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Model phospholipid membranes are considered as sensor bionanomaterials to charac-
terize water-soluble drugs of kosmotropic and chaotropic nature. Effects of kosmotropic
agent dimethylsulfoxide (DMSO) and chaotropic tilorone on 1,2-dipalmitoylphosphatidyl-
choine multibilayer membranes were studied by differential scanning calorimetry and
Fourier-transformed infrared spectroscopy. Tilorone and DMSO, water soluble hydrophilic
substances, induced opposite shifts of membrane main phase transition temperatures AT,
which were positive for DMSO (as a kosmotropic dopant) and negative for chaotropic
tilorone. For both dopants, dependences of AT, vs. dopant concentration ¢ were obtained
and fitted by an analogue of the Freundlich equation of adsorption, AT, = kel/m. A model
has been proposed describing the action of hydrophilic dopants on lipid bilayer in terms of
additional lateral pressure P(c), which is positive for kosmotropes and negative for chaot-
ropes. Applying the Clapeyron-Clausius equation to establish the character of AT, (c)
relation, power-law dependence was obtained, which was in good agreement with our
experimental data. From comparison with literature data on Langmuir monolayers of
similar systems, it was noted that the same power law relations could describe both phase
transition temperature shifts and pressure-area dependences as function of dopant concen-
tration.

Keywords: kosmotropes, chaotropes, model lipid membranes, phenomenological model,
differential scanning calorimetry.

Mogensusie pochomnnuannsie MeMOpaHL PACCMOTPEHEBI KAK CEHCOPHBIE OMOHAHOMATEPHA-
JBI AJS XapaKTepPU3aluy BOJOPACTBOPUMBIX JIEKAPCTBEHHBIX BEIIeCTB KOCMOTPOIHOI 1 Xao-
TpomHOo#l mpupoasl. Metomamu auddepeHnuanbHoil cKanupyoileil kamopuMerpuu (ICK) u
Dypre-NK-ciekTpockonnu usyueHo geiictBue puMetuicynbdorcuga (IMCO) u TumopoHa Ha
MyJasTHOMCIOHBIe MeMOpausl 1,2-aunmansmutoundochatuguaxonmnta (JIIDX). Tumopon u
OIMCO, BogopacTBOpPUMEBIE TUAPOMUILHEIE BEIIECTBA, CABUTAIUN TEMIEPATypPy OCHOBHOTO (ha-
soBoro mepexoga AT, wmembpanbi [[IIPX B TPOTUBOTIONOMKHBIE CTOPOHBI: TIOJOKUTENBHYIO -
nia xocmorporHoro JIMCO m oTpuIlaTenbHYIO - A XAOTPOIHOro TuiaopoHa. Has obeux
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N00aBOK TOJNyUeHBl KOHIEHTPAIMOHHbIe 3aBucuMocTu AT, (c) W mpeasoskeHa MX aNNPOKCH-
Maud aHaJaoroM ypasHeHus PpelHAIUXa LI amcopbiun ATm = gel/n, Ilpennomena mo-
IeJab, ONMCHIBAIONIAA gelicTBue rHAPOMUIBHBIX A00ABOK Ha JIUINIAHBIA OMCJION B TepMHHAX
I00aBOUYHOrO JATEPAIBLHOTO HaBieHUs P(c), MOJOMHUTENBHOTO IJId KOCMOTPOIIOB M OTPHIIA-
TeJBHOrO JJid xaoTpomnos. [Ipumenenne ypaBsuenus Kaaysuyca-Kiaamelipona mmosposniio ycra-
HOBUTb CTelleHHOW xapaxTep sasucumocTu AT, (c), B XOpOIIEM COrJIIACHH C IIOJNyUYeHHBIMHU
mauabpiMu [JCK. CpaBHeHME ¢ JUTEPATYPHLIMU JaHHBIMU TI0 JIEHTMIOPOBCKUM MOHOCJOAM IS
TeX Ke CHCTEM IIO3BOJIMJO BBIABUTL OJMHAKOBBIM TUIT KOHITEHTPAIIMOHHON 3aBUCUMOCTU KaK
ana AT, , Tak u A1 T-A U30TepM.

MopaeasHi mimigai Oimapu Ak ceHcopHi GioHaHOMATepiaJdWm AJA XapakTepusalii Mem-
opanotpomHoi jii BomopozumHHUX peuoBuH. O.B.Bauweuro, H.O.Kacan, P.E.Bpodcvruil,
JI.B.Bydancvra, [J.C.Copponos, JI.M.JTuceyvruil.

Mogensui dochonimigni MemOpanu pPO3TAAHYTO SK CceHCOpHI OioHaHoMaTepianm qisd xa-
paKTeprsallii BOZOPOBUNHHUX JiKAPChbKUX PEUOBMH KOCMOTPOIHOI T4 XAOTPOMHOI TPUPOIU.
Metomamu audepenmianabuoi cranyouoi kamopumerpii (JCK) ta Pyp’e-IY-cmexTpockomii
mocaimkeno gito aumMermiacyabhorceuny (AMCO) ta TimopoHy Ha MYJBTHUINIAPOBI MeMOpanu
1,2-gunansmitoindochaTuaunxoniny (JIIDPX). Timopom ta [JMCO, sBogoposummHi
rizpodisbHi pedoBUHU, 3CyBANIM TeMIEpPaTypy OCHOBHOTO (hazosoro mepexoxy AT, memOpanu
OIIPX y upormiexui Goxu: mosuTuBHHU nas Kocmorpouunoro JIMCO ta HeraTtwuBHUU Iy
xaorponHoro Timopona. [aa o6ox gomimok orpuMaHO KOHIeHTpauiiimi samemmocti AT, (c)
Ta BANPOIIOHOBAHO iX APOKCHUMAIIII0 3a [TOIIOMOI'OI aHajora piBHaHHa Ppelimanaixa piaa
agcopOii ATm = gel/n, 3anpoIIOHOBAHO MOJEJb, KA OHHCYE il0 rigpodiipHUX LOMIIIOK HA
giniguuit 6imap y TepMiHaxX MOJATKOBOTO JiaTepaJbHOTO TUCKY P(c), MOBUTUBHOTO AJIA KOC-
MOTPOHIB Ta HETATHMBHOTO AJS XaOTPOMiB. 3acTocyBaHHA piBHAHHA Kimaysiyca-Kmameiipona
TIO3BOJIAJIO BCTAHOBUTHU CTeTeHeBUI xapakTep sanesxuocti AT, (c), v BifnosigHocTi iz oTpu-
manumu ganumy HCK. IlopiHanma iz mgiTepaTypHUMM AaHUMHU OO0 JIEHTMIOPOBCBKUX
MOHOIIAPIB AJAA TAKMX CHUCTEM MO3BOJUJIO BUABUTH OJHAKOBUH TUN KOHIEHTpaIifiHWX B3a-
JEKHOCTEH AK A ATm, Tak i ansa TM-A UB0TEPM.

1. Introduction

Model phospholipid membranes, i. e.
lyotropic phases of hydrated phospholipids
with (multi)bilayer structure, are known to
yield a specific response to introduction of
drugs and other biologically relevant sub-
stances [1-8]. From this viewpoint, they
can be considered as sensor bionanomateri-
als. A common approach to the problem of
"drug-membrane interactions” consists in
introduction of drugs or drug-like com-
pounds to model phospholipid membranes
and elucidation of their membranotropic ef-
fects using various instrumental methods,
such as differential scanning calorimetry
(DSC), spectroscopy, small-angle X-ray scat-
tering, etc. The state-of-art is described in
multiple recent papers (see, e.g., [9-14]).
Generally, the effects are explained in
terms of preferential interaction of the in-
troduced substances with hydrophobic or
hydrophilic moiety of phospholipid mole-
cules. These interactions, with details spe-
cific for each dopant, affect the ordering of
"heads” and "tails” of the host molecules in
lyotropic liquid ecrystalline phases usually
designated as LB” PB’ and L, (often de-
scribed as "gel”, "ripple” and "liquid crys-
tal” phase, respectively) [15—18]. The ther-
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motropic transitions occurring in the order
Ly — Pg — Ly are commonly called "pre-
transition” (at temperature T,) and "main
transition” (at T,,).

Despite a huge amount of the available
experimental data, there are no generally
accepted approaches that would allow pre-
diction of the effect of a given dopant on
phase transitions basing on some simple
considerations. An attempt of such ap-
proach was made in our recent paper [19],
where we analyzed the effects of different
molecular parameters of a number of
dopants upon changes in the temperature of
the main phase transition. These parameters
included the lipophilicity coefficient, logP,
molecular volume and surface area, dipole
moment, molecular anisometry determined
from geometry of the molecular models,
fractions of the polar and non-polar parts of
the dopant molecule, etc. In many cases,
certain relationships were established,
which, for groups of molecules with similar
structure, yielded linear correlation coeffi-
cients r up to 0.9.

It should be noted that in most papers
main attention was paid to hydrophobic
drug-membrane interactions. However, in-
teractions between polar membrane surface
and hydrophilic dopants can substantially
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Fig. 1. Chemical structure of the dopants used, tilorone dihydrochloride (1) and dimethylsulfoxide,

DMSO (2).

contribute to the total effect. In this paper,
we consider membranotropic effects of hy-
drophilic substances introduced into the
phospholipid membranes accounting for
their chaotropic or kosmotropic nature.

The terms "chaotrope” and "kosmotrope”
was first introduced for ions distinguished
by their efficiency at protein precipitation
or solubilization (Hoffmeister series) [20].
Then, "kosmotropicity/chaotropicity”™ con-
seption were expanded from ions to a wide
group of substances, and their influence
onto water properties had been carefully
studied [21-25]. DNA melting temperature
was also established to be affected by kos-
motropic and chaotropic agents in opposite
manner [26]. The general biological signifi-
cance of the phenomenon has still been
under consideration [24, 27-30] within the
framework of conception of indirect Hoff-
meister effects via water structure changes
[26, 31, 32].

Lipid bilayers are also influenced by
Hoffmeister effects. Indeed, their surface is
abundant in highly hydrated phosphate
groups, and hydrophobic interactions in the
layer are strong. A number of important
regularities concerning membranotropic ac-
tion of kosmotropes and chaotropes were
noted in [33]. For instance, kosmotropic
dopants favor formation of the high-tem-
perature inverted hexagonal phase (HII),
the low-temperature lamellar crystalline
(L.) and gel (LB or LB') phases at the ex-
pense of the lamellar liquid-crystalline
phase (Ly). The effect is accompanied by a
decrease in the half-width of the melting
peak as well as increased hysteresis [84]. On
the contrary, chaotropic dopants expand the
existence range of Lp phase not only in
monolipid membranes %ut also in lipid mix-

424

tures [35, 36]. The interactions of both
chaotropic anions and strongly kosmotropic
cations with zwitterionic lipids were found
to be related to nearly unhindered lipid mo-
bility in the acidic pH range [37]. The mag-
nitude of the solute effect is proportional to
the hydration difference of the adjacent
lipid phases and inversely proportional to
the transition latent heat [83]. Linear corre-
lation between the shifts of Lg — L, phase
transition temperatures (AT,) and the val-
ues of cationic radii was shown in our pre-
vious work [38]. It was noted that AT,
changed the sign (from positive to negative)
at a certain critical ionic radius which divides
kosmotropic and chaotropic cations of IA sub-
group. At the same time, for IB subgroup
cations, larger effects were observed under
similar values of ionic radii, which was prob-
ably due to higher electron density [18, 38].

There are a number of models describing
membranotropic Hoffmeister effects. In [39,
40], a two-domain model was suggested for
analysis of the effects of salts and un-
charged solutes on protein and nucleic acid
processes. A model describing the effects of
salts as osmotic stress was proposed in [41].
In [33], equation for T,, as function of solute
concentration was derived from general ther-
modynamic consideration for a quantitative
characterization of Hoffmeister effects.

In the present work dimethylsulfoxide
(DMSO) and tilorone [42] were chosen as
kosmotropic and chaotropic dopants, and
their effects on AT, were explored by
means of differential scanning calorimetry
(DSC). A model is proposed to link AT, and
dopant concentration which is based on the
hypothesis that the action of the dopant on
the membrane can be described by additional
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Fig. 2. Normalized DSC-profiles (heating) of DPPC membranes with tilorone (a) and DMSO (b).
Dopant concentrations (% w/w, relatively to dry DPPC) are marked. Dotted lines are guides for
eyes showing the temperatures of pre- and main transitions of the pure DPPC membrane.

effective lateral pressure P, (positive for
kosmotropes and negative for chaotropes).

2. Materials and methods

Materials. L-o-dipalmitoylphosphatidyl-
choline (DPPC, purity 99.9 %) was pur-
chased from Avanti Polar Lipids (USA), di-
methyl sulfoxide, (purity 99.5 %) and tilorone
(2,7-bis[2-(diethylamino)ethoxy]-9-fluoreno
ne dihydrochloride) were obtained from
Fluka (Switzerland) and Interchem
(Ukraine), respectively. Fig. 1 depicts struc-
tural formulae of the dopants studied.
Multilamellar lipid membranes of DPPC
with dopants were prepared as described in
[43] with water content 60 % w/w.

DSC measurements were performed
using a microcalorimeter Mettler DSC 1
with STARe software version 11.00. The
thermal scans were obtained in heating and
cooling modes at 2 K/min in the 20 to 55°C
range. Temperatures at the maximum of the
heat flow were taken as the transition tem-
perature (T, for the Ly —» Py and T, for
the PB/%LOC transitions) as well as corre-
sponding enthalpies. Each experiment was
repeated three times to attest the reproduci-
bility of results. Experimental errors was
0.1°C for T, and T, values and 10 % for
enthalpy values.
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FTIR mesurements of the lipid mem-
branes containing drugs were performed for
samples extracted from pans after DSC ex-
periments using a Spectrum One spectro-
photometer (Perkin-Elmer). Water solutions
of tilorone, DMSO and (DMSO-+tilorone)
mixtures were also examined. The samples
were placed between ZnSe plates by
"crushed drop” method and scanned in the
range 4000-400 em™ ! at room temperature
(corresponding to Lp-phase of DPPC mem-
brane). After baseline substraction, the
spectra of lipid membranes were normalized
by optical density at 1220 em™1.

3. Experimental

The representative DSC scans of DPPC
membranes containing gradually increasing
amounts of tilorone and DMSO are shown at
Fig. 2. Changes of the DSC profiles evidence
dopant sorption onto the lipid bilayer. Due
to their hydrophilic nature (see Table), both
dopants probably interact mainly with the
membrane polar surface. Such interaction
could be considered as adsorption, where
hydration forces are of great concern [44].
As one can see, the dopants have opposite
effects on the membrane melting tempera-
ture (T,,), namely, decrease in the presence
of tilorone and increase for DMSO. Tilo-
rone, unlike DMSO, induces progressive dis-
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Fig. 3. Concentration dependence of AT, in the presence of tiolorone (a) and DMSO (b). Dots —
experimental data, lines — approximation by Freundlich equation.

appearance of the pre-transition (Tp). Here-
with, the observed enthalpy changes under
drugs sorption remain within experimental
error.

Basing on the DSC data, the T, shift
values (AT,,) were plotted as a function of
the dopant concentration in water phase,
Fig. 3. Assuming that AT, is proportional
to amount of dopant adsorbed on membrane
surface, the experimental data could be fit-
ted reasonably by an analogue of the Freun-
dlich equation of adsorption [45]:

= kel/
ATm = ke n, (1)

where AT, is the dopant-induced shift of
the membrane melting temperature, which
is believed to be proportional to specific ad-
sorption, ¢ is the dopant concentration in
the water solution (mM), and %k, n are phe-
nomenological parameters.

The obtained adsorption parameters are
shown in Table. Parameter k reflects the
AT, value at unit dopant concentration and
can be considered as a qualitative charac-
teristic of the membranotropic action. It is
negative for chaotropic dopants and positive
for kosmotropic ones. Parameter 1/n corre-
sponds to the slope of AT, (c) dependence in
log-log scale. In our experiment, |k appears
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Table 1. Parameters of Freundlich fitting
(Eq. 1) of AT, (c) dependences for tilorone
and DMSO in DPPC membrane

Substance 1/n k Adj. R-square of

the fit curve
Tilorone 0.27 |-0.12 0.87
DMSO 0.41 | 0.02 0.79

higher for tilorone, whereas 1/n is larger
for DMSO.

FTIR technique provides an effective tool
for probing hydration changes of lipid mem-
branes by monitoring antisymmetric
stretching band of phosphate group at
1200-1250 cm~!. Spectral components of
this peak at ~ 1220 em™! and ~ 1240 cm™!
are assigned to hydrated and "free” phos-
phate groups, respectively [46]. It was
shown [47] that DMSO enhances the contri-
bution of "free” phosphate groups with re-
spect to the hydrated phosphate groups of
DPPC. It is believed that DMSO-induced de-
crease of lipid membrane hydration is re-
sponsible for enhanced thermal stability of
the gel phase [48-58]. Our FTIR data evi-
denced that tilorone has no effect on hydra-
tion of DPPC phosphate group (Fig. 4). Mean-
while for the mixture "tilorone + DMSO" we

Functional materials, 25, 3, 2018
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Fig. 4. FTIR spectra of antisymmetric
stretching bands of DPPC phosphates at room

temperature (gel phase): I — no dopants, 2
— tilorone, 3 — "’tilorone + DMSOQ’".

observed decreasing of the absorption at
1240 em ! as compared to 1220 cm’l,
which corresponds to the increase of phos-
phate group hydration (Fig. 4, curve 3). So,
joint drug application caused qualitatively
different effect on DPPC membrane hydra-
tion. Taking into account the absence of any
additional bands or their modification in
FTIR spectra of “tilorone + DMSO" water
solutions (data are not shown), the effect
reported could not be attributed to direct
tilorone-DMSO interaction.

4. Phenomenological model of
"AT,, — c" relation

The main phase transition in the mem-
brane is generally thought to be related to
conformation disordering of the hydropho-
bic "tails”™ of the lipid molecules. The in-
verse effect, i.e., straightening of the tails,
can be described in terms of packing — it
results from pressure on a given molecule
exerted by its neighbors, or, in other words,
from the lack of free volume. The transition
temperature T, would then be sensitive to
the lateral pressure — it will increase under
compression and decrease under stretching
of the membrane.

The local pressure in the membrane can
be affected by introduction of the dopant
molecules. Indeed, kosmotropic dopants in-
crease the local pressure, compacting the
lipid molecules and decreasing the area per
lipid molecule. Chaoctropic molecules act in
the opposite way. Changes in molecular area
are directly correlated with lipid hydration
in planar bilyers, which contributes to the
membrane lateral pressure [54]. Interrela-
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tion between chain packing and hydration
has been clearly demonstated in a recent
paper [55] by means of molecular dynamic
simulation. Thus, the action of the dopant on
the membrane can be described by additional
effective lateral pressure P, (positive for
kosmotropes and negative for chaotropes).

Let us consider the Clapeyron-Clausius
equation, which relates the temperature of
transition with pressure, for the membrane,
i.e., for a two-dimensional case. Reducing
the conventional three-dimensional equation
by the membrane thickness, we obtain

aT,, B T, (as - aq) 2)
dP ~ q ’

where a; o are the molecular areas before
and after the phase transition, ¢ is the tran-
sition enthalpy, and the effective pressure
of the dopant P, is taken as pressure P.
To obtain the transition temperature T,
as function of the dopant concentration c,
we must know the form of P,¢fc). The rela-
tionship between the lateral pressure and
molecular area in membranes was studied
experimentally for Langmuir films at dif-
ferent concentrations of various dopants
[56]. The results obtained in that work can
be interpreted in terms of the above-intro-
duced effective pressure. If different lateral
pressures should be applied to maintain the
same molecular area in the doped and un-
doped membrane, the difference between
these pressures would be equal to the effec-
tive pressure caused by the introduced
dopant. In [56], the dopants introduced to
the membrane were chaotropic ("loosen-
ing"), so, Pdc) < 0. In that work, the de-
pendence of effective pressure vs. dopant
concentration can be well approximated by
power law which could be written down as

Peff = BCB,

where ¢ is molar concentration of the
dopant in water solution.

From Figs. 1, 2 of the same paper it can
be seen that the difference of molecular
areas (ag — ay) in the phase transition does
not change significantly with different
dopants and concentrations. It is also known
that the transition enthalpy is only weakly
changed upon dopant addition. We will as-
sume these values to be constant in the
Clapeyron-Clausius equation.

We obtain

T a, —a
lnTm =( 2 I)Peff,
mo q
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where T, , is the transition temperature in
the undoped membrane. Both literature data
and our experiments (Figs. 1, 2) suggest
that the change AT, in the transition tem-
perature is much smaller than T,,. So, we
can assume

I(T,,/ Tpo) = In(1 + AT,/ T,no) = AT,/ Tro
and

(ag —ay) (3)

or, finally,
AT, (c) = (Tmo(az - al)qB) - cB. (4)

Experimental results obtained in the pre-
sent work show that, in fact, the depend-
ences AT, (c) can be well approximated by
the power law.

Thus, the proposed model describing the
dopant action on the membrane as addi-
tional lateral pressure connects the results
of two different experiments — DSC meas-
urements of the transition temperature that
were carried out in the present work, and
experiments on Langmuir films presented in
[66]. In other words, knowing the depend-
ence P, (c), we can predict, using the pro-
posed model, the character of AT, (c) for a
given membrane and dopant, or vice versa
— we can determine P, sdc) from AT, (c),
measured in the calorimetric experiment.

In the present study, the values obtained
for the power index 1/n of function
AT, (c)ocl/n (see Eq. 1) is 0.41 for DMSO
and 0.23 for tilorone (see Table). Similar
power-low relation, P(c) = BeP, was obtained
experimentally for lateral pressure P(c) in
DPPC monolayers doped with sodium salts
[566], were B> 0.5.

Let us consider the additional effective
pressure P,cdc) at the microscopic level. If
the dopant concentration is low, and each
molecule acts upon the membrane inde-
pendently, then each molecule will decrease
(for kosmotropic dopant) or increase (for
chaotropic dopant) the membrane area by
the value o, which depends upon the dopant
nature. To make signs of pressure values
natural, we put o> 0 for kosmotropic
dopants and o < 0 for chaotropic ones, i.e.,
we consider ¢ as the measure of decreasing of
the membrane area; thus, ¢ can be considered
as a certain measure of kosmotropicity.

At surface concentration of molecules c,,
per unit area, the relative change in the
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membrane surface area with respect to un-
doped membrane will be equal to AS/S =
oc,,S/S = oc,,. The effective pressure is
proportional to relative contraction, P,¢ =
Koc,,, where K is the coefficient of relative
area decrease.

The coefficient K is determined by me-
chanical properties of the membrane, and ¢ —
by interaction of each individual molecule
with the membrane. At low concentrations,
their concentration dependence can be ne-
glected. Thus, power dependence of P,sr on
concentration c¢ is related to the power de-
pendence c,(c), i.e., to the power form of
the adsorption law. Such dependence is char-
acteristic for Freundlich adsorption. We can
assume such form of adsorption to be realized
in the system under our study, which is sup-
ported by DSC data (see Table 1).

The values K and o could be estimated
on the basis of literature data. Indeed, %
obtained from [56] as a slope of m-A iso-
therm in liquid-condensed phase is ~ 0.15
for DPPC. Substitution of 0.5 M Nal for
water subfase slightly changes K, but leads
to an increase in the lipid cross-area by the
value of ~ 2 A2, which is nearly inde-
pendent on lateral pressure. Taking into ac-
count the corresponding lipid:ion molar
ratio in fully hydrated DPPC multibilayers
[38], we can estimate the upper limit of ¢ as
6 A2. Note that relative changes in lipid
areas caused by 0.5 M NaBr and 0.5 M Nal
(AABr/AAl = 0.2540.05) are of the same
order with oppite changes in AT, for these
salts (0.3310.15) [38].

Finally, let us compare Eq. (2) with the
equation for AT, obtained in [33] from gen-
eral thermodynamic principles. In that
work, the following equation was derived:

T, RT? ‘L (5)
= (xg — xl)(l - 7}

de H

Here c¢;, ¢ are dopant concentrations in
the membrane and in solution, respectively,
expressed as the number of dopant mole-
cules per one molecule of water, x is the
hydration degree, i.e., number of water
molecules per one lipid molecule in the
membrane, H is the molar transition en-
thalpy, H = N 4q.

The difference in the degree of hydration
before and after the transition can be ex-
pressed as x9 — x; = 0(ay — ay), wWhere o is
the number of water molecules per unit area
of the membrane.

Functional materials, 25, 3, 2018
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The molar concentration ¢ as used here
can be expressed as ¢ = pc, where ¢ is the
concentration in moles per mole of water

[33], and p is the molar density of water in
mol/l. Thus, the equation obtained in [33]
can be expressed as

z -
kTm(l ~ L% 7
¢ p

Comparing this equation with the Clapei-
ron-Clausius equiation (Eq. 2), we see that
they would be identical under condition

, _ A )
Pypfo) = kTm(l - = )B.

From P,.{c) = Koc,,, we obtain for the
surface concentration

kTml_E_LOC ®)
Ko ¢ lp’

¢ ml€) =

From the definitions of c,,, ¢
¢ = xa, ©

where the hydration degree x is taken in
the phase under consideration. Expressing c;,
from (9) and substituting it into (8), we

obtain
kT c
c/m(c) - 4’”(1 _ u}g.
Ko xae |p

For c,(c) that are solutions of Eq. 10,
Eq. 5 (obtained in [33]) and Eq. 2 appear to
be identical.

For the sake of simplification, Eq. 10 can
be re-written in the form:

¢, (c) = a(l - bcmc(c)}

(10)

Here, we can assume that
kT
a= KZO %= const, since AT, << AT,, as

it was noted above; b = L.
04

The solution of this equation has the
form

¢, =C.c 4 ¢
m 1+ab’

when ab#—1, C is an arbitrary constant.

0 sign is in agreement with the

Here ab =

sign of o©.
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Let us determine the value of C. For the
kosmotropes (6 > 0, ab > 0), this value can
be easily obtained from the natural bound-
ary condition ¢, (0) =0. Since for ab > 0,

¢ 5 o« at ¢ — 0, the only possible value
of C = 0. We obtain

(11)

Cm 1+ abc “
which, in fact, expresses the Henry’s law.
This is a characteristic adsorption law for
small concentrations. For chaotropes, the
boundary condition ¢, (0) =0 can be satis-
fied by solutions with non-zero C, however,
in practice (at least at low concentrations)
only the linear dependence
__a .___ld _
m=1rant " 1 - lab C =0, would
be realized. The value of ab in this case
should be less than —1 (Jabl > 1).

One could note the above-mentioned rela-
tionship between dopant-induced changes in
T, and additional pressure in lipid bilayers
was implicitly noted in literature, e,g.,
where T, lowering was accompanied by
higher bilayer compressibility [57]. A corre-
lation between dopant-induced T, shifts in
DPPC bilayers and changes in pressure-area
diagrams in DPPC Langmuir monolayers
was also noted in our earlier paper [58].

Thus, we have found that our Eq. 2
matches with equations obtained in [33]
when adsorption of the dopant obeys the
Henry’s law (Eq. 11). The authors of [33]
stressed that their equation could be valid
only for small dopant concentrations, i.e.,
under the same conditions when Henry’s
law is valid, supporting the idea of equiva-
lence of both equations. The Henry’s law
can be considered as a limiting approxima-
tion of the Langmuir’s law for small con-
centrations. There is no such linear region
in the Freundlich’s law. However, the Freun-
dlich law should be used when there are mul-
tiple centers with different binding energies
that participate in the adsorption process. At
small dopant concentrations, the linear de-
pendence (i.e. Henry’s law) is valid.

c c o< ¢,

5. Conclusions

In DSC experiments, tilorone and DMSO
were shown to exert opposite effects on
DPPC membrane melting temperature (a de-
crease for tilorone and increase for DMSO).
Considering tilorone and DMSO as exam-
ples, respectively, of chaotropic and kosmot-
ropic dopants that are adsorbed on the
membrane surface, concentration depend-
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enc

es of membrane melting temperature

shift AT, (c) were fitted by an analogue of

the
=k
ing
lipi

Freundlich equation of adsorption, AT,
cl/n. A model has been proposed describ-
the action of hydrophilic dopants on
d bilayer in terms of additional lateral

pressure P(c), which is positive for kosmot-

rop

es and negative for chaotropes. This al-

lowed us to apply the Clapeyron-Clausius

equation

in a modified two-dimensional

form to establish the character of AT, (c)
relation. This relation was shown to be of
power-law form (similar to the pressure vs.

con

centration dependences reported in lit-

erature for Langmuir monolayers), in good

agr

eement with the experimental data.
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