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Effect of guests molecules on phase transitions of model lipid membranes was studied
by differential scanning calorimetry. Membranotropic action of guest molecules was estimated
from the shift of "gel — liquid crystal” phase transition temperature of lipid membranes.
Relationships between membranotropic action and molecular parameters of guest molecules
(volume, surface area, dipole moment, anisometry, lipophilicity coefficient, fraction of the polar
area, etc.) were examined. For most of the lipophilic substances studied a high linear correla-
tions between membranotropic action and lipophilicity coefficient (r = 0.86), as well as fraction
of polar molecular area (r = —0.83) were established. For hydrophilic substances such correla-
tions were not found. For groups of substances with similar chemical nature (glycerol deriva-
tives, ammonium compounds), high linear correlations (r > 0.8) were established between mem-
branotropic action and such molecular parameters as surface area, volume, dipole moment.

Keywords: liquid crystal, lipid membranes, differential scanning calorimetry, hydrofobic,
hydrophilic substances.

Merogom audepeHITUANLHON CKAHUPYONIEH KaJOPUMETPHUU MCCIEAOBAHO BIUAHUE PA3TINU-
HBIX T00aBOK Ha (DasoBBLIE TEPEXOAbl MOAETBLHON JUTMUAHON MeMOpaHBI. MeM6paH0TponHoe nmeti-
CTBUE /106aBKI/I OLIEHWBAJIOCHL TI0 CABUTY TeMIepaTyphl (PasoBOro Mepexoja  Teflb — KUAKUN
KPUCTANJ JIUNUAHON MeMOpaHbl. PacecMoTpeHa CBA3L MeMOPAHOTPOIHOTO AeHCTBUA A00AaBKH C
eé MOJIeKYJAPHBIMHM TapaMeTpamMu (00BEM, MJIOIIATL TOBEPXHOCTM, MUIOJLHBINI MOMEHT, CTe-
TeHb aHW30MEeTPUU, K03(MPUIeHT TUTODUILHOCTH, MOJA TOJAPHON TMOBEPXHOCTH MOJEKYJIBl U1
Ip.). YcTaHOBIEeHA BBICOKAA JUHEHHAS KOPPEIANNA MeMOPAHOTPOIHOTO AeiicTBUA ¢ KoadhuIm-
eatoMm JumoduasbHocTn (r = 0.86), a TakKe moseil TONAPHON TOBEPXHOCTH MOJIEKYABI (1 =
—0.83). Ina ruaapodUAbHBIX BEIECTB TOAO0HbIe KOPPeaANMM He oO0HApPY:KeHBI. ia rpynn
BEIeCTB OJU3KOI XUMUYECKOH TPUPOALI (AMMOHWEBBIX COEAMHEHWH U MPOMSBOAHBIX TJIUIEPU-
HA) YCTAHOBJEHA BbICOKasd JuHelHad Koppeaanus (r > 0.8) memOpaHoTpomHOro mAeiicTBUS C
TAKUMU TIapaMeTpaM¥, KaK TJIOMIAaTh TOBEPXHOCTH, 00BEM U AUTIOIBLHBLIE MOMEHT.

Kopenanii mi:xk MoJerynsapHMMH HapaMeTpaMH PEYOBHH Ta iX [Ji€l0 Ha MOAEJBHI
aimigai mem6panu. A.0.Caduenrxo, O.B.Bawenro, H.O.Kacan, JI.B.Bydancvra, JI.M.JTuceuvruil.

Merogom mudepeHIiaIbHOL CKAHYIOUOI KAJIOpUMeTpPil JOCHiIKeHO BILINB PI3HUX AOMIIIOK HA
dazoBi mepexomu mMomeabHOI JimigHoi memOpanu. MemOpaHOTPOIHY [il0 JOMIIIKHK OIliHEHO 3
3CyBOM TeMIepaTypu (PasoBOro IIEPEXOLy rejab — Pigemil Kpueran' aimigaoi memOpanu. Pos-
MVIAHYTO 8B 30K MeMOpaHOTPOIHOI mil 8 MOJEKYJIAPHMMM IlapaMerpaMu jgoMimox (o6’em,
ILJIOIA IIOBEPXHi, AUIIOJIBHUUA MOMEHT, CTYIIiHb aHizomerpii, Koedimienr minodinpuocri, vacTra
MOJIAPHOI IMOBEPXHI MOJIEKYJH, TOIO.). BecTaHOBIeHO BMCOKY JiHIMHY Kopeadrio MemMOpaHo-
TpomHoi il 3 Koedimienrom ainodineaocti (r = 0,86), a TAKOXK YACTKOIO IIOJAPHOI MOBEPXHI
mogaeryau (r = —0,83). Husa rigpodinpaux mominrox Tari Kopendiii He Buasieno. Has rpymn
peuoBuH O0am3bKol ximiumol nmpupoxu (amonifioBl cmosykwy, moxigui riinepuHy) BCTAHOBIECHO
BUCOKY JiHiliHY Kopensmio (r > 0.8) memOpanorponHoi xii 8 TakuMy IapamMeTpaMu, AK ILIOILA
HoBepXHi, 06’€M, QUIIONBHUNA MOMEHT.
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1. Introduction

One of important and, at the same time,
difficult problems of materials science is
correlation between properties of a compos-
ite material and features of its components.
Materials based on water-lipid structures,
viz., liposomes, micelles, bilayers, etc., are
widely used now for both fundamental and
applied research with important biomedical
applications, such as liposomal drug deliv-
ery systems [1-3]. Drug — lipid interac-
tions problem gained substantial topicality
in the last decades [4—6]. One of the impor-
tant aspects under consideration is the influ-
ence of drugs (or other guest molecules) on
properties of lipid membranes, which is com-
monly designated as membranotropic effect.

The membranotropic effect depends on a
variety of factors including molecular pa-
rameters of guest molecules, so its predic-
tion appears as an unconventional problem.
At present, only qualitative comparison of
membranotropic effects in relationship to
particular molecular features could be
found in literature. So the task of the pre-
sent study was to analyze various molecular
parameters of guest molecules in lipid mem-
branes, pointing out those that could be the
most important and determinative for mem-
branotropic action.

Our concept of considering model phos-
pholipid membranes as a sort of functional
materials promising for their use in drug
discovery studies was recently substantiated
in [7], where phosphatidylcholine-based sta-
tionary phases were used in artificial immo-
bilized membrane (IAM) chromatography.

2. Materials and methods

Membranotropic effects of about 30 vari-
ous substances were studied by means of
differential scanning calorimetry (DSC) in
model membranes of hydrated L-o-dipalmi-
toylphosphatidileholine (DPPC) with water
content 65 wt. % . For DSC measurements,
a Mettler DSC 1 microcalorimeter was used,
and two scanning cycles “cooling — heat-
ing” at 2 K/min were performed for each
sample in the temperature range of the
DPPC membrane pre- and main phase tran-
sitions. The temperature of the main phase
transition (or “"gel — to — liquid crystal”
transition), T,,, should be especially noted
as a primary parameter for evaluation of
membranotropic effects.

In order to compare the results of differ-
ent experiments, the membranotropic activ-
ity parameter (a,) was suggested [24]. It
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corresponds to the change in T, resulting
from introduction of 1 % w/w of a certain
substance into the membrane:

a,=—=-=- 1)

were AT, is the shift of T, under introdue-
tion of the guest substance, ¢ is the weight
concentration of the guest substance with
respect to dry DPPC. The mass-additive
concentration term was chosen because the
absence of chemical or other specific inter-
actions in the system was assumed as first
approximation.

The lipophilicity coefficient, logP, was
estimated using Virtual Computing Chemi-
cal Laboratory [8]. We have used seven dif-
ferent techniques, such as Pharma Algo-
rithm (AC_logP), Molinspiration Algo-
rithms (miLogP, ALOGP, MLOGP; soft
DragonX) [9,10], XLOGP2 and XLOGP3
(soft XLOGP2, XLOGP3) [11] as well as
ALOGPs (soft ALOGPS 2.1) [12].

Such molecular parameters as total area
(Siotal)> volume (V,)), dipole moment (u) and
geometrical dimensions (r,, r,, r,) were calcu-
lated by semiempirical method AM1 using
software MOPAC 2012, version 15.347TW
[13]. Parameter Spolar was obtained from [14].

Basing on these values, a number of mo-
lecular parameters were calculated, such as
fraction of the polar area (S,u,,/Storar)» 88
well as molecular anisometry (&), and an-
isotropic interaction area (S,), which were
obtained, according to [28], as

P ') (2)
Tyt Ty
Sp=k - Siorar (3)

where r, is the largest linear dimension of
the molecule, r,, is the largest dimenstion
from r, and r,. Parameter £ is 0 for spheri-
cal molecular shape and close to 1 for the
rod-like shape. Parameter S; is intended to
take into account molecular size.

Matrices of linear correlation coefficients
were compiled for various groups of sub-
stances. Correlation coefficients r between
parameters X and Y were obtained as

D(x-By -7 (4)
VY (x - 22y - )

r(x,y) =
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Fig. 1. Classification of membranotropic ef-
fects (with examples).

were ¥ and y are the mean values in the
group. Linearity of the correlation is pro-
vided by relatively small concentration of
the substance used for a, determination.

3. Results and discussion

Our tentative classification of membra-
notropic effects made on the basis of both
literature and our own data [15—24] is pre-
sented in Fig. 1. Two main mechanisms of
the membranotropic effects could be speci-
fied, namely, (1) primary interaction of the
drug molecule with the hydrophobic part of
lipids ("absorption™) and (2) primary inter-
action to the hydrophilic part of lipids ("ad-
sorption™). Such interactions result in
changes in the cross-section (1) of non-polar
part of lipid molecule and corresponding in-
creasing/decreasing of free volume, and (2)
of polar part of the molecule due to hydra-
tion/dehydration processes, respectively.
Since the main condition of the membrane
planarity is eylindrical shape of lipid mole-
cules, changes in one part of the membrane
imply changes in another one. Within both
mechanisms, increase or decrease of T,
could be observed, as well as formation of
new phases. The later process implies lat-
eral lipid separation (which is manifested as
appearance of an additional phase transition
peak, like for Ag* and for the drug noobut
[20]) and formation of a new thermody-
namic phase, like for glycerol [25]).

Analysis of literature and our experi-
mental data allowed us to select and classify
the factors defining membranotropic action
of individual substances (Fig. 2). It is clear
that chemical structure and geometric pa-
rameters of a molecule are a priori impor-
tant for all its properties. Also, the electro-
static properties should be significant as far
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Fig. 2. Molecular parameters essential for
membranotropic action.
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as electrostatic interactions are the most
powerful among non-covalent ones.

Lipophilicity is generally acknowledged
as an important parameter. We consider
that lipophilicity of a molecule generally de-
termines its interactions with the membrane
by adsorption or absorption mechanism. Hy-
drophylic molecules are mostly adsorbed at
the lipid-water interface, whereas lipophylic
ones are absorbed, partially or fully, into
the membrane bulk. So, for lipophylic sub-
stances, the most significant effects should
be related to the same molecular parameters
that are known to be important for non-
mesogenic dopants in thermotropic liquid
crystals, namely, anisometry and rigidity
[26]. In addition, we suggest another mo-
lecular parameter, the polar surface frac-
tion which is defined as the ratio of molecu-
lar polar surface area to the total molecular
surface area (Sp1,,/Sio1q)- Generally, both
Sotar/Stotar and <log P> reflect hydro-
philic/hydrophobic properties of the mole-
cule. For hydrophilic substances, various
hydration parameters are important, includ-
ing hygroscopicity [27, 28], cosmotropicity
[17, 29], ete. Finally, the parametric ade-
quacy between corresponding parameters of
the membrane and the molecule become im-
portant [30, 31].

Coefficients of linear correlations be-
tween log P values obtained by various tech-
niques and parameter a,, obtained by Eq. (1)
were calculated (see Part 2). For the whole
set of the substances examined, the correla-
tions were found to be rather weak and un-
reliable (r = -0.22 + -0.42). In our opinion,
this result just confirms that membranot-
ropic effects are caused not by lipophilicity
only, but by the diversity of the molecular
parameters (see Fig. 2). Besides, different
techniques of log P calculation gave rather
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Fig. 3. Mean lipophilicity coefficient and
membranotropic activity of guest substances
in the DPPC membrane.

different values, so for further analysis we
used the average log P values (<log P>).
Collecting of <log P> and a,, data (Fig. 3)
allows us to select 3 groups of substances:
with <log P> < 0 (1), with <log P> ~ 0 (1I),
and with <log P> > 0 (III). For group III,
with <log P> from 1 to 14, negative a,, are
typical, and high linear correlation (r = 0.86)
was obtained between <log P> and a,. The
molecules in this group are apparently ab-
sorbed by the lipid membrane. The only ex-
ception is succynilcholine, a dication that is
most likely adsorbed at lipid/water interface.
All the substances with negative <log P> val-
ues (group I) are polar/charged, so they are
expected to be adsorbed at the membrane sur-
face, without penetration into the inner part
of the membrane. Positive a,, values are typi-
cal for this group. If <log P> ~ 0 (group II),
both negative and positive a,, values were
registered. Obviously, other molecular pa-
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Fig. 4. Molecular polar surface fraction and
membranotropic activity of guest substances
in the DPPC membrane.

rameters become determinative for such
substances.

In Fig. 4, the data on a,, and S,y,,/St1a
are collected for the substances examlned
except of OEGs (because for them no S,,,,
values were available). The large group of
substances could be separated (marked by
grey oval) where reverse correlation be-
tween am and Sp,;,,/Stq takes place. This
group exactly corresponds to group III (Fig.
3). For the other substances, a,, seems inde-
pendent on S olar/Stotal Generally, in the
case of ' absorptlon the higher S olar/Stotal
value, the more disturbing coultf be their
effect on the lipid chains packing. This ef-
fect appears as negative a,, so the depend-
ence a, vs. S,.../S;oiq should be reverse.
In the case of "adsorption” the molecule ap-
pears to be exposed into the water bulk, so
it has wide opportunities to contact with
polar interior without direct disturbance of
the lipid tails packing. Thus, in this case
values a, should be largely independent
from S Olar/Stotal We would also remark
that such strict separation by adsorp-
tion/absorption mechanisms is rather for-

Table 1. Matrix of linear correlation coefficients between some molecular parameters and mem-
branotropic action for the hydrophobic substances from group III (Fig. 3)

Parameters a,, <log P> S, otal Vn n k Spolar/Smml S,
a, 1.00 0.86 0.46 0.41 -0.40 -0.39 -0.83 0.43
<log P> 1.00 0.16 0.41 -0.38 0.41 -0.67 0.51
S,otal 1.00 0.96 0.11 0.50 -0.25 0.79
Vo 1.00 0.22 0.27 -0.09 0.60
u 1.00 -0.16 0.45 -0.13
k 1.00 -0.64 0.90
Spolar/Smml 1.00 -0.50
S, 1.00
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Table 2. Matrix of linear correlation coefficients between molecular parameters and membranot-
ropic action for the group of bisquaternary ammonium compounds (decamethoxinum, aethonium,

tionium)

Parameters a, <log P> S,otal Vo u S potar! Siotal

a, 1.00 -0.86 -0.96 -0.81 -0.99 -0.29

<log P> 1.00 0.96 1.00 0.91 -0.25

S,otal 1.00 0.94 0.99 0.02

Vo 1.00 0.88 -0.32

n 1.00 0.17

Spolar/stotal 1.00

mal because it is hardly applicable to more
complex molecular structures (e.g., pro-
teins). Nevertheless, we consider it suitable
for a large variety of the substances studied
since their molecules are not very large (75
to 750 Da) as compared to DPPC
(734.1 Da).

Matrices of linear correlation coefficients,
r, obtained by Eq. (4), were compiled for vari-
ous groups of substances (Tables 1-3). Pa-
rameters of the hydrophobic substances
from group III (see Fig. 3) are considered in
Table 1. It should be noted, that this group
consists of the substances of various chemi-
cal structure, geometrical parameters (S;,.
tal> Vm)» anisometry (k= 0.01 +0.74) and
dipole moments (u = 0 + 8.5), though of not
very large molecular masses (see above).
Taking into account such variety of proper-
ties, high linear correlation between a, and
Spolar/stotal (r = 0.86) as well as between
am and Spolar/stotal (r = -0.83) seems
rather impressive.

Surprisingly, the anisometry parameters,
k and S;, obtained by Egs. (2, 3), becomes
moderately related to a,, (r=-0.39 and r =
0.43, correspondingly). This suggests that
anisometry is not so determinative for mem-
branotropic action as for thermotropic
mesogens, probably due to more complex
character of molecular ordering in the lipid
membrane. Very high correlation between
S;otqr and V,, (r = 0.96) may serve as refer-
ence of the calculation adequacy.

More correlations can be observed in the
groups of substances with similar chemical
nature, viz., in ammonium compounds
(Table 2) and glycerol derivatives (Table 3).
For these groups, parameters k£ and S, were
excluded from consideration because of high
conformation mobility of these molecules.
As one can see from Tables 2, 3, high corre-
lations were obtained of a, with a number
of molecular parameters, viz., S;y;q V,, and
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p (r=-0.81 + -0.99). The negative sign of
the correlations indicates that with higher
Siotars Vi and w of the guest molecule, the
disturbance induced in lipid membrane be-
comes more pronounced, so a, values are
more negative.

Thus, for hydrophobic substanses (<log P> > 1)
with preferential absorption mechanism, high
correlations of a,, vs. Spolar/stotal and a,, vs.
<log P> were observed. For substances with
adsorption mechanism (<log P> < 1) such
correlations were not revealed. In general, all
the correlations established seem reasonable
from the physical point of view.

4. Conclusions

The ability of various chemical sub-
stances to affect DPPC model lipid mem-
brane (defined by their melting temperature
shift per unit dopant concentration, a,,) was
considered.

The presence of linear correlations be-
tween a,, and a number of molecular parame-
ters (S;otar> Vs W» <log P>, etc.) was examined.
Matrices of linear correlation coefficients were
obtained for various groups of substances. High
linear correlations (] ~ 0.8 + 0.9) were estab-
lished between a, and Spolar/stotal as well

Table 3. Matrix of linear correlation coef-
ficients between molecular parameters and
membranotropic action for the group of

glycerol and its derivatives (OEG,_j;,
OEG,_y5, OEG,_3¢)
Parame- | a, |[<log P>| S, . Vi v
ters
a, 1.00 | 0.84 |-0.81|-0.82|-0.87
<log P> 1.00 | -1.00|-1.00 | -0.92
S, otal 1.00 | 1.00 | 0.94
Vo 1.00 | 0.93
n 1.00
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as a, and <log P> for hydrophobic sub-
stances of various nature. Two cases could
be distinguished, with S,,;,./S;0q, affecting
or not affecting am, which correspond to
"absorption” or "adsorption” mechanisms of
guest molecules interactions with lipid
membrane. Thus, the suggested parameter
Spolar/Stoml could be informative and appro-
priate for membranotropic effects determi-
nation.

For groups of substances with similar
chemical nature (glycerol derivatives, ammo-
nium compounds), high correlations (r > 0.9)
were established between g, and other mo-
lecular parameters (S;,;,;, V,, and W).

The results obtained could be useful for
drug-membrane interactions study and de-

velopment of modern pharmaceutics.
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