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Role of soft and hard aggregates in the thermodynamics of lipid dispersions
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We study the thermodynamics of a two-dimensional polydisperse ideal gas model of different species of
aggregates. We show that if these aggregates are distinguished not only by their sizes but also by their ability
to display shape fluctuations, the system presents dominance of one or other species, depending on the
temperature region. This result, which emerges solely from the statistics of the model in total absence of
interaggregate interactions, describes well the observed temperature dependence of light scattering in disper-
sions of dimyristoyl phosphatidylglycerol, a negatively charged lipgl063-651X99)13512-§

PACS numbse(s): 87.16.Dg, 82.60.Lf, 82.20.Db, 82.70y

[. INTRODUCTION generally ascribed to an unconventional phase change of the
system named the post transitiiy5]. Additional data ob-

In aqueous medium and at relative low concentrationstained by DSC are also sensitive Tq,5; whereas data by
DMPG (dimyristoyl phosphatidylglycerpl a negatively EPR are not. As it is shown in Reffl] and[2] T is
charged lipid, aggregates into vesicles of various sizes anghostly modified by the ionic strength of the dispersion
shapes. Considering that lipid vesicles have been wideland/or by its lipidic content in the low concentration range.
used as model systems for cell membranes, the thermotropihere are also in Ref2] some evidence from Zimm plot
properties of such systems are of great biological interesanalysis indicating that molecular weights of the lipidic
regarding for instance, the state of the lipid matrix that favorsstructures are smaller in the low turbidity region than those
peptide-lipid interactions. For this, DMPG dispersions haveof typical aggregates in the regions of temperatures below
been investigated using diverse experimental techniques ifF,, and aboveT ..
cluding differential scanning calorimetf{pSC) [1], electron Here, we show that the qualitative behavior ofat the
paramagnetic resonanEPR), and light scatteringLS) [2].  experimental conditions of Fig. 1 can emerge solely from the
Worth noticing, reports from DSC and LS indicate two statistics of a model dispersion consisting essentially of a
abrupt changes in the behavior of observed properties undéwo-dimensional mixture of distinct formspecie of lipid
variation of the temperatur€ of the system. In particular, aggregategdroplets in chemical equilibrium, but under total
LS data taken at various lipid concentrations and ionicabsence of interaggregate interactions. This model comprises
strengths show that 8t=T,,~20 °C the observed turbidity minimum size structures containing a definite number of lip-

7 of DMPG dispersions decreases abruptly from a relativelyids, say,Ng; these small aggregates in turn, are identified as
high level 7, and stay at a relative low levet; up to T the model monomers that compose any other “droplet” of
=Toosr~ 35 °C, Where it increases sharply up to saturation agrbitrary size. The essential ingredient of this model though,
75, slightly below 7, [2] (see Fig. L It is noticeable that a is the fact that these large aggregates are distinguished not
similar behavior forr has already been seen in certain qua-only by their sizes but also by their ability to display shape
ternary mixtures of SDS-water-pentanol dodecfBe For

these, data have been rationalized under the perspective of . , -
critical phenomena in terms of a high temperature three- !
dimensional3D) Ising critical point, and a low temperature To - | T
mean-field critical point related to a transition from a micel-
lar homogeneous phase to a spongelike plhdkeA neces-
sary condition for that picture though, is the presence of
attractive interactions among micelles which, in the context,
are expected to increase with temperafide

As discussed in Ref.2], there are no indications in the
relevant data from DMPG of the existence of attractive in- =
teractions among the aggregates formed, as one should ex+ -
pect for the very diluted regimes considered in those experi- 7

rbidity (arb. units)

___________________________

ments. Moreover, becausk,, is almost coincident to the :

temperatures at the main transition undergone by membrane 10 ' ? 20 30 * 40 50
lipid bilayers of DMPG, it appears natural in principle, the T,
suggestion in Refl2] of relating the change in the turbidity

atT=T,,, which can also be monitored by DSC and EPR, to

the melting of lipid hydrocarbon chains. Within this picture,  FIG. 1. Temperature dependence of 90° light scattering of dis-
however, there is not yet a consensus on the origins of thgersions of 10 hl DMPG in 10 nM Hepes pH 7.4 with no added
abrupt increasing of DMPG turbidity observedTat T g, salt, from Ref[2].

Tpost
Temperature (°C)
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0 g In e gates of all sizes. The internal degrees of freedom of the soft
/g/g—ﬂﬂ\g\i\ 3 kind are described according to the Hamiltonidn. This
ARy 6 i 9\9\ _ model system shall be used here to describe some features of

§ 8 § 8o the behavior of DMPG dispersions observed by LS in Ref.

[2]. In order to proceed in the analysis, we construct the
grand canonical partition function of the problerg

=E soit= hara Which accounts for a contributio ¢ from
ﬁoft aggregates

FIG. 2. Model vesicle.

(therma) fluctuations. Accordingly, in addition to hard ag-
gregates which have only translational degrees of freedom i
the entire volumeV of the system, there are also present in %
th_e model other structures, i.e., soft_ aggregates whose con- ool {1tk V,T)= IT expazo) (3)
stituting monomers undergo small displacements from their s=2

equilibrium positions on aggregate’s “surface.” The thermo- o L

dynamics of such a multicomponent ideal mixture is then@s Well as for a similar contributio& - from hard aggre-
disclosed by the analysis of the convergence of a constraifttes
equation set up to fix the total density of lipids present in the
dispersion to a given experimental valpig.

Because we do not point to particular processes under-
neath formation or dissolution of aggregates, this analysis is
restricted to the statistical aspects of the model dispersionyhere
irrespective of the nature of direct or induced interactions
among lipids that lead to their aggregation. In spite of this, gs=sV/A? 6)
the results obtained from this analysis suggest that the main
features displayed in Fig. 1 can indeed be predicted in thignd
way, the behavior of turbidity being associated with the ~ ~
dominance in the system of one or other species considered, 5= qsQlini(S)- (6)
depending on temperature: hard aggregates prevail at N - ) ]
<T, and soft aggregates prevail BT .5 Whereas in the The_ quantitiesqs and g are, respectively, thécar)onlca)
range within T,,<T<Tpes, there is dominance of mono- partition functions for hard and soft aggregates vgithono-

Eham({us};v,n:s[[l explgszs), (4)

mers. mers eachthe number of monomers defines the size of the
aggregate Also, A =(2mmkgT) "2 B=1/kgT, and
Il. MODEL FOR SOFT AGGREGATES s
~ @ O]
We distinguish soft from hard aggregates of the same size int(S) = s _wnll dy,e ™ AHin (tvnb), (7)

by their energy contents. For an isolated plane vesicle of
very small curvature witls monomers, this difference is mi-

. . ITere where H(® is given by Eq.(1). In addition, z;=e?*s and
croscopically modeled by the internal Hamiltonian e 1S G y Eq.(1) S

z,=eP"s are the activities withu and 1 the corresponding
S (1.1 chemical potentials for hard and soft aggregates, respec-

H =2 {5mya+ SK(Yn—Yn 0+ Vyia) | (D) tively.

n=1 . ~ )

Now, observe thati) us and us assume only negative

with periodic boundary conditions. In this, we consider onlyValues in the ideal gas (;|m|t, as hcorlsidereg he{"?j free
one internal degree of freedom at radial direction for eacHnONOMers are accounted by, with s=1, and(iii) due to

. H ili H I — =S
constituting monomer so thgt, andy,, are, respectively, the the assumed chemical equilibrium, one bgs 2=z where

o : I L oz=ePr ivi i i
position and momentum, with respect to the equilibrium site?~ € * is the activity andu _the chem|ca! .pqtentlal Of. a
onomer. One then determines the equilibrium density of

of then sequence labeled monomer on the aggregate’s “surl? . S .
face” (see Fig. 2 mis the total mass of a monome¢;and ~ Monomers that remain free in dispersion
a are model parameters. The form of HG) reflects the
general tendency of hydrophobic molecules to stay parallel
to each other on the aggregd®. This is modeled by the
elastic contribution in the second term on the right-hand side
of Eq. (1), whereas the local potential and also the equilibrium densities of monomers partitioned
5 into hard aggregategna.d u,T)=(1NV)Z_,s0z° and into
V(yn)=ayy (2 soft aggregatesyeon( e, T) = (LV)S%_,SGZ°, at given tem-
perature and chemical potential.
The computation of;, in Eq. (7) is performed in Ref[9]
and the result is written as a sum over all eigenvahgsf
a transfer matriXY’ defined by
Consider now a multicomponent ideal gas, immersed in a
2D volumeV, that consists on a collection of monomers <n|Y|n—1>=exp{ ny
coexisting in chemical equilibrium with hard and soft aggre-

z
piw,T)= ®

AZ

is essential for model stability7,8].

Ill. MODEL DISPERSION

K a
5 (Yn=Yn-1)*+ §(y§+yﬁl)“-
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One finds that Po( Mexpts T) = Pexp! No (17)
T (s)= i 5: AS ) be resolved for at all temperatures and for all values of lipid
Qint S)= ASP=o P concentratiorpeyy, at a given experimental condition in the
low concentration range. The quantpy(w,T) entering Eq.
with (17), is defined as the sum of the partial densities derived
above:
=2 m P f —
M2\ gKqrm O for p=0La.. po( . T)= P14, T) + pracd 1. T) + poor( . T). - (18)
(10)

The constraint(17) fixes the chemical potential at a value
whereC=K/(K+a+h) andh=[(K+a)?~K?]*2, expt SUCH thatpp(sexpr, T) coincides with the total density
For a>K, or C<1, we take forg;,(s) the contribution ~of monomerspe,,/No present in the model dispersion.
from the largest eigenvalue, of Y. With this, the partition We proceed on the analysis of Ed.7) based on the ar-

function of a soft aggregate simplifies to guments used in Refl1]. We shall show that at each region
of temperature the solution to E{L7) is saturated by one
aS:(QT)sqS, (1D and only one of the components in the right-hand side of Eq.

(18). We shall then make an attempt to relate this fact to the
whereqs is given in Eq.(5) and(} is a constant defined by observed behavior of the turbidity in DMPG dispersions.
For this, notice that both Egél3) and(14) are monotone

_ 8mmid \ 12 12 increasing functions of: such that lim - phaq— and
K+a+h |imﬂ/;soﬂpsoﬂ—>00, where
Under these conditions, we find —
Mhard= 0 (19
J S B S A (13 and
b =— - 1 an
with z<1, and Hsor=—KeT IN(QT). (20)
ol (1+0) Notice also that Iirp/;han!)soﬁ and Iimﬂ/;soﬂpha,d are fi-
pSOﬁ(ILLYT):_Z 3—1 , (14 . . d that f a-1 o Is H
A2 (1-0) nite quantities, and that fof < » Msoft™ Mhard» WNEreas

for T>071, weor<itnarg- It thus seems natural to define a
with o<1, wherec is defined by “critical temperature” Tc=Q"! and observe that by in-
creasing the chemical potential, approaching zero from nega-
tive values at constant temperatufe there is always a
solution to Eq.(17) in either one of two conditiongsee

Fig. 3); (i) if T<Tc and PexpPPma)é(T)Epl(/-LhardvT)

ipsoﬂ(,uhard,T), then Eq.(17) is saturated by hard aggre-

egates meaning that the number density of monomers which

takes part into hard aggregates dominates over the remaining

monomers. Or, (i) if T>Tc and peype pmadT)

=p1(tsoft T) + phard Hsott, T), then Eq.(17) is saturated by
Equation(11) allows for an expression for the Helmholtz Soft aggregates. o

free-energy of a soft aggregatBS=—kgTInqs, which As can be seen in Fig. 3, for<T, the curvesp;(u,T)

can readily be compared with corresponding quarﬁ@rd and pnad 10, T) intercept each other at a certain valuewgf

_ . whereas fofT>T, the curvesp,(u,T) andpgoi( ., T) inter-
kgT Ings of & hard aggregate of the same size cept each other at a different valuegof This fact enables us

(8) —(s) _ to introduce atemperature dependemtritical concentration
Fsor=Fhar~ ke TSIN(QT). (16) pe(T) such thatp(T)=py(uc(T),T), where the(critical)

For T<Q !, Fyy>Fpag SO that low temperatures favor f:hemi_cal pptentiaﬁc(T) depends_ on the temperature _and it
hard aggregates, whereas B O~ 1, F.<F,gmeaning S defined in such a way to coincide with the solution of
that high temperatures favor soft aggregdtes. either

The above argument is commonly used to examine stabil-
ity conditions of a system presenting more than one thermo- P1(#c,T)= phard tec. T) (21)
dynamical phase. Such an argument, however, does not jus-
tify the a priori presence of hard aggregates in the system, awithin the region wherd <T¢ or
stated by model construction. The justification comes from
the requisite that the following constraint: p1(e,T)=psoil e, T) (22

“losor
U_KZ_ Z (15

In the following, we analyze the consequences of the result

derived above to the thermodynamical properties of th
model.

IV. ANALYSIS OF THE MODEL
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FIG. 3. Graphical representation of H47) in different regions
of temperature(a) T<T.; (b) T>T.. In both diagramsp, is
represented by a dashed ling., by a solid line, ando,,4 by a

dash-dotted line.

within the complementary region wheile>T.. The solu-

(b) pe(T>Te)= (25

— o,
QTAZ ¢
where

oe=0(p(T)=1+3(6°— 1) (6- 1)~ (6+ 1)
(26)

and 0 has an explicit dependence on the temperature, given
by

(27)

1 1/2
+—
27[1+(QT)1]]

Moreover, one sees from definitiqd5) and Egs.(13) and
(14) that at T=T,, pharo(Mc(Tc)vTc):psoft(:uc(Tc)ch)

=1p} . This defines the quantity? which is also indicated
in Fig. 4. Next, we show why the above analysis suffices for

an interpretation of the LS data in Fig. 1.

V. DISCUSSION

Because the model discussed here does not exhibit sharp
phase transitions since all thermodynamical functions are
analytical at all values of model parameters, we cannot assert
on its use to describe critical behavior eventually displayed
by dispersions of DMPG. For our purposes, however, the
model suffices to characterize the different regions of Fig. 1,
far from eventual transition temperatures, in terms of three
distinct phases that are regulated by the distribution of mono-
mers into the different species considered.

In fact, it can be observed in the diagram of Fig. 4 that

tions to the above equations are represented in Fig. 4 and aguation pexpi=Pc(T) possesses two solutior®ne atT

given explicitly by

2
(a) pc(T<Tc)2 ch )
where
2.=7[ uo(T<T,)]=0.126
and
Z A
Q
&
1
[
=z
Lt
afg
oo
10
p*l HARD SOFT
C 1.  AGGREGATES ! AGGREGATES
t
|
Pexpt.f == = ¥ ook
1 1 ]
| MONOMERS |
A
! ! ! .
T, 1= T, TEMPERATURE

(23

(29)

=T, and another aT=T,) for all values of total lipid con-
centration in the rangpe,<pe . To relate this fact with the
observed behavior of turbidity in DMPG, we pli,=T, and
Tpos= T2, Where T, and T, coincide, respectively, with
the experimental temperatures indicated in Fig. 1, at the con-
sidered values of lipid concentrations. Under these condi-
tions, one can ascribe the observed regions of high turbidity
atT<T,, and atT> T, shown in Fig. 1 to the dominance

in each of these regions of the experimental systems, of hard
and of soft aggregates, respectively. Accordingly, the inter-
mediate region of low turbidity presents dominance of free
monomers (or minimum size aggregatesof DMPG, in
agreement to the data from Zimm plot shown in Héf.

These results should be understood in the same context as
the usual theoretical approaches to study the onset of the
critical micelle concentration€MC) in amphiphilic disper-
sions[12]. In these, ama priori presence of polydisperse
(hard aggregates and free monomers is also assumed. It is
then shown the conditions by which the density of am-
phiphiles taking part in aggregates is dominant at low tem-
peratures T<T;). In the present case, fluctuations of soft
aggregates introduce additional contributions both to the en-
ergy and to the entropy of the system. Our results suggest
that the combinedentropig contributions due to both poly-
dispersity and fluctuations are sufficient to justify the pres-
ence of aggregate®f the soft kind even at high tempera-

FIG. 4. Phase diagram of the model. The lines represent théures (T>T,). There are no indications, however, that either

solutions of Eq(21) for T<T. and EQq.(22) for T>Tc.

contributions considered individually can overcome the en-
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tropy of monomers in this region. observed at the maifor gel to liquid crystal phase transi-
We should also comment on the tentative assignment dfon in bilayers. . .

T, (and thusT,) to the temperature at the main lipid transi-  Therefore, the analysis of the model focusing only on the

tion. Actually, the main transition has been characterized irftatistics of the mixture allowed us to obtain, in a very

P F 5 ; le way, qualitative insights towards a distinct interpre-
individual lipid bilayers and associated to the appearance of'MP ) . .
a certain degree of mobility of the constituting hydrocarbontat'on of LS data of DMPG dispersions. We believe that such

chains. Such mobility might be associated to the fluctuationgftipég%ihtﬁ :gebseyg?éﬁ?gd Zd E{(;]eraggggg(zjiﬁézegfpﬁ)s/saﬁgpézp-

considered in the context of our model. However, the maifhg jon content of solutionthat are also under investigation
transition, as is known, preserves the average moleculap the literature[2,5]. Moreover, the approach introduced
weight of the large structure@nembranes For the model here might be useful for analyzing whether and under what
systems considered here we have shown that,if<pg conditions fluctuations on the surface of lipidic structures in
such phenomenon is not expected to play a relevant roldispersions are of some relevance to control their permeabil-
since by increasing the temperature the system passéy to external agents, a current problem regarding, for in-
through an intermediate region withify,<T<T o5, Where §tance, t_he development of drug carrying liposomes devices
the mixture sustains mostly monomers. Howeverpif,,  in biological systems.

>ps, thenT,=T,=T. and we recognize that if lipid con-
centrations are sufficiently high, our theoretical model in-
deed describes a phenomenon related to a direct change from This work was supported by USP, FAPESP, CNPq, and
hard to soft aggregates, which is quite similar to the one~INEP.
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