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Comparative studies are reported for calcium and magnesium stearates as well as for
stearic acid introduced as dopants in model lipid membranes, both individually and in
pairs with cycloserine. Membranotropic effects of the dopants were detected on the basis
of complex analysis of phase transition parameters obtained by means of differential
scanning calorimetry. The individual membranotropic effects increase in order: CaSt <
MgSt < StA. It was established that cycloserine extends the temperature range of the
membrane ripple phase, unlike the other substances studied. Joint addition of each
stearate with cycloserine resulted in a previously unknown synergic membranotropic effect
reflected as additional elevation of phase transition temperatures with a non-additive
concentration dependence. The synergic effect grows with dopants concentration and ap-
pears more pronounced for pre-transition than for main transition. Meanwhile, no synergic
effect was observed for stearic acid with cycloserine, and the joint effects could be ranged
as: CaSt > MgSt > StA ~ 0.

Keywords: differential scanning calorimetry, calcium stearate, magnesium stearate,
stearic acid, model lipid membrane, joint action.

IIpoBeieHLI CpaBHUTENALHBIE MCCIELOBAHNA CTEAPATOB KAJLIMS M MATHHS, a TAKMKe cTea-
PUHOBOH KHCJOTHI B KauecTBe NJ00ABOK B MOJEJILHBIX JUIUAHLBIX MeMOpaHaxX, KaK MHIUBULY-
ajJbHO, TAK WM B Iapax ¢ IUKJocepuHoM. MeMOpaHOTPOIHOe AelicTBHE JOOABOK XapaKTepuao-
BAJU TI0 BANSHUIO HA IapaMeTphl (PasoBLIX IIEPEXOJ0B MOeJLHON MeMOpAaHLI, MOJydYeHHLIe
MeTOAOM AUPPepeHInaabHoll CKaHuPYoINel kajopuMerpun. WHAWBHAyaILHOEe MeMOPAHO-
TponHOe gelicTBue Bospacraer B paxy: CaSt < MgSt < StA. Veranosieno, uro, B OTJHYUE OT
IPYTHUX HU3y4YaeMbIX H06aBOK, [MUKJIOCEPUH PACIIMPSET TeMIIEPATYPHBII IUANAa30H CYIIECTBO-
BaHHA cKJaguaTou daspl memOpanbl. CoBMecTHOE mobaBiieHMe KaXKIOTO cTeapara ¢ IUKJOoCce-
PUHOM IPUBOLUT K CHHEPTUSMY MeMOPAHOTPOIIHOTO IeliCTBUSA, PaHee HE YCTAHOBJIEHOMY, —
IOIOJHUTEJILHOMY IIOBBIIIIEHUIO TeMIepPaTyp (hasoBBIX IIEPEXOJOB MeMOpAaHbI ¢ HeaLIUTUBHON
KOHIIEHTPAIIMOHHOI 3aBucuMocThio. CuHepruueckuii apeKT BO3pacTaeT C yBEIMUYEHUEM KOH-
meHTpanuu 100aBoK u Gojiee BHIPAMKEH IJId IIPEAIEePexoja, UueM JIJsS OCHOBHOrO (hasoBoro mepe-
xoxa. B To e BpemsdA, IS MUKJIOCEPHUHA CO CTEAPUHOBOU KHCJIOTOU CUHepPruuyecKuili saypexT He
obuapy:xer. Takum obpasom, O KHCCAELYEMbIX BelllecTB 3()(EeKT COBMECTHOI'O MEMOPAHOTPOII-
HOTO JeHCTBUS ¢ LUKJIOCEpUHOM yMeHbInaercs B paxy: CaSt > MgSt > StA ~ 0.

IlopiBHsaabHA Aisl cTEeapMHOBOI KHCJIOTH, CTEapaTiB KaJbLil0 Ta MATHIIO K TOMILIOK Yy
moxeapHux ginmigpux memb6panax. O.B.Bawenro, H.O.Kacan, JI.B.Bydancvka.

IIpoBeneno mopiBHAJMBHE IOCIiAMKEHHS cTeapariB KaJbIlilo i MarHiro, a TaKoXK CTeapuHOBOIL
KHCJIOTA SAK JOMIIIIOK Y MOAENbHMX JimigHux MemOpamax — imguBigyaiabpHO, Tak i y mapax 3
nuKJocepruHoM. MeMOpPaHOTPOIHY Oi0 IOMIIIIOK XapaKTepuayBaaW 3a BILIMBOM Ha IIapaMeTpu
$a30BUX MEPEXOiB MOIEJIbHUX MeMOpaH MeToaoM AudepeHIiaJlbHOl CKaHyHUol KaJopumerpii.
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InguBigyanpua memOpaHoTporiHa [isi 3pocrae y mociaigosuocti: CaSt < MgSt < StA. Beramos-
JIeHO, 10, Ha BIAMiHY Bijf iHIIIUX AOCHIMMKEHUX AOMIIIIOK, ITMKJIOCEPIH POSIINPIOE TeMIepaTyp-
HUP AiamasoH icHyBaHHA cKJaaguactoi ¢asu MemOpanu. BeramoBieHO, 10 CyMicHe yBeTeHHS
KOJKHOTO CTeapary 3 IIUKJOCEPUHOM TIPUBOAUTEL IO CHHEPTrisMy MeMOpaHoTpomHoi mii — momar-
KOBOMY IIiIBUIIIEHHIO TeMIepaTyp (HasoBUX MepexofiB MeMOpaHM 3 HeaAAWTHUBHOIO KOHITEHT-
parmifinoo sanexHicTio. CuHepriunuil edeKT 3pocTae 31 30ILILIIEHHAM KOHITEHTPAIlil AOMITITOK i
€ GIMBIIT BUPAIKEHUM [JI TIEPEATIEPEXONY, HiK AJA OCHOBHOTO (ha30BOTO Tiepexony. ¥ ToOH Ke
yae, A5 IUKJIOCEPUHY 31 CTEapUHOBOIO KUCJOTOIO CHUHepriuHoro edekTy He BUABJIeHO. Tarkum
YWUHOM, [IJIsT JOCJTIUKeHUX PeuoBUH e(deKT cyMicHoi MeMmOpaHoTpomHoi Ail 3 IIMKJIOCEPUHOM
3MeHITyBeThCA y TocaimoBuocti: CaSt > MgSt > StA ~ 0.

1. Introduction

Among the novel materials for advanced
practical applications, great attention is
paid to materials of biological origin with
controlled specific supramolecular struc-
ture, which are promising for their use in
biomedical studies. An example of such ob-
jects is model phospholipid membrane. In
relationship to the biological effects of
drugs and their active ingredients, espe-
cially in the case of their joint application,
the model membrane as a matrix constitutes
a natural intermediary medium bridging the
gap between studies of drug interactions in
conditions of chemical solutions and in the
living cells.

It is commonly known that introduction
of any dopant into a matrix material can
affect its properties and characteristics,
which can be described as individual action
of the dopant on the matrix. When the ma-
trix is enriched with two or more dopants,
additional effects can arise (named joint ef-
fects), resulting from complex physico-chemi-
cal interactions between the dopants in the
matrix medium. When the matrix is repre-
sented by any biological system (biomolecules,
tissues, etc.), such effects, both individual
and joint, could have biomedical significance.
A classic example of such joint effects is the
decrease in solubility and/or precipitation
under joint dissolution of two substances,
which should be taken into account in the
development of drug formulations [1, 2].

Model lipid membranes, in particular,
multibilayers of L-o-dipalmitoylphospha-
tidylcholine (DPPC), are widely used as ma-
trix medium to study drug action mecha-
nism both in vitro and in silico [3—5]. Gen-
erally, the interaction of drugs with
membranes is an area of high importance
for the pharmaceutical industry when con-
sidering the efficacy and safety of their
products [6]. Besides, probing the mem-
brane role in drug interactions is critical to
a complete understanding of the medical ef-
fects of drugs [7]. Though drug-membrane
interaction is nowadays a rapidly expanding
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field of research, the mechanisms of
physico-chemical interactions of drug sub-
stances in membrane interior still remain
"terra incognita”, and the available infor-
mation is scarce [8].

In order to shed some light on this prob-
lem, we examined action of calcium
stearate, CaSt, and magnesium stearate,
MgSt, on model lipid membranes with the
aim to compare their individual and joint
effects. In fact, CaSt and MgSt are sub-
stances with a wvast range of industrial
usage, viz., as food supplements and drug
excipients [2, 9]. Both these applications in-
volve the stearates entering the human or-
ganism with its subsequent biological ac-
tion. Taken as excipients, they inevitably
contact with lipid membranes and could af-
fect drug delivery into living cells [10]. The
role of these excipients in therapeutic action
of drugs includes, in particular, drug release
and bioavailability [11, 12]. Due to their
amphiphilic nature and high lipophilicity
(logP = 14.34 [13]), the stearates are able to
incorporate firmly into the membrane inte-
rior with their polar parts locating at the
membrane interface.

The stearates under study differ only by
their cations, i.e. by their polar parts. Both
cations (Ca2* and Mg?*) are known to affect
phase behavior and hydration charac-
teristics of model phospholipid membranes
[14] and of erythrocytes [15]. Lipid mem-
branes have substantial Ca2*-binding capac-
ity, with several types of sites present [16].
On binding to DPPC membrane, Ca2* is able
to coordinate up to 8 lipid molecules [17].
Mg2* is also able to aggregate the phos-
pholipid molecules [18]. Nevertheless, sub-
stantial difference has been noted between
action of Ca2* and Mg?* in various mem-
brane systems, as reported in [19-21].

We also tested stearic acid (StA) as mem-
brane dopant. StA can be considered as a
structural part of stearates incorporating into
membrane interior. Besides, StA is widely
used as a lubricant, instead of the stearates
[22, 23].

301



O.V.Vashchenko et al. /| Comparative effects of stearic...

Cycloserin, CyS, was chosen as another
dopant to testify its joint action with the
stearates. CyS is an antibacterial drug with
wide action spectrum, which is convention-
ally formulated with MgSt. The molecule of
CyS is small, compact and hydrophilic (M =
102.09, logP = —-1.5 [24]), thus providing
for its localization near the membrane in-
terface [25] and for possible contacts with
polar group of the stearates in the mem-
brane medium. However, no literature data
concerning action of CaSt, MgSt and CyS on
lipid membranes were found, while such in-
formation could be useful for drug formula-
tion and optimization.

2. Experimental

Model lipid membranes, in the form of
multibilayers with water content 65 % w/w,
were prepared using L-o-dipalmitoylphosh-
patidylcholine, DPPC (Avanti Polar Lipids,
USA), as desrcribed in [8]. Calcium and
magnesium stearates, CaSt and MgSt (Mag-
nesia GmbH, Germany), stearic acid, StA
(NIOPIK, Russia), and cycloserine, CyS
(Enamine, Ukraine), were used as dopants
to the "matrix” model membrane. The
dopants were introduced during membrane
preparation in the form of chloroform solu-
tions; chloroform was then evaporated care-
fully using a concentrator "Concentrator
plus” (Eppendorf, USA).

The membranes examined contained one
of the individual dopants or pairs, [CyS +
CaSt] and [CyS + MgSt]. At fixed total con-
centration of the dopants, the value of
stearates molar fraction, x,, was varied
from 0.0 to 1.0 for each pair. The whole
range of x,; was under careful consideration
because stearate/drug ratio in a tablet could
vary by an order of magnitude. Indeed, content
of CaSt in a tablet is up to 1 % w/w, whereas
content of MgSt is up to 5 % w/w [9]. Taking
into account that drug content in a tablet can
vary widely, between 0.5 and 80 % w/w [8],
concentrations of the dopants in the matrix
membrane were taken as 2 and 5 % w/w, both
for individual dopants and for the pairs.

Profiles of differential scanning cal-
orimetry (DSC) were obtained for all the
systems studied using a microcalorimeter
"Mettler DSC 1" (Mettler-Toledo, Switzer-
land). Three batches of each system were
studied to ensure reproducibility. Two cool-
ing-heating scans at 2 K/min were per-
formed for each sample in the temperature
range of DPPC pre- and main transitions
(20 to 55°C). Under heating, three thermo-
dynamic phases of DPPC membrane take
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place in this region: the “ripple” phase fol-
lows the "gel” phase and precedes the "lig-
uid crystalline” phase [26, 27].

Basing on DSC profiles, thermodynamic
parameters of both phase transitions were
obtained, such as temperature (Tp, T,), en-
thalpy (AH,, AH,), half-width (AT,1/2,
ATml/z) and hysteresis (hp, h,). Hysteresis
was determined as difference between the
corresponding values of T (or T,,) obtained
in heating and cooling scans. DSC1 Star®
Thermal Analysis System and QTiPlot free
software were used for data processing. The
experimental data are presented as the aver-
aged value * standard deviation for 8 samples.

The cooperativity number of lipids, CN,
was calculated according to [28] as:

N - 4RT?, (1)
ATY2AH

where R is the universal gas constant.

Estimation of joint effects of two
dopants in the membrane was made basing
on shifts of the main phase transition tem-
perature (AT,,), as the most representative
characteristic of the dopant effect [25]. The
parameter of joint action, J,p, was calcu-
lated according to [29]:

" (2)
1
Jap=, 2ATHE - AT, =
=1

n

1 ,

= 52(1 - ¢)AT4 + ¢,ATB — AT/,
i=1

where c; is the mass fraction of dopant B rela-
tive to the total dopants content in the membrane;
ATmA and ATmB are the shifts of T, resulting
from individual introduction of dopants A
or B; AT™add ig hypothetic (molar additive) AT,
values under joint dopants introduction; ATmi
is the experimentally obtained value for joint
dopant introduction; n — the number of sys-
tems with various ¢;. In fact, parameter J,p
characterizes mean deviation of experimentally
obtained AT, values from additivity.

3. Results and discussion

Representative DSC thermograms of lipid
membranes doped with StA, CaSt, MgSt and
CyS are shown on Fig. 1. All the dopants
increase T,,. For StA, the effect observed is
in agreement with literature data [30, 31]
as well as with the concept of hydrophilic-
hydrophobic mismatch [32, 33]. As men-
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Fig. 1. DSC thermograms of DPPC model membrane with 2 % w/w of the dopants (a) and with StA
at various concentrations (b) obtained in heating scans.
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Fig. 2. Shifts of the T, (a) and Tp (b) of DPPC membrane with the dopants concentration.
tioned above, there are no available DSC data on the order parameter of DPPC alkyl chains
membranotropic action of CaSt and MgSt, were reported [34].
though long-range effects of Ca2* and Mg?* on Stearic acid induces lipid phase separa-

the packing of the lipid membranes, increasing tion, which is observed as appearance of a
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Fig. 3. Thermodynamic parameters of DPPC membrane in the presence of dopants: CyS (a), StA (b),
CaSt (c), MgSt (d). Percentage alteration compared to the undoped DPPC membrane (bold line).

high-temperature shoulder on the melting
peak, Fig. 1(b). The effect becomes more
marked with higher StA concentrations.
Basing on the DSC data, concentration de-
pendences of T, and T,, were obtained for
all dopants, Fig. 2. The more pronounced
elevation of the phase transition tempera-
tures was observed for StA (AT, = 1.1°C;
AT, =2.7°C at cgp =2 % w/w). As could
be seen, T, appears to be more sensitive to
dopant acfdition than T,. It should be

marked that the effect of CyS on the pre-
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transition temperature was opposite to that
of stearates: CyS decreases Tp, thus expand-
ing the range of non-lamellar "ripple” phase
of DPPC membrane (see "Experimental™).
Both stearates and StA favor the "gel” phase
at the expense of "liquid crystalline”.

The dopants also affected other thermo-
dynamic parame ters associated with both
phase transitions (Fig. 3). As could be seen,
slight enthalpy variations accompany the
phase transitions. CyS shows but a small per-
turbation of the thermodynamic parameters

Functional materials, 25, 2, 2018
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Fig. 4. Shifts of temperatures of the main phase transition (a) and pre-transition (b) of DPPC
membrane doped with 2 % w/w of [CyS + CaSt] (®), [CyS + MgSt] (m) or [CyS + StA] (A).

(within experimental error). The most pro-
nounced effect is observed for StA. It substan-
tially increases both ATpl/ 2 and ATml/ 2, which
points out to decreasing of cooperativity [26].

Another specific feature of StA is signifi-
cant reduction of h,. Together with the T 1/2
elevation and the evidences of lipid phase
separation (see Fig. 1,b), it bears witness to
increasing number of defects in the lipid
membrane. The effect of MgSt and CaSt are
qualitatively rather similar, but the former is
closer to StA action (Fig. 2, Fig. 3). This find-
ing could be understood taking into account
that cross-section area of polar part of the
dopants studied range as CaSt > MgSt > StA.

Thus, the dopants examined exert certain
effect on both interface and interior of the
lipid membrane. Though it is too early to
explain exactly the mechanism of membranot-
ropic action of stearates, it presumably could
include increasing of lipid heterogeneity. In-
deed, it is known that Ca?* ions, as well as
fatty acids in the presence of Ca?*, induce
permeabilization of lipid membranes due to in-
creasing of lipid heterogeneity [8, 19, 35—37].
For Mg2* ions, such effect is lower [19].

The next step is to probe joint membranot-
ropic action of the stearates with CyS, as an
excipient and active pharmaceutical ingredi-
ent, respectively. DSC thermograms of the
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lipid membrane doped with [CyS + CaSt] or
[CyS + MgSt] as function of xg (see "Ex-
perimental”™) were obtained. The effect of
T,, increasing, which was observed for CyS
and stearates individually (see Fig. 2(a)),
amplified for their mixtures (Fig. 4). The de-
pendences of T,, and T, vs. x,; are non-linear
with positive deviation from ideality rule (ad-
ditivity). It represents a characteristic exam-
ple of the dopant synergism [12].

The reasons of such synergy effect are
not fully clear. It results neither from de-
creasing of the dopants partitioning into
the membrane (otherwise, the effect would
be reduced) nor from increasing of CyS par-
titioning (otherwise, behavior of T,(x,)
would be opposite, see Fig. 1, Fig. 2 (b)).
So, the possible origin of the joint effect
could consist in increasing of the stearates
partitioning into the membrane. Yet an-
other probable synergy mechanism is com-
plex formation between the dopants. Indeed,
complex formation between two drugs re-
sulting to antagonism of joint membrano-
tropic action was reported earlier [38]. It is
worth noting that behavior of pure binary
systems "palmitic acid — stearic acid” [39]
differs fundamentally from the effects ob-
served: decreasing of the mixture melting
temperature by 6 to 10°C is reported. Be-
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Fig. 5. Hysteresis of the pre-transition (a) and cooperativity of main transition (b) of DPPC
membrane doped with 2 % w/w of [CyS +CaSt] (@), [CyS+MgSt] (B) or [CyS+StA] (A). Dotted lines
marks the corresponding values for the undoped membrane.

sides, StA is known to induce non-lamellar
phase in lipid membranes [31] and suffi-
ciently reduce cooperativity of DPPC mem-
brane [40]. Taking together with the above
finding concerning the stabilizing of "rip-
ple” lipid phase by CyS, it allows us to
suggest that non-lamellar phase formation
could be jointly facilitated. It was also ob-
served that all pairs of dopants had minor
influence on &, and ATml/ 2 but substantially
decreased these parameters for the pre-transi-
tion. In Fig. 5(a), the values of &, are shown.
Different behavior should be noted for hp in
pairs, which increases with StA concentration
and decreases with the concentration of
stearates. Cooperative numbers calculated by
Eq.(1) are shown in Fig. 5(b). As one can see,
parameter CN is lower for all pairs as com-
pared with pure DPPC, especially for [CyS +
StA]. Similar results were obtained for
stearates under higher total dopant concen-
tration (5 % w/w). Data for StA at this con-
centration were not obtained because of lipid
phase separation (see Fig. 1(b)).

Joint effects were estimated from the
AT, (cy;) plots as outlined in section "Experi-
mental” Eq.2 and summarized in Table 1 (as
one can see, [CyS + CaSt] possesses the most
prononced joint effect). Then, the pre-transi-
tion of the lipid membrane appeared to be more
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Table 1. Parameters of joint action of the
pairs of dopants in model lipid membranes
under various total dopant concentration

Dopants Main transition | Pre-transition
2% 5% 2% 5%
CyS + CaSt 0.4 0.5 0.9 2.2
CyS + MgSt 0.3 0.4 0.5 1.4
CyS + StA ~0 - ~0 -

sensitive to both individual and joint dopants
action than the main transition. Taking into ac-
count the nature of these transitions [26], one
can conclude that the dopants cause more per-
turbing effect on the membrane surface rather
than on membrane interface.

To summarize, our data have demon-
strated that individual effects of the
dopants examined on DPPC membrane are
predictable in the scope of our knowledge and
available literature data. However, the joint
effects, namely, synergism for [CyS+CaSt] or
[CyS+MgSt] and its absence for [CyS+StA],
could not be predicted, as it is usually for
drugs joint action [41]. The underlying mo-
lecular mechanism of the joint effects is still
far from understanding and therefore is a
field of further researches.

Functional materials, 25, 2, 2018



O.V.Vashchenko et al. /| Comparative effects of stearic...

4. Conclusions

Effects of calcium stearate, magnesium
stearate and cycloserine on phase transitions of
DPPC membrane were obtained for the first
time under individual and joint introduction.
The individual membrano-tropic effects of the
stearates and stearic acid appear to be qualita-
tively similar and increase in the order: CaSt <
MgSt < StA. Both stearates and stearic acid in-
crease the temperatures of the main and pre-
transitions of the membrane. Unlike the other
dopants examined, cycloserine extends the tem-
perature range of the membrane ripple phase.

The dopants examined exert larger effect
on the membrane interface then on its inte-
rior since the pre-transition parameters ap-
peared to be more sensitive to the dopants
addition than those of the main transition.

Joint addition of each stearate with cy-
closerine results in an unexpected synergic
membranotropic effect (further increase in both
transition temperatures). The synergic effect
grows with concentration and appears more
pronounced for pre-transition than for main
transition. For stearic acid with cycloserine, no
synergic effect was observed. So, the joint ef-

fect can be ranged as: CaSt=MgSt > StA ~ 0.
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