygo=0.10
corresponds to the creation of ice and solid DMSO -3 H,O hydrate,
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Xsma3e0 15,207 FIGURE 6a. DSC recordings of the curves for
1 ~o— the cooling of DMSO Iwater mixtures from
famion 10,1002 209C to ~1209C with the rate —~10°C/min. All
@ — peaks are normalized on the peak height
{normalized coefficients k are presented).
J remsoashkeoce Ordinate root in the relative unites. The
3 V cooling event at Xpyso = 0.15 corresponds
o, smeasnon to the water crystallization fmd eutectic
3 V trihydrate DMSO, output DSC signal become
b smatler and peak broader.
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FIGURE 6b. DSC recordings of the curves for
om0l a8 the cooling DPPC /DMSQ /fwater mixtures at
M V the same conditions as Fig. 6a. All peaks are
I normalised on the peak height (normalised
\Y V coefficients k are presented). Ordinate oot in
oot o6 vk the refative unites. Two phase transitions have
5 T i N \’ been measured for all DMSO concentrations.
3 famsent 05103 At Xpuso=0.1 the both phase transitions
§‘ ¥ became similar and difficult to detectable due
& Xempau0 93,505 to weak output DSC signal. Firs..t transition
= . corresponds 1o the ice formation in the bulk
excess solvent, second one to the ice
o ] RS homogeneous nucleation in to intermembrane
space.
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Fig. 6b presents the calorimetric curves (Xpysq = 0.0, 0.01, 0.03, 0.05, 0.06,
0.07, 0.68, 0.1) for the ternary DPPC/DMSQ fwater systems, obtained under the same
conditions as described above for the binary system. Two transitions are observed on cooling
from T = 20°C down to T =—-130°C. The first one (its temperature is close to the transition
temperature of the solvent) can be attributed to the ice formation in the DMSO /water solvent
(ice formation out of intermembrane space in the bulk solvent). The second transition (its
temperature is from 20 to 45°C lower than that of the first) can be attributed to the freezing of
the solvent trapped into bilayers [5]. A multiplication facter was also introduced here to scale
the data. It can be noticed that these two transitions have distinct amplitude variations with
DMSO concentration. While the amplitude of the first transition is kept roughly constant the
relative importance of the second one increases while DMSO is added. According to our
results and the phase diagram of DMSO /water systern [4] the ratio between the fist and the
second exothermic transitions in the ternary system DPPC /DMSO /water comesponds to the
decrease of the amount of ice created out of intermembrane space compare to the amount of
ice created into intermembrane space. For Xpygn20.05 the second phase transition
corresponds to eutectic transition.

Characteristics of studied systems important for the future discussion were obtained
from the DSC curves recorded under the heating. The melting temperature of ice was
determined as the offset temperature ( the intersection point of the baseline with the tangent to
the back side of the endothermic peak). The offset temperature was chosen because it
corresponds to the end of the melting process (when the last ice crystallites is melted) so that
the composition of the liquid (mole DMSO fraction) in the temary system was equal to the
system composition without ice.

FIGURE7. The dependence of melting
temperature(®C) of ice on DMSO
concentration for the DPPC/DMSQ fwater
system, M pixel and for DMSO /water
solvent, A pixel. The melting point was
determined as offset temperature on DSC
curves.
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Fig. 7 presents the differences in the dependence of melting temperature upon DMSO
fraction for the binary and the ternary system. For each DMSQ mole fraction the melting
temperature of DPPC /DMSO /water system is lower compare with the melting temperature of
the DMSO /water solvent. Taking into account that the melting temperature depends on the
melting of ice in the extraliposomal space, these differences can be attributed to different



DMSO muole fraction in the binary system and in the bulk solvent around of multimembrane

structure in the ternary system. The explanation of this phenomenon is that some fracnop of
water molecules are connected with the polar head groups of membranes and are not mixed
with the DMSO molecules in the terpary DPPC /DMSO fwater system. As a Fesult the real
DMSO concentration X’nmso in the bulk solvent of the ternary system \‘.Vlll be !nghcr compare
with DMSO /water solvent used for the ternary system preparation. It is possible to estimate
the number of water molecules that are not mixed with the DMSO molecules from the results
presented at Fig. 7. The line fitting for binary and ternary systems of the melting lemperaulxr;
dependence on the DMSO fraction gives the values: 'r_bin(xm,so)=-230.3 : XDMSO+. .

and  TierXpmso)= - 3024 - Xpuso +0.58  respectively.  From - t}Ee eg;:u:on
ThinXomso) = TterX puso)} and condition (Npyso +Nw) / Njip = 408 it is possible to
calculate that 10+2.6 HpO molecules per one DPPC mo!ecul;a are never froz:n . ta;:

’ =132X The obtained value of unfrozen water melecules 1S in agreement wi

ﬁe??fl?nown nun[;g?r) of water molecules connected with polar head group of one DPP(?
molecule, which was determined from DSC measurement and is equal to 10 + 11 molecules

5 ) . .
o The membrane repeat distance d is connected with membrane thickness d and the
number of solvent molecules per one DPPC molecule as:
2y, 2¥,
d=d, +—;—::w + ‘:;"'w R+ 2

i lecules n,,pp and free water molecules
Ry = Ryph2 + My 15 the number of bound water molecules 7, :
nxf tt:l;b bothw{nentioned type of the molecules exist In the 1ntermerf1brane e_;pace.
Ryb2 = Ryp — 1 Wy = 2.2 [7] is the number of water molecuies embedded in to region of

the polar head groups. fpuso is the number of DMSO molecules per one DPPC molecule in

the intermembrane space. Yy, =29.9 A3 and Vppygo = 118 A3 are the volumes of water and

DMSO molecules at T = 20°C respectiveiy, A=47.9 AZ is the area of one [')PPC molecule at
the membrane surface in the gel Lg” phase [7]. d] = 49.6 % 1 A is value which not dependent
on DMSO fraction. The number of DMSO molecules can be easy calculated fro.m DMSO
mole fraction in the assumption that DMSO mole fraction in extramembrane space is equal to
DMSQ mole feaction in the “free” intermembrane solvent

XJ‘)MS() n (3)

Poasr = 72 -

X."x'«f,vn
From equations (2), (3) and the experimental DSC result which concerns the conE;tant value_ of
the amount of bound water a,,p = 10£2.6 the decrease of repeat distance d in the region
0.0£ Xpaso < 0.3 can be explained as a decreasing of the quantity of free water molecules in

the intermembrane space. _ ‘ . B
The line interpolation of the d(Xpmso) function (see Fig.3) in the region

0.0 XDMSO <£0.1 giVES:

d= 64— 48.66 XDMSO (4)
In the region 0.3 Xpyso < 0.9 the repeat distance can be estimated as a constant valu? of
57 A. From (4) the value of DMSO mole fraction at which can be reached ethb;:um va]uAc
of d=57A is 0.14. In this case the decreasing of repeat distance from 64 A to 57
corresponds to the decreasing of the number of free water molecules on the value of 2.9 iO:
It is only part of free water molecules which exist in the fully hydrated.DPPC membranes. T ce:
number of free water molecules per one DPPC molecule was determined as a result of DS

study of the ice formation in the DPPC fwater system [5]. this value is 4 water molecutes per
one DPPC molecule.

As a resclt the region of small DMSO mole fraction from pure water to Xpygo = 0.3
corresponds to the decreasing of the number of free water molecules inside of intermembrane
space from 4 to 11204 at Xpysg=0.14. The DMSO-induced dehydration of
intermembrane space increases the main phase transition temperature from Tep = 41°C at
Xpmso =0 to Tep = 52°C at Xppmse =0.3. It is important to note that DMSO and water
molecules form hydrogen bonds in the relation 1/2 (Xpyso =0.33) or 1/3 (Xpaso = 0.25)
[3]. From this approach the dehydration of intermembrane space can be tentatively explained
as a result of the strong connection of free water molecules and DMSO molecules in the bulk
solvent. At 0.3 X506 <0.9 only the bound water exists in the DPPC /DMSQ /water system,
in this region repeat distance = 57 A and the main phase transition temperature Top = 52°C
are constant values.

6. CONCIUSIONS

DMSO molecules strongly interact with water molecules by creation of hydrogen
bonds. this interaction is more intensive compare with the interaction between DMSO and
polar head group of DPPC membranes. DMSO molecules do not penetrate into the region of
polar head groups and thus do not influence on the membrane thickness. nevertheless they
strongly influence on intermembrane solvent thickness and as a result create the DMSO-
induced dehydration of intermembrane space. At a room temperature the quaniity of free
water molecules in the intermembrane solvent decreases with the increasing of the DMSO
mole fraction and at Xppg0 = 0.14 only 1.1 £ 0.4 water molecules per DPPC molecules exist
without connection with polar head groups.
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