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The problem of interactions between complex ordered media and admixture molecules
is a challenge of modern material science. In the case of interactions between lipid
membrane medium and drugs, the problem gains important biological sense. The present
work is aimed to develop a microscopic model for characterization drug penetration into
lipid bilayer membrane. The model considers the balance between elastic ("drowing out™)
and dispersion ("drowing in") components of "membrane — drug” interactions which
defines the equilibrium depth of drug penetration and describes properly such features as
penetration to a certain depth, accumulation of drug molecules at the center of the
membrane, as well as the absence of penetration. It helps to establish common physical
basis of a set of experimental results obtained for these systems, including V-shape
dependences "membrane melting temperature vs. the depth of penetration” as well as
"specific membranotropic effect of a drug molecule vs. its lipophilicity”, etc.
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MikpockomiuHa MoJeJ b NPOHHKHEHHS JiKapChKOI PEeYOBHHHU y JimigHYy MeMOpaHY.
P.€.Bpodcvruii, O.B.Bawerro

Bsaemopgia KoMIJIEKCHUX BIOPAJKOBAHUX CEPELOBUIL 3 MOJEKYJaMU JOMINIOK € CKJal-
HOI0O IPOGJIEMOIO CYYacHOTO MaTepiajiosHaBCTBa. ¥ BUNAAKY B3aeMoAil JimigHux mMemOpaH 3
JiKapChbKUMU pPeUOBHMHAMU I IpobjeMa HabyBae BasKJIMBOTO MeIUKO-0i0JIOTiUHOTO 3HaUEH-
HA. 3a7ava AaHol pobOTH IHoJATae y pos3pobii MiKpOoCcKOmiuHOI Mojesi, AKa ONMUCY€e NMPOHUK-
HEHHd JIIKapchbKUX PEUOBUH Yy JimigHy memOpany. Mogess posTisafae piBHOBary MiK HpyiK-
HOIO (BUIITOBXYBAJbHOIO) Ta JUCHEPCiHHOIO (BTATYBAJIBHOIO) CKJIAJOBUMU MijKMOJIEKYIAPHUX
B3a€EMOJill, fAKa BHU3HAUae IVIMOMHY NTPOHUKHEHHSA JiKapchbKOl PEYOBMHUW y MeMOpaHy, a
TaKOK aJeKBaTHO ONVCYE BUNAAKUN HAKONMYEHHA JiKapChKOl PeUYOBUHU BcepeIuHi MeMOpaHU
Ta BicyTHOCTI mpoHUKHeHHA. Moiesb J03BOJIsI€ BCTAHOBUTH 3arayibHi (PisWuHi 3acagm HUSKU
€KCIIEPUMEHTAJbHUX Pe3yJbTaTiB, OTPUMAHUX IJA TAKUX CHUCTeM, y ToMi umcyai V-obpasHi
3aJIe’KHOCTI TeMIlepaTypu ILJIaBJeHHA MeMOpaHW Bif TIuMOWHUN TPOHWKHEHHS MOMIIIKH, a
TaKOK IUTOMOTO MeMOpaHoTpomHoro edeKTy Bix sinmodisbHOCTI JiKapchKOI PeYOBUHU.

BsaumopeiicTBre KOMIIIEKCHBIX YIIOPAJOUYEHHBIX CPeX C MOJIEKYJaMU IIPUMECH SIBJISEeTCS
CJIOXKHOM IIp00JIeMOll COBPEMEHHOI'0 MaTepHaJiOBeIeHHusi. B ciayuyae B3amMOLENCTBUSA JIHIIUJ-
HBIX MeMOpaH C JIEKapPCTBEHHBIMU BeIl[eCTBAMMU dTa IIpobsiema IprodperaeT BAXKHBLIN MEIUKO-
OMOJIOTMUYECKUM CMBICJ. 3aJada HACTOSIEH pabdoThl COCTOUT B Pas3paboTKe MHUKPOCKOIIHNYEC-
KOil Mojmesn, ONUCHIBAIOIIEl IPOHNKHOBEHNE JIEKAPCTBEHHBIX BEIECTB B JIMIHUIHYI0 MeMOpa-
Hy. Mogenb paccmarpuBaeT paBHOBeCHE MEXKAY YOPYroil (BuITalIKuBawIneil) u
IUCIIEPCUOHHON (BTArMBAIOIIEH) COCTABIAIOINMMY MEKMOJEKYIIPHOIO0 B3AUMOLEHCTBUSA, OII-
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pezesAolnee PABHOBECHYIO TJIyOUHY TPOHUKHOBEHU JIEKAPCTBEHHOT'O BelllecTBa B MeMOpaHy,
a TaksKe aJeKBATHO OIVCBHIBAET CIy4Yal HAKOIJIeHUS JEKAPCTBEHHOTO BEIeCTBA BHYTPU MeM-
OpaHBl M OTCYTCTBUA NPOHUKHOBeHUdA. Mogesb MO3BOJSAET YCTAHOBUTH obIIue (usmyecKue
OCHOBBHI DfJIa SKCIIEPUMEHTAJbHBIX DPEe3yJbTATOB, IOJYUYEHHBIX AJA TAKUX CHCTEM, B TOM
yncje o0bACHUTL V-00pasHble 3aBUCHUMOCTU TEeMIIEPATYPHI ILIABJIEHUS MeMOpPaHbl OT Ty6Ou-
HBl DPOHUKHOBEHUS INIPUMeCHU, a TaKKe YJeJbHOTO MeMOpaHoTpomHoro sdgdexTa oT Jjumo-

(l)I/IJII)HOCTI/I JIEKapCTBEHHOT'O BelllecTBa.

1. Introduction

Lipid membranes are highly ordered
quasi-bidimentional complex structures
which are of general importance for various
life processes. They are commonly repre-
sented as double layers (or bilayers) con-
sisted of two monolayers of lipid molecules
with opposite orientation (Fig. 1).

Generally, the lipid membrane is a care-
fully balanced environment and any changes
inflicted upon its structure must be consid-
ered in conjunction with the overall effect
that this may have on the function and in-
tegrity of the membrane [1]. Many foreign
molecules, including drugs, can cross or
bind to lipid membranes and potentially
modulate their physical properties [1, 2].

Depending on their parameters, drug
molecules (admixtures) could localize at the
polar membrane surface or penetrate into
its non-polar interior. A phenomenological
model of drugs effects under their binding
to the membrane surface has been suggested
in [3]. The present paper considers the ef-
fects of admixtures penetration into non-
polar (hydrophobic) part of the membrane.
The most important feature of this type of
interaction is the dependence of membrano-
tropic effects on the depth of admixture
localization which stimulates transfer
from 2-dimensional to 3-dimensional mem-
brane model.

Fig. 1. Simplified structure of a lipid mem-
brane in water medium. Polar moieties of lip-
ids (grey ovals) form the surfaces, non-polar
hydrocarbon chains (black lines) constitute
the membrane interior; A, is the equilibrium
depth of admixture penetration into the
membrane.
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Lipid membranes possess a set of specific
features, which should be briefly described
before moving to the results.

a. Polar moieties of lipids form hydro-
philic (polar) membrane surfaces and non-
polar lipid chains form its lipophilic (non-
polar) inner core [2, 4] (see Fig. 1). Stabili-
zation of the membrane is provided by fine
balance between hydrophilic and hydropho-
bic interactions [2, 5, 6].

b. Properties of hydrophilcity and lipo-
philsity of individual substances are com-
monly characterized by their partition coef-
ficient logP. The value of logP reflects dis-
tribution of a substance between water and
octanol; it is positive for hydrophilic sub-
stances and it is negative for hydrophobic
ones. As to the lipid membrane, transbi-
layer lipophilicity gradient exists across its
polar and non-polar moieties. As it evi-
denced by EPR data [7] in non-polar inte-
rior this gradient is linear at least to the
center of lipid chains in each monolayer.

c. Water molecules mainly present at the
polar surfaces of membrane, but also dis-
tribute, in some degree, into its non-polar
interior, to the depth of about 1 nm from
the membrane center [8]. This factor also
contributes into the above mentioned gradi-
ent of lipophilicity.

d. The lipid membrane is characterized
by complex transbilayer density profiles [9,
10]. For example, in dipalminoylphospha-
tidylcholine (DPPC) membrane, maximal
density is registered at the distance of
about 1 nm from the center [11], i.e. near
the middle of lipid chains of each mono-
layer. As one can conclude from data [12],
in all membranes formed by long-chain lip-
ids (12 to 24 groups) the first 9-10
methylene groups of the lipid chains are
packed most tightly.

e. Packing density defines fluctuation of
cross-section of proper lipid fragment [13]
and is closely related to membrane free vol-
ume (Vi) Generally, Vi, is defined as
difference between the volume of lipid mole-
cules in the membrane and the sum of their
Van-der-Vaals volumes [14].

f. One of fine-tuned parameters of lipid
membranes is melting temperature (T,),
which characterizes a 15% order phase transi-
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tion phase transition from more ordered gel
phase to more disordered liquid crystalline
phase [2]. It is a complex parameter which
is related to electronic and geometrical
structure of lipids, as well as to their pack-
ing density and a number of other parameters
[2, 15]. At other conditions being equal, T,
diminishing indicates lowering of packing
density of lipids, and vise versa [2, 16].

Keeping in mind these features, one
could find interesting the results obtained
in [17] for membranes formed by equisized
lipids containing double bond C=C in vari-
ous positions along lipid tails. (In this case,
—C=C- fragment could be considered as a
kind of admixture which penetrates to vari-
ous depth into the membrane. Principal dif-
ference of this fragment from an admixture
molecule consists in its structurally prede-
terminated localization.) Results [17] evi-
dence vast and essentially linear T, dimin-
ishing (-60°C) under —C=C- fragment mov-
ing from position 1 (near the surface) to
position 9, and equal T,, elevation (+60°C)
under C=C moving from position 9 to the
end of the lipid tails (i.e. to the membrane
center). So, V-shape dependence T,,(h) was
observed for these systems. As far as we
know, these results have not been inter-
preted yet from physical point of view.

Thus, on admixture penetration into the
lipid membrane, there is an intriguing in-
terplay between lipid density profiles, T,,
values and, as it will be shown in Sec. 2,
lipophilicity of admixture. Elucidation of
physical basis of this phenomenon with de-
veloping of a proper microscopic model is
the aim of the present work.

2. Experimental

Melting temperature of model lipid mem-
brane T,, (see Sec. 1, f) could be properly
determined using differential scanning cal-
orimetry technique (DSC) [18-21]. Admix-
ture introduction into model lipid mem-
brane predominantly results in T, shift,
this or other way. This shift (AT,,) depends,
in general, on the type of membrane, on
admixture nature and concentration as well
as on environment conditions. For the pur-
pose of elucidation the effect of admixture
nature at different admixture concentra-
tions (c,;) at other conditions be equal, it is
convenient to wuse the value of a, =
AT, /c,; [22], i.e. specific membranotropic
effect of admixture.

The DSC data on a,, for various drugs
(see [23] for details) in DPPC membrane
allowed us to obtain a non-monotonous (V-
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Fig. 2. Mean values of specific membranot-
ropic effect (a,,) at the selected diapasons of
admixture lipophilicity.

shape) dependence of a,, vs. logP diapason
of the admixtures (Fig. 2). As one can see,
absolute membranotropic effect (la,,|) grows
in the interval of 0 to 6 and reduces at
higher logP values. (The result correspond-
ing to logP < 0 relates to drugs interaction
with the membrane surfaces and has been
described by the model reported in [38].)
Growth of |awt| becomes clear on taking into
account the lipophilicity gradient across the
membrane (see Sec. 1, b), whereby the lar-
der logP the deeper drug penetration into
the membrane interior.

However, reducing of |a,,| at logP > 6 is
beyond of the pale of this mechanism. To
our mind, this reducing is a direct conse-
quence of non-monotonous lipid chain pack-
age across the membrane (see Sec. 1, d)
with substantial elevation of V,, around
the membrane center. Intrinsic Vy,, (k) pro-
file of the lipid membrane provides there-
fore non-equivalent membranotropic effects
of admixtures at various depths of penetra-
tion. It is directly confirmed by [24], were
a,; was found to be zero for highly lipo-
philic cholesterol oleyl carbonate (logP 17.4)
and could be explained by its accumulation
into significantly disordered central moiety
of the membrane.

These considerations have moved us to
the idea of developing a model describing
the above mentioned mechanisms, which is
presented in Sec. 3.

3. Model

Penetration of a lipophilic admixture
molecule into the membrane to the depth & = A,
(see Fig. 1) is mainly governed by two proc-
esses: (1) "drawing in" process occurring
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due to passing from the hydrophilic exter-
nal medium into the region with matching
lipophilicity, and (2) "drawing out™ process
which results from its elastic interactions
with lipid tails. If an embedded molecule is
smaller than Vi..(h,) (see Sec. 1, e), con-
traction effect could take place. On the con-
trary, a “repulsive” molecule exceeds
Viree(ho). Here, we have restricted ourselves
to consideration of relatively small "repul-
sive” molecules.

We can define h, from the criterion of
potential energy minimum. This energy con-
sists of two above mentioned contributions,
namely, dispersion interactions and elastic
interactions between admixture molecules
and bulk of the lipid tails.

Let’s specify the form of each contribu-
tion. Energy of dispersion interaction,
Up(h), is defined by lipophilicity of local
environment of an admixture molecule, i.e.
both of non-polar lipid tails and polar water
molecules. It should be taken into account
that the tails are, in fact, uniformly lipo-
philic along their axes, but water content
varies essentially [8]. Optimal environment
at the dept hp should evidently have the
same polarity as the admixture molecules
do. Hence any & deviation form #,, both
positive and negative, leads to Up elevation.

As it follows from numerous literature
data [8, 25—-28] water content changes with
h essentially linear. This feature, to our
mind, is the origin of logP(h) linearity re-
ported in [7] (see Sec. 1, b). Based on these
data, Up(h) could also be considered as lin-
ear, for first approximation. Taking into
account the above considerations, we obtain:

Uyh)=C, - |h = hy| + K, (1)

where hp is the depth of optimal local envi-
ronment of the admixture molecule, Cp is a
positive constant, K, is a constant corre-
sponding to Up(O).

Energy of elastic interactions, U (#), is
defined by the extent of deformation of hy-
drophobic moiety resulted from admixture
molecules accommodation, i.e. both from
the size of the molecule and from Vi, (%).
Transbilayer profiles of Viree(h) are known
from literature [26, 29]. Actually, the local
value of Vy..(h) is a local accessible cross-
area of lipid tails Atree(h) multiplied by a
certain characteristic depth interval. Let us
assume that this interval is equal to the
thickness of an admixture molecule embed-
ded into the membrane (even if it is differ-
ent, the corresponding values of Viree(h)
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would differ by a constant, but general
shape of the dependence remains un-
changed).

Let V and a are the volume and the
cross-area of the embedded molecule, corre-
spondingly. Then, additional (produced) free
volume (AVy,,,) arises in those regions of
non-polar membrane interior where lipid
chains push one from another. It is propor-
tional to V — V., (h) or a — at.,(h). In the
case of a small number of admixture mole-
cules (when they penetrate independently
and localize far enough one from another)
AV ¢, is proportional to the total amount of
admixture. Similarly, elastic energy in this
case is also proportional to admixture
amount as far as each molecule contributes
equally in this value. Hence, U, value is
proportional to AV, and, therefore, to V —
Vfree(h)'

According to [25], Vp.(h) profile has a
minimum in the middle of lipid tails (which
corresponds to a maximum of close-packed
lipid ecross-sectional area), and the shape of
this dependence is roughly linear in the re-
gions beyond this minimum. It means that
the general shape of V — Viree(h), as well as
of U,(h), is similar to above mentioned
Up(h), but is specularly reflected (with
maximum instead of minimum).

Below, we will consider two types of
curves which fit well the model under con-
sideration, beginning with a simpler linear
one (where U, (k) and U, h) are linear rela-
tive to |h — h,]) and then moving to a model
with smooth extremes.

Within the linear model,

U/ h)=—-C, |n-hJ)+K, 2

where the sense of £, C and K is similar to
that in Eq. (1). According to [12], h, local-
izes in the proximity of 9™ methylene
group (see Sec. 1, d).

So, total energy of a molecule embedded
into the membrane is

Uh)=U,+U, = (3)
=Cp - lh—h|-Cp-|lh—n)+K,-K,.

As it clear from Fig. 3, dependence (3)
consists of 3 linear regions and may have a
single minimum (when Cp > C,, see Fig. 3a,
b) or a single maximum (when C, <C,, see
Fig. 3c, d). Thus, admixture ~molecules
could behave in following ways:

1) An admixture molecule are hindered
to penetrate into non-polar membrane inte-
rior (Fig. 3¢, d) as far U(k) has a maximum.

Functional materials, 28, 3, 2021
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Fig. 3. General shape of linear U(k) dependences (Eq. 3) for various ratios between the constants:
Up(h) (dotted lines); U (k) (dot-dash lines); envelope curves (solid lines).

Whilst, certain part of admixture molecules
could overcome the potential barrier and
permeate deeper than U(h) maximum, trap-
ping to the region of U(h) decreasing. Such
molecules have an opportunity to accumu-
late at the center of bilayer, though their
number is rather small as compared with
the total amount of admixture.

2) An admixture molecule do penetrate
into the membrane and localize at the depth
h, corresponding to U(h) minimum, which is
equal to A, in both cases, h, < h, and h, >
h, (Fig. 8a, b). It actually means that the
value of h, has no effects on the admixture
localization (this is an intrinsic feature of
just the linear model which will be retuned
to below).

3) An admixture molecule is able to lo-
calize at the center of the membrane and
accumulate in there if A, value (correspond-
ing to U(h) minimum) is larger than the
monolayer thickness. This case realizes if
optimal lipophilicity of microenvironment
for a given molecule is larger than local
lipophilicity in any point across the mem-
brane (as it reported in [24]). This case of
drug — membrane interactions is worth
special attention, as far as drug accumula-
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tion into the membrane is known to have
enormous influence on their efficacy [30].

So, the linear model reflects all the ef-
fects observed under drug — membrane in-
teractions and allows one to predict the op-
timal depth of drug localization in the lipid
membrane (naturally, drug molecules bal-
ance around the optimal depth due to ther-
mal motion).

The main features of the linear model:

1. This model describes all basic effects
of drug — membrane interactions, namely,
penetration of a drug molecule into bilayer
at a certain depth, its localization into the
center of the membrane, as well as the ab-
sence of penetration.

2. Linearity of Up(h) and U,(h) depend-
ences beyond extreme points follows from
numerous experimental data and simula-
tions.

3. This model allows one to obtain ana-
lytically the equilibrium (optimal) depth of
drug localization h,. However h, appears to
coincide with hp in all cases, meaning that
drug — membrane interactions is only gov-
erned by lipophilicity of admixture, which
seems queerly.

529



R.Ye.Brodskii et al. /| A microscopic model of drugs ...

a) tU UP -~
e
4‘/’
- ,.4""/"
N
":-Q:r;_ h
0f o
I Ue
c) v
Up
- h
., _-\'*N-
\"‘.'\"-4,_
\(_\“
Ue ™~

Fig. 4. General shape of non-linear U(h) dependences (Egs. 4) for various ratios between the
constants: non-linear Up(h) and U (h) are marked with dashed lines; other legends are characterized

in Fig. 3.

The last feature caused necessity of mov-
ing towards non-linear model. It is possible
to simulate some kind of dependences with
a smooth extreme and linear shape beyond
of it by function f(x) = C-|lx|-(1 — exp(—olx])),
where o > 0 is a coefficient which regulates
the degree of smoothing. Thus, Eqgs. (1)—(3)
become to:

Uyh) = Cp - |h = hyl - (1 — exp(~olh — hy)))(4)
Uh)==C, - |k = R,| - (1 = exp(-olh = h/]))
U(h) = Cp - |h = Iy| - (1 = exp(-olh = I))) -
—-C, |h—h,) (1 -exp(-alh — h)).

Here, k, and k, coefficients are absent
because they are uns uffisient for the extre-
mums position.

Examples of these functions at o = 10
are depicted in Fig. 4 for the same ratios
between the other constants as in Fig. 8. As
one can see, the general shape of the de-
pendences (existence of extremes and their
mutual positions) remains unchanged com-
pared with the linear model that confirms
maintaining of the system’s behavior. The
main divergence from the linear model con-
sists in influence of the elastic component

530

on the depth of admixture localization, i.e.
on the minimum of U(h) at Cp > C, (Fig. 4a,
b). Indeed, within a framework of non-lin-
ear model, despite of the linear one, £, does
not coincide with hp, but is shifted this or
other way.

In general, the shift value can be deter-
mined none but numerically. Nevertheless,
we can give certain analytical estimation
for the case when the shift is relatively
small, and %, is separated enough from one
h,. In this case h, drops into "linear” region
of U,(h). Let hp > h,. In the proximity of hp

U,(h) =~ —C, - (h — h,)
U,y (h) = Cyouh — hy)2.

Then,
U(h) = Chouh — hp)2 -C, - (h—-h,),
hence,
U'(h) = 2C,0(h — hy) - C,,. (5)

Setting (5) to zero, we obtain 4,;, = hp +
C,/2Cp0. Thus, h, appeared to be shifted on
C,/2Cy00 in the direction of U,(h) decreasing

Functional materials, 28, 3, 2021
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in the proximity of k,, as it is shown in
(Fig. 4b).

Taking into account transbilayer profile
of lipid tails packing (see Sec. 1, d), a "re-
pulsive” drug molecule which localizes into
the lipid membrane at the different depth 2
generates different AV, (k). Indeed, the
tighter is lipid packing, the stronger is re-
pulsion between a drug molecule and neigh-
bouring lipids and, therefore, the larger is
AVtree- Though AVy,,, distributes non-uni-
formly within the membrane, it generally
causes elevation of the membrane area. As
it was noted in [3], this effect corresponds
to exerting effective lateral pressure P,
which is negative (stretching) in the case of
a "repulsive” molecule. The value of P, is
proportional to the changes of the mem-
brane area, i.e. to AVg,,. According to
Clapeyron-Clausius equation, P, is directly
related to the membrane melting tempera-
ture T, [3]. Namely, when the shift of the
melting temperature under drug penetration
(AT,) is relatively small, the linear relation
between AT, and P, takes place, as well as
it might be between AT, and AV, (k).

This conclusion could be verified with
the knowledge of AT, (k) for an admixture
of the fixed size and at the same V., (h),
T,(h) and V¢, (k) could be of similar shape.
However, it is problematically to find a
number of admixtures with such properties.
A good match for such admixture could be
double C=C bond, which is inherent for
lipid tails of biological membrane. A double-
bond fragment of a lipid chain (-C=C-) is
larger than a single-bond one (-C-C-) [2],
so it could be considered as a "repulsive”
admixture which generates positive
AVree(R) in membrane. Then, C=C position
along a lipid chain could be considered as
the depth of penetration. V-shape depend-
ence between T, and C=C position was ob-
tained experimentally in [17] (see Sec. 1).
The same shape of dependence was obtained
in [25] for af..(h). Both of them have a
single extreme around the middle of lipid
tails and linear shape beyond it. It approves
well the correctness of our above considera-
tions about quantitative relation between
Viree(h) and AV, (h) which we have used for
obtaining of U,(h) (Eq. (2)). Thus, Vi,,(h) de-
pendence appears the physical basis of experi-
mentally observed V-shape dependences like
"membrane melting temperature vs. the
depth of penetration”, "specific membranot-
ropic effect of a drug vs. its lipophilicity”,
etc.

Functional materials, 28, 3, 2021

4. Conclusions

In the present work, a microscopic model
is developed for characterization drug pene-
tration into lipid membrane. It consider the
balance between elastic ("drowing out”) and
dispersion ("drowing in") components of
membrane — drug interactions which de-
fines the equilibrium depth of drug penetra-
tion.

Two types of models were considered,
linear and non-linear. Both of them describe
adequately such features as drug penetra-
tion into a certain depth, its accumulation
in the center of the bilayer, as well as ab-
sence of penetration. However, non-linear
model better fits real system due to taking
into account impact of elastic interactions
on the equilibrium depth of drug penetra-
tion.

Generally, the model developed gives
physical basis to experimentally obtained V-
shape dependences "membrane melting tem-
perature vs. the depth of penetration™ as
well as "specific membranotropic effect of a
drug vs. its lipophilicity”. In perspective, it
seems reasonable to take into account ani-
zometry of a drug molecule.

References

1. A.M.Seddon, D.Casey, R.V.Law et al., Chem.
Soc. Rev., 38, 2509 (2009).

2. V.G.Ivkov, G.N.Berestovskiy, Dynamic Struc-
ture of a Lipid Bilayer, Nauka, Moscow (1981)
[in Russian].

3. 0.V.Vashchenko, N.A.Kasian, R.Ye.Brodskii
et al., Functional Materials, 25, 3 (2018).

4. M.K.Jain, Proc. INSA, 45A, 6 (1979).

5. H.G.L.Coster, oJ. Biol. Phys., 29, 363 (2003).

6. D.Marsh, Biochim. Biophys.Acta., 1286, 183
(1996).

7. Method of Spin Lables and Zondes. Problems
and Perspectives, Nauka, Moscow (1986) [in
Russian].

8. E.Falck, M.Patra, M.Karttunen et al., Bio-
phys.dJ., 87, 1076 (2004).

9. O.A.Pinto, E.A.Disalvo, PLoS ONE, 14, 4
(2019).

10. A.L.Rabinovich, N.K.Balabaev, M.G.Alin-
chenko et al., J.Chem.Phys., 122, 84906
(2005).

11. M.Kupiainen, E.Falck, S.Ollila et al., J.Com-
putat. Theor. Nanosci., 2, 1546 (2005).

12. N.Kucerka, F.A.Heberle, J.Pan et al., Mem-
branes, 5, 180 (2015).

13. H.M.Seeger, M.L.Gudmundsson, T.Heimburg,
J. Phys.Chem. B, 111, 49 (2007).

14. A.A.Askadskij, V.I.Kondrashenko, Computer-

ized Material Science of Polymers, Nauchnyi
Mir, Moscow (1999) [in Russian].

531



R.Ye.Brodskii et al. /| A microscopic model of drugs ...

15.

16.

17.

18.

19.

20.

21.

22.

23.

532

D.Casey, K.Charalambous, A.Gee et al., J.R.
Soc. Interface, 11, (2014).

F.Castelli, D.Micieli, S.Ottimo et al., Che-
mosphere, 73, 1108 (2008).
P.G.Barton, F.D.Gunstone, J.Biol.Chem.,

250, 12 (1975).

D.Chapman, J.Urbina, J.Biol.Chem., 249, 8
(1974).
J.M.Sturtevant,
463 (1987).
S.M.Ohline, M.L.Campbell, M.T.Turnbull et
al., J.Chem. Ed., 78, 9 (2001).
T.M.Mavromoustakos, Methods
400, 587 (2007).

0.Vashchenko, V.Pashynska, M.Kosevich et
al., Mol.Cryst. Liq. Cryst., 547, 155 (2011).
A.O.Sadchenko, O.V.Vashchenko, N.A.Kasian
et al., Func. Mater., 23, 2 (2016).

Ann. Rev. Phys.Chem., 38,

Mol. Biol.,

24.

25.

26.

27.

28.

29.

30.

L.N.Lisetski, A.O.Krasnikova, S.I.Torgova,
Mol.Cryst. Lig. Cryst., 623, 113 (2015).

M.Kupiainen, E.Falck, S.Ollila et al., J.Com-
put. Theor. Nanosci., 2, 1546 (2005).

E.Axpe, A.B.Garcia-Arribas, J.I.Mujika et al.,
RSC Advances., 5, 55 (2015).

N.Kucerka, J.F.Nagle, J.N.Sachs et al., Bio-
phys.dJ., 95, 2356 (2008).

N.Kucerka, M.-P.Nieh, J.Katsaras, Biochim.
Biophys. Acta, 1808, 2761 (2011).

A.L.Rabinovich, N.K.Balabaev,
chenko et al., J.Chem.Phys.,
(2005).

J.K.Seydel, M.Wiese, Drug-membrane Inter-
actions: Analysis, Drug Distribution, Model-
ing. Wiley-VCH Verlag GmbH, Weinheim
(2002).

M.G.Alin-
122, 84906

Functional materials, 28, 3, 2021



