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Aim. To determine the effect of the oxyethylated glycerol cryoprotectants (OEG,) with polymerization
degrees n =5, 25, 30 on the phase states and phase transitions of dipalmitoylphosphatidylcholine (DPPC)-
based model membranes. Methods. Differential scanning calorimetry. Results. Model lipid membranes on
water/OEG and water/glycerol subphases with varying cryoprotectant concentrations from 0 to ~ 100 %
w/w were studied. A significant raise in the pre-transition and main phase transition temperatures with in-
creasing OEG, concentration was noted whereas the membrane melting peak persist to 100 % w/w OEG .
A sharp increase in the melting enthalpy was observed for OEG, _ . Conclusions. The solvating ability of

the subphase in DPPC membranes decreases in the order water > glycerol > OEG, _;> OEG,

> OEG,

=25 =30’

which correlates with the relative number of groups effectively contributing to the solvation process.
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Introduction

Most of biologically relevant substances can modify
the structure and functioning of biomembranes, in
particular, by their interaction with lipid bilayers
[1-3]. Cryoprotectants, which are used for suppres-
sion of the ice formation in cells upon freezing, could
also be expected to have a marked membranotropic
activity, both directly and by water-mediated mecha-
nisms. At a high concentration of cryoprotectants,
significant effects on the structure and barrier prop-
erties of biomembranes were noted, as well as inhi-
bition of the membrane protein activity [4—6]. There-
fore, clarification of the mechanisms of cryopro-
tectant action at the cellular and sub-cellular levels is

an important problem of modern biophysics. A stan-
dard approach in studies of the membranotropic ac-
tion is the use of model lipid membranes, in particu-
lar, of phospholipid water dispersions in the form of
liposomes or lamellar structures [1, 2].

Many aspects of the membranotropic action have
been extensively studied for «traditional» cryopro-
tectants like glycerol and dimethylsulfoxide (DMSO).
It is generally accepted that DMSO tends to be local-
ized in the membrane close to carbonyl, glycerol and
adjacent methylene groups [7]. Depending on the
concentration, DMSO can lead to lateral extension
of the membrane, a decrease of its thickness and in-
crease of penetrability, up to eventual disintegration
of'the lipid bilayer [7-9]. As a membranotropic agent
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(MTA), DMSO substantially increases the melting
(main phase transition) temperature 7 of the lipid
membranes based on hydrated dipalmitoylphospha-
tidylcholine (DPPC) [10].

As compared with DMSO, hydrophilic properties
of glycerol are more pronounced, with its partition co-
efficient in the «n-octanol — water» system being equal
to 0.005 (~0.25 for DMSO), which explains a weaker
penetration of glycerol through the cell membrane
[11]. The literature data of the membranotropic activ-
ity of glycerol are rather contradictory. According to
[6, 12, 13], glycerol is localized in the region of polar
groups, affecting the thickness of the phospholipid
membrane and inter-membrane layer of the solvent.
Another opinion is that glycerol does not penetrate to
the region of polar groups of the bilayer and does not
affect the membrane thickness, and its interaction
with water is stronger than that with the lipid polar
groups [14]. It has been shown [15] that temperatures
and enthalpies of phase transitions of phospholipid li-
posomes are not affected substantially when glycerol
substitutes for water, and liposomes of basically the
same structure can exist with subphases of water,
glycerol or ethylene glycol [12].

Such a remarkable property (the ability to replace
water in conditions of membrane dehydration with-
out effects on the lamellar organization of lipids and
their transition from the liquid crystalline to the gel
phase) has been also noted for disaccharides and
urea [15-19]. Thus, trehalose decreases the melting
temperature 7 of dry DPPC even stronger than wa-
ter, also increasing the enthalpy of this phase transi-
tion [19]. This effect is assumed to have an important
biophysical significance. Lowering of the membrane
melting temperature in the dehydration conditions
preserves its liquid crystalline phase state. As a re-
sult, many undesirable processes commonly noted at
the transition from liquid crystalline to gel phase are
suppressed, e.g. the phase separation of lipids or ag-
gregation of membrane proteins [16—19].

An important aspect of the membranotropic ac-
tion of many cryoprotectants (methanol, ethanol,
ethylene glycol, glycerol) is the formation of the in-
terdigitated gel phase L o when hydrocarbon «tailsy
of lipids penetrate (fully or partially) into the adja-

cent layer [12, 20-22]. The liquid crystalline L -pha-
se is preserved, whereas the intermediate phase Pﬂ,
disappears [12, 21, 22]. Along with the X-ray struc-
tural data, the formation of the interdigitated phase is
reflected also in the increased membrane melting en-
thalpy [22], intensity changes in the Raman bands of
methylene groups [23], etc.

Thus, most of the cryoprotectants show the pro-
nounced membranotropic action due to the direct
interactions with the polar region of the lipid mem-
brane and strong interaction with water [6, 24, 25].
Therefore, further studies of the membranotropic ac-
tion of cryoprotectants and clarification of its mech-
anism are very important for the development of
new cryoprotectant media and within the framework
of the general problem of membrane interaction with
guest compounds.

One of the promising methods for the synthesis of
new cryoprotectants is oxyethylation. Thus, by oxy-
ethylation of glycerol a homologous series of com-
pounds could be obtained with very similar proper-
ties but different molecular mass. Such substances —
oxyethylated glycerol derivatives with different de-
gree of polymerization n (OEG,) [26-29] — to our
knowledge, have never been studied from the view-
point of their membranotropic effect. In our work,
we studied the phase transitions of DPPC model
membranes using water/OEG,_(n = 5, 25 and 30)
mixtures as a subphase. In the subphases, water was
gradually replaced by the cryoprotectant in continu-
ous series of the water/OEG ratios. For comparison,
control experiments in the identical conditions were
carried out for DPPC membranes with water/glyc-
erol mixtures as a subphase (as noted above, the
membranotropic properties of glycerol could be con-
sidered as sufficiently well studied).

Materials and Methods

Materials

Oxyethylated glycerol cryoprotectants with polym-
erizatiom degrees 5, 25 and 30 (OEG_,, OEG _,
OEG__, ) were synthesized at Barva chemical plant

(Ukraine) by the technology developed at the Insti-
tute for Problems of Cryobiology and Cryomedicine
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Fig. 2. DSC thermograms of DPPC membranes on water/OEG
subphase in the heating mode for samples with different mass
concentration of OEG__; in the subphase
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Fig. 3. Phase diagram of DPPC membranes on water/glycerol
subphases with different glycerol content: 1 — melting tempera-
ture 7 , 2 — pre-transition temperature T . Insert shows the mel-
ting enthalpy. Designations of phases are the same as given in
the text
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[29], where they were additionally purified. The
chemical structure of OEGs is shown in Fig. 1. DPPC
(Avanti Polar Lipids, USA) was used for preparation
of model membranes in the form of multilamellar
dispersions on the water/cryoprotectant subphases.

Model lipid membrane preparation

DPPC multilamellar dispersions were obtained by
lipid hydration (1:3 w/w) and incubation at room
temperature for 7-8 days with periodical heating up
to ~50 °C and intensive stirring [30]. Comparison of
the pre-transition (Tp) and main phase transition (7))
temperatures with the literature data [30, 31] was
used for control of the model membrane quality. Bi-
nary DPPC+water systems with water content from
0 % to 97 % w/w , as well as DPPC multilamellar
dispersions on the water/OEG,_ and water/glycerol
subphase (ternary systems DPPC+[water/OEG ] and
DPPC+[water/glycerol]) were obtained in the simi-
lar way. The subphase composition was varied from
100 % water to ~100 % cryoprotectant.

Differential scanning calorimetry

Thermograms of the systems studied were obtained
using a Mettler DSC 1 calorimeter (Mettler Toledo,
Switzerland). The samples (approx. 20 mg) were
placed into aluminium crucible and sealed. For each
sample, no less than four cooling-heating cycles
were recorded with scanning rate 2 K/min. The pa-
rameters of the phase transitions were determined
using the original Mettler DSC 1 STAR® software.
The experimental error for 7', value was +0.1 °C, for
AH value —+1.5J/g.

Results and Discussion

Fig. 2 shows the thermograms of model phospho-
lipid membranes on the water/OEG__, subphase nor-
malized with respect to the mass of dry DPPC for
different cryoprotectant content in the subphase. The
thermograms obtained with OEG ., OEG_, and
glycerol in the same conditions are qualitatively si-
milar, though the effect of glycerol upon phase tran-
sition peaks of the DPPC membranes is much weak-
er. In the DPPC-water system (0 %), two phase tran-
sitions are observed in the heating mode: pretransi-
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tion (T,=35.6°C) from the L 5 gel phase to the inter-
mediate («ripple») phase P, and the main phase
transition or the membrane melting (7 = 41.8 °C)
from the Pﬁ, phase to the liquid crystalline L phase,
which is in agreement with the literature data [30,
31]. For all the OEG_ used (n =5, 25, 30), the main
transition peak was preserved in all the concentra-
tion range up to complete substitution of OEG for
water in the DPPC+[water/OEG ] system. A similar
picture was reported for replacing water with glyc-
erol [12], which is also confirmed by our data.

Based on our DSC thermograms and literature
data [12], the phase diagram for DPPC membrane on
the water/glycerol subphase can be presented (Fig. 3).
The effect of glycerol upon T, and 7 is rather weak;
at glycerol concentration in the subphase above 60 %
w/w the pretransition peak apparently disappears,
and the T’ peak enthalpy increases by ~5 J/g, which
can be a marker for formation of the interdigitated
gel phase L, [20]; this is confirmed by the X-ray
structural data [12].

The phase transition temperatures T, and T for
systems DPPC+[water/OEG ] (a), DPPC+[water/
OEG,__,,] and DPPC+[water/OEG__, ] (b) are pre-
sented in Fig. 4. With higher OEG, concentrations,
the phase transition temperatures increased. This ef-
fect is more marked for T, than for 7', which sug-
gests the predominant interaction of the cryopro-
tectants with the polar region of the membranes.
When the OEG_ fraction in the subphase exceeds 20 %,
w/w the pre-transition peak is getting overlapped
with the stronger melting peak. The melting peak be-
comes smeared at the OEG, content above 30 %, re-
flecting weaker cooperativity of the main phase tran-
sition; however, it persists on the thermograms up to
~100 % of OEG  in the subphase. Two regions can
be singled out on the 7| vs. OEG_ concentration de-
pendence. Up to 40 % of the cryoprotectant, 7 grows
slowly, and above 40 % the 7T increase becomes
rather noticeable, especially for OEG _ ;and OEG .
The maximum increase in 7 is by ~25 °C at ~100 %
OEG __,,. It can be assumed that the OEG, cryopro-
tectants, similarly to glycerol, lead to interdigitation
of the lipid membrane. However, the melting enthal-
py (AH ) data support this assumption only for the
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Fig. 4. Temperatures of melting 7' (1) and pre-transition T, (2)in
systems DPPC+Hwater/OEG ] (4), DPPC+[water/OEG ] and
DPPC+[water/OEG _, ] (B) as function of OEG content in the
subphase. Insert shows the values of melting enthalpy AH |

DPPCHwater/OEG __ ] system: AH increase is obser-
ved when the cryoprotectant content in the subphase
increased from 20 to 40 % (Insert, Fig. 4, A). For
DPPC+[water/OEG __ .]and DPPC+[water/OEG __, |,
no clear jumps of AH on the concentration depen-
dence are observed. Further clarification on eventual
induction of the interdigitated phases by OEG_ cryo-
protectants could probably be obtained by the X-ray
structural analysis.

Let us consider in more detail the effects of cryo-
protectants on the melting temperature of the phos-
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pholipid membranes. In Fig. 5 one can see 7 as a
function of water concentration for ternary systems
(DPPCHwater/OEG,_], DPPC+water/OEG, _,] DPPC+
[water/OEG, _, | and DPPCHwater/glycerol]). For com-
parison, the data for the binary system DPPC+water
(without cryoprotectant) are also presented.

From the data of Fig. 5, it can be concluded that
the effects of cryoprotectants on the melting tem-
perature of lipid membranes can be considered in
two aspects: 1) an increase in 7, when water is re-
placed by the cryoprotectant, and 2) lowering T’ due
to solvation of the dry lipid by the cryoprotectant.
Let us consider this in more details.

It is known that in the binary system DPPC+water
the value of T, for the fully hydrated DPPC is practi-
cally constant [18, 30]. With continuous dehydrati-
on, when the water content becomes less than ~30 %
(which corresponds to ~18 water molecules per one
molecule of DPPC), T noticeably increased, reach-
ing ~110 °C for dry DPPC [18] (Fig. 5). This can be
explained by stronger Van-der-Waals interactions
between the hydrocarbon «tails» due to a decrease in
the cross-section area of polar lipid «heads» [19]. In
the ternary systems, when water is replaced by cryo-
protectant, the melting temperature increases, as-
suming the values between T’ of hydrated DPPC and
T of dry DPPC (Fig. 6, 4). The T increase is rather
small when the OEG_ concentration is still below
~40 % w/w. One can assume that in this concentra-
tion region there is enough water in the system for
hydration of both the lipid and OEG . When the cry-
oprotectant content is further increased, the available
water is not sufficient for hydration of the polar re-
gion of the lipid membrane and the OEG, molecules,
and solvation of the membrane by the cryoprotectant
molecules begins to play an important role. Thus,
with further dehydration of the system, T’ increases,
not reaching, however, the values noted for the dry
DPPC because of solvation of the polar region of the
DPPC membrane by the OEG, molecules (Fig. 6, 4).

Accounting for [16-19], it can be concluded that
the lowering of T’ of the dehydrated lipid due to its
solvation by the cryoprotectant is of an obvious bio-
physical significance. One may assume that this val-
ue reflects the solvating ability of the subphase with
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respect to the lipid membrane. The obtained experi-
mental data show that at a higher polymerization de-
gree n of the cryoprotectant the decrease in 7, be-
comes less pronounced, i.e., the solvation ability of
OEG, decreases with the increase in n. Taking water
as the reference, the solvation ability of the subphase
decreases in the series: water > glycerol > OEG__ >
OEG,_,, > OEG__,,.

In this series the number of polar groups N per one
molecule increases (Fig. 6, A), but the number of po-
lar groups normalized with respect to the molecular
mass M (N/M) decreases (Fig. 6, B). In the OEG_
molecules two kinds of polar centers can be distin-
guished that can interact with the polar region of the
membrane (and with water) — hydroxyl groups (-OH)
and ethoxy groups (~CH,~CH,~O-). With a higher
n, the relative number of ethoxy groups is larger, and
that of hydroxyl groups is smaller. It should be noted
that only hydroxyl groups are present in water and
glycerol molecules; the solvating abilities of water
and glycerol (estimated by 7 depression of dry
DPPC) are close to one another and are much higher
as compared with OEG . In other words, the hydrox-
yl groups are more efficient as solvating agents for
DPPC membrane than the ethoxy groups.

This statement can be supported by following specu-
lations. In zwitterionic DPPC molecules there are two
charged centers, namely, negatively charged oxygen
atoms in phosphate groups and positively charged ni-
trogen in choline groups. Unlike negative charge of
oxygens, the nitrogen positive charge is screened by
three methyl groups. So, the membrane solvation pro-
cess is essentially determined by interaction between
negatively charged DPPC phosphate groups and atoms
with sufficient positive charge from the subphase mol-
ecules. This positive charge is located on hydrogen of
the hydroxyl groups, which can explain their higher
solvating ability as compared with ethoxy groups.

Returning to Fig. 6, B, the non-linear plot describ-
ing the solvating ability of subphase is a multi-pa-
rameter function, depending on both quantity and
quality of polar centers in subphase molecules. In-
deed, for OEG, ( points 3 to 5 in Fig. 6, B) the Tm
values dramatically increase, whereas the relative
number of polar centers is slightly diminishing.

Additionally, with a higher molecular mass of the
cryoprotectant the probability of efficient interaction
of all its polar groups with the polar groups of the
lipid molecules decreases due to steric factors.

Thus, the decrease in the solvating ability of the sub-
phase for DPPC membranes is in the following or-
der: water > glycerol > OEG, _,>OEG,__,.>OEG__, .
This can be explained by the lowering of the relative
number of hydroxyl groups that effectively contrib-
ute to the solvation process.

Conclusions

For the first time, the DPPC model membranes on
the water/oxyethylated glycerols (OEG, ) subphase
with varying OEG, concentrations from 0 to ~ 100 %
were studied by DSC method. It has been shown that
the OEG, cryoprotectants substitute for water, with a
substantial increase in the pre-transition and melting
temperatures of the model membranes. The melting
peak was clearly observed up to ~100 % OEG . With
OEG, substituting for water, the melting tempera-
tures of DPPC membranes were lower as compared
with dry DPPC. The cryoprotectant concentration
range was determined (20—40 % w/w) where the
melting enthalpy of the DPPC membrane on the wa-
ter/OEG,__ subphase sharply increased. The solvat-
ing ability of the subphase with respect to DPPC
membranes decreases in the following order water >
glycerol > OEG__, > OEG_,, > OEG__,, which cor-
relates with the relative number of the groups effec-
tively contributing to the solvation process.
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BiusiHe KPHONPOTEKTOPOB IPYNIbI 0CKH3THIMPOBAHHBIX
NPOM3BOJHBIX INIMIIEPUHA HA ()a30BbIe Mepexoabl
MOJe/IbHBIX MeMOpaH Ha ocHoBe JJIIDX

H. A. Kacs, A. O. Kpachukosa, O. B. Barenxko,
JI. H. JIucenuxwii, A. B. 3uHueHKo,
A. M. Komnanuen, M. B. Parymmnas

enn. YcraHOBIEGHHE BIMSHHS KPHOIPOTEKTOPOB TPYIIIBI OKCH-
STHIIMPOBAHHBIX MPOM3BOMHBIX mmieprHa (OOI) co crenensamu
nomMepr3armu n = 5, 25 u 30 Ha (a3oBbIe COCTOSHUS U (a3OBbIe
TepexoIbl MOZIENBHBIX JIMITHIHBIX MeMOpaH Ha ocHoBe JIIDX.
Mertons!. [IuddepenimanbHas ckaHupyroLas Kanopumerpus. Pe-
3yJbTarbl. I/ICCHC,HOBaHbI MO/ICJIBHBIC JIMITU/IHBIC MeM6paHbI Ha
cybase Bona/OOI | 1 BOIa/IIMIIEPHH C BAPHUPOBAHMEM KOHIICH-
Tpauuu kpuomnporekropa ot 0 1o ~100 mace. %. C yBenuueHu-
em xonnerpanuu OOI | CyIeCTBEHHO BO3PACTAIOT TEMIIEPATyPh
HPETIePEexo/ia ¥ IUTABICHHS MOZIETIBHOM MEMOpaHBI, IIPH 3TOM ITHK
TUIABJIEHMS COXpaHAETCst BILIOTH 10 100 mace. % OO . na OOT
0OHAPY)KEHO 3HAYMTENILHOE BO3PACTAHHE DHTAJBINK IUIABICHHS
MeMOpaHbl. BeiBoabl. ConbBaTupyroias cnocoOHOCTh cyoda-
351, OI[CHEHHAs 110 CHIDKEHHIO TEMITEPaTyphI IUIABISHUs CYXOTO
JIIDX, cHimkaeTcst B psiLy Boza > TIHICPUH > O3I*n:5 > 03111:2 5>
> O0I__,, 9TO KOPPEIUPYET C yMEHBIICHHEM YIEIBHOTO KOJIH-
4ecTBa Y3QPEKTUBHO YUACTBYIOIIUX B COJIbBATAIIUM TPYIIIL.

KnwuyeBbie cJI0Ba: MOACIbHE JHUIUAHBIE MEMOpPAHBI, OK-
CHATHIMPOBAHHBIE TPOU3BOHBIC IIUIEPHHA, (Pa30BbIe Eepexo-
JIBI, COJIbBATALMS

BnuiMB KpionpoTeKTOpiB rPyNu OKCHETHILOBAHUX
MOXiIHMX IIinepuHy HA ¢a30Bi nepexoau MoeJbHUX
MemOpan Ha ocHoBi AMPX

H. O. Kacsn, A. O. Kpachikosa, O. B. Bamienko,
JI. M. JIuceupkuii, O. B. 3inueHko,
A. M. Komnasienp, M. B. Parymna

Meta. BcTaHOBICHHS BIUIMBY KPiOIIPOTEKTOPIB TPYIH OKCHE-
THIbOBaHUX Noxinaux ruinepuy (OEL ) 31 crynensamu momi-
Mepmzanii n =5, 25 u 30 Ha ¢a3oBi cTaHu Ta (a3oBi Mepexoau
MOJENbHUX JNimigaux MeMmOpan Ha ocHoBi JAIIDX. Metoau.
Judepenuianpaa ckanyioda kamopumetpis. PesyabraTu. [o-
CJIiKEHO MOJICNbHI JiNiHi MeMOpanu Ha cyOdasi Bona/OEL"
Ta BOJA/IIIIEPHH 13 BapilOBaHHSAM KOHIICHTpAIl KPiONpOTEK-
Topy Bit 0 10 ~100 mac. %. 3i 36imbuennsm konrenTpanii OB
CYTTEBO 3pOCTAIOTh TEMIIEPATyPH MEPEANEPEXO/IY Ta IIaBICH-
HSl MOJeNIbHOI MeMOpaHu, IpU FOMY TIiK IUTaBICHHA 30epira-
erbes 1o 100 mac. % OEL . ina OET _ Binnaiineno 3naune
3pOCTaHHSI CHTAbIIl IUIaBIeHHS MeMOpaHu. BHcHOBKH.
CoupBaTyroua 31aTHICTh cyO(dasu, 1o OlliHeHa MO 3HUKCHHIO
TeMIrepaTypu 1miasiaeHHs cyxoro AIIDX, 3HIDKyeTbCs y HU3II
BOJIA > TIILIEPHH > OEF“:5 > OEF“:25 > OEF“:30, 10 KOPEJTIoE 31
3MEHIICHHSIM IMUTOMOI KiJIbKOCTI TPYII, IO €(eKTHBHO OEPYTh
y4acTh y COJbBaTAallil.

Kiaw4uoBi ¢10Ba: MoCIbHI JIiMTiTHI MEMOpPaHH, OKCHETHITBO-
BaHi ITOX1/HI TIIepuHy, (a30Bi HEPeXoaH, COIbBATALLIS.

Received 26.11.2014

153



