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Molecular chirality and domain shapes in lipid monolayers on aqueous surfaces
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The shapes of domain boundaries in the mesoscopic phase separation of phospholipids in aqueous surface
monolayers are analyzed with particular attention to the influence of molecular chirality. We have calculated
equilibrium shapes of such boundaries, and show that the concept of spontaneous curvature—derived from an
effective pair potential between the chiral molecules—yields an adequate description of the contribution of
chirality to the total energy of the system. For enantiomeric dipalmitoylphosphatidylcholine in pure monolay-
ers, and in mixtures with impurities that adsorb preferentially at¢ime-dimensionalboundary line between
the isotropic and anisotropic fluid phases, such as cyanobipk®@#), a total energy term that includes line
tension, electrostatic dipole-dipole interaction, and spontaneous curvature is sufficient to describe the shapes of
well-separated domain boundaries in full detail. As soon as interdomain distances fall below the domain sizes
upon compression of a monolayer, fluctuations take over in determining its detailed structural morphology.
Using Minkowski measures for the well-studied dimyristoyl phosphatidic @ahPA)/cholesterol system, we
show that calculations accounting for line tension, electrostatic repulsion, and molecular chirality yield bound-
ary shapes that are of the same topology as the experimentally observed structures. At a fixed molecular area
in the phase coexistence region, the DMPA/cholesterol system undergoes an exponential decay of the line
tension\ with decreasing subphase temperatlire

PACS numbeps): 87.16.Dg, 87.14.Cc, 05.65b, 05.70.Fh

[. INTRODUCTION textures should thus—in principle—yield a quantitative
analysis of the molecular interactions in such films. In this
Langmuir monolayers of amphiphilic molecules at the air-context it is interesting to note that very similar patterns to
water interface show mesoscopic—igem scale—structure those previously observed in phospholipid monolay&t§]
formation in the course of a first-order phase transition bewere also recently shown to occur in bilayer leaflets of giant
tween the isotropic and an anisotropic quasi-two-unilamellar vesicles using two-photon fluorescence micros-
dimensional(2D) fluid phase[1-3]. Such monomolecular copy[9].
layers are typically prepared in a Langmuir film balance particularly interesting are domain structures in Langmuir
which permits a continuous decrease of the degzer mol-  fims of biological compounds—such as phospholipids
ecule in the film, resulting in a monotonic increase of the[1g 11, In this context, a quantification of molecular inter-
lateral pressure on the filmr=,—y, wherey is surface  5ctions may also bear physiological implications, since the

tens_ior?% Sincg thebtexturers] are _mesf(l)scopic, it is quitessnciation of, e.g., peripheral proteins with membranes is
straightiorward to observe them using fluorescence m'croﬁikely to be sensitive to electrostatic interactions. Moreover,

qopy(FM) [4,5]—ut|I|;|ng the partitioning of an amphiphi- since such lipids are invariably chiral, the mesoscopic struc-
lic dye between coexisting phases—or Brewster angle mi:

croscopy(BAM) [6] which does not introduce a label but is ture fqrmaﬂon vIV|II allso be affe_ctgld byf:che handedndess of the
more limited in optical resolution. It has been generally ac_consutuent molecu e§5,_12]. Simi ar € ects were emon-
cepted that the sizes and shapes of coexisting phase domaiﬂ%ated for complex, chwg_l amph|ph|I(_es that lack biological
are controlled by the competition of molecular interactions— €/€vance(13,14. ‘In addition, branching of the structures
the (one-dimensionalline tension between the coexisting MY occu15-18, and far from equilibrium domain growth
phases and electrostatic repulsion between excess dipole m§-susceptible to diffusion limitatiopd 9], leading to effects
ments on the condensed phase—where the increased af@Bnilar in nature to constitutional supercoolifig0]. Under
density of the charged or zwitterionic amphiphiles leads to dear-equilibrium conditions, the compression speiddt
dipole moment density that is increased over that of the excontrols the final size of the domains, since fewer nucleation
panded phase. An analysis of the shapes of phase coexisterggnters per unit area are formed at low speed than at high
speed at the onset of the phase transifigh,22. Com-
pounds with a large susceptibility for enrichment at the 2D
Abbreviations: FM, fluorescence microscopy; BAM, Brewster fluid-fluid contact line in the monolayer fllms'—such as
angle microscopy; GIXD, grazing-incidence x-ray diffraction; Cholesterol—are known to reduce the line tension, and lead
DPPC, 1,2-dipalmitoyl-glycero-3-phosphatidylcholine; EPP, effec-t0 @an elongation of the structurg$2,15,23 due to the rela-
tive pair potential: DMPA, 1,2-dimyristoyl-glycero-3-phosphatidic tive enhancement of electrostatic repulsion within the do-
acid; DMPE, 1,2-dimyristoyl-glycero-3-phosphatidylethanolamine; Mains[12,24. The sum of these effects leads to a dizzying
NBD-PC, 1-palmitoyl-2-lauroyl-nitrobenzoxadiazol-glycero-3-PC; richness of shapes observed in monomolecular films, which
5CB, 4-cyano-4N-pentylbiphenyl; EDTA, ethylenediamin tet- severely complicates any quantitative assessment.
raacetic acid; LE, liquid expanded; LC, liquid condensed. Theory treats these low-dimensional objects as 2D dipolar
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discs [25,26 that are subject to plastic deformatidm5]. |
Most approaches concentrated on the competition between

line tension and electrostatic repulsidr8,24,27, which suf-

fices to describe many essential features of the observed tex-
tures. With a few exceptiori£8,29, the contribution of mo-

lecular chirality to structure formation was recogniZéd,

but not explicitly taken into account in attempts on a quan- FIG. 1. Domains ofL-DPPC on pure water (=20 °C,r
titative description. Generally, structure formation has beern=9 mN/m) as visualized with FM0.5-mol % NBD-PC, left pangl
treated either as an equilibrium problem concerning indi-or BAM (center pangl A putative distribution of the director ori-
vidual domains[27,30,3] or in terms of thermodynamic entations of the tilted chaing!0], consistent with the gray level
properties—e.g., of hexagonal or stripe phai®%32 and distribution observed in the BAM image, is shown on the right.
their transitions. No attention was paid so far to the assess- ) ) ) o

ment of shapes of domains in the field originating from their®XPeriment in which temperature variation controls the tran-
neighbors within a monolayer in which crowding of domains Sition from a hexagonal to a striped phase under the influ-
occurs—which is the realistic situation for the most part dur-6nce of molecular chirality12].

ing the phase transition. The reason for this is that under the

influence of the variety of factors that govern structure for- Il. EXPERIMENT

mation, fluctuations lead to a variability of the observed pat-

terns which are similar to each other—but not identical. This, | \ihanol from Sigma-Aldrich(Deisenhofen, Germany
complicates a detailed evaluation of the data greatly, and hgg . \vare of p.a. grade. The synthetic phbspholipids di-
so far prevented a quantitative comparison with modelsy,, miroy Iohosphatidylcholine and  dimyristoylphosphatidic
Thus the kidney-shaped texturgs23,33 that are typical of Gacid (L-a-DPPC,D-a-DPPC, and - a-DMPA), as well as

enﬁ&%n;ekr:cally plt”e ?rg)osphohmdz SUCCT as DF:P,[.C’ DPP Cholesterol, were from Sigma-Aldrich. They were specified
or DIMPA have not yet been reproduced in a Stalic, quasiyqg, , pure, and used as received. NaCl, NaOH, and EDTA
equilibrium situation in which they occygalthough a kinetic

were from Sigma-Aldrichp.a. gradg Cyanopentylbiphenyl
approach has been suggesf2d)). . 5CB) was from Merck. The chain-labeled fluorescent lipid
In the work reported here, we introduce a term, based o

. BD-PC from Molecular Probef_eiden, The Netherlands
the concept of spontaneous curvature, that con.trlbutes to trWas used at a concentration of 0.5 mol % with respect to total
free energy of the system, and accounts for the internal strucﬁ-

ture of the domains. We show that essential features of thﬁﬁld' Lipids were spread from 3:(chloroform:methanolso-

; i ions in concentrations 6 0.5 mg/mL on pure water sub-
structure formation are well described by three componentBhases The water was filtered using a Milli-Q devibéil-
in the free energy—line tension and electrostatic repulsion ' 9

) lipore, Eschborn, Germany and had a resistivity of
T e s o g 18 ML Cm. Boih the florescence and Bewster angle i
the local molecular chirality. It is demonstrated that this de-2roScoPy setup are of local desifb,36. Fluorescence mi-

scription works well for systems in which elongated croscopy data are directly stored into computer memory
domains—that may be treated as quasi-1D structures—ar(é)28>< 640 pixel3, and processed using the public domain

formed at large distances from each othé®(, the length soﬁware NIH Image,.v. 1.6p37] and routines written in the
of a typical domaip such that domain-domain interactions yorick 1.4 programming languagd@s].

may be neglected. We then demonstrate that the formalism

may also be used to model domain structures in a truly 2D IIl. RESULTS AND DATA MODELING

situation, although our implementation is limited to an analy- A. Chirality of DPPC domains

sis near the onset of the phase transition where the domains . . .
are still well separated. The values determined for spontane- Phase separated films of en'ant.lomerlc DPPC on pure wa-
ous curvature in that case are compatible with typical correl®’ ShO\_N that the molecular _chlrallty IS expre_ssed in the me-
lation lengths for the positional order of molecules in hexatic>0S¢OPIC structurgs]. As typical examples, Fig. 1 shows a
domains as determined using GIXB4]. Finally, we use the Micrograph of aL—a—DZPPC monolayer{(a): FM at o
approach of simulating ensembles of elongated, quasi-10°9 MN/m andA~65 A? and (b): BAM taken under com-
domains, thus arriving at a situation that permits a compariParable conditiorsin which ordered domaingdark in Fig.
son of models with the realistic situation in which many (@], embedded in a continuous phase of disordered lipid,
domains coexist within the monolayer in close vicinity of N@vé been formed in the course of the first-order liquid
each other. As such a comparison is limited to an evaluatioffXPanded—liquid condenséde/LC)” phase transition. Both

of similarities—since the detailed shapes of individual do- 'Mages were taken at room temperatufe=0=1°C) and

mains in a tightly packed regime are governed by&'® clippings from a larger field of view. The FM image was

fluctuations—we apply integral geometric techniques foobserved using 0.5 mol % NBD-PC. Each of the domains

characterize morphological measures of the observed arg{1at aré not identical in Figs.(@ and ib)] have grown
simulated patterns. As an alternate means of comparing eX1ré€ lobes from their centers, which curve back on them-
perimental and calculated data, we determine the width-to-

length ratios of the domains. In such a comparison, a con-

tinuous development of the line tension values is observed in?Phospholipid monolayer phases are denoted according to Caden-
simulations that relate to a sequence of images obtained in amradet al. [39].

25 um

Chloroform was from MerckDarmstadt, Germanyand
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FIG. 2. FM micrograph(0.5-mol% NBD-PQ of a tightly .
packed ensemble &fDPPC domains in a monolayer on pure water 1:0 [ 0:1
(T~20°C,7/~9 mN/m). By highlighting the surrounding of one ' ’ ’
domain, the “world map effect'(cf. footnote in the textis exem- 3:1 13
plified. 1:1

selves, thus forming the beginnings of left-handed spirals. .
Neutron and x-ray reflectivity measurements showed that the
ordered acyl chains of DPPC in the LC phase are tilted by . .
~30° from the surface normdK0]. Such a tilting of the FIG. 3. FM imageg0.5-mol % NBD-PQ of mixed monolayers
long molecular axis leads to optical anisotropy which is ob-°f L-DPPC andD-DPPC on water T~20 °C,m~9 mN/m) with
served in the BAM imagéFig. 1(b)] as a continuous varia- MiXing ratios as indicated.
tion of the brightness level as one follows the long axis of _ } _ )
the spiraling lobes. This indicates that the mesoscopic curvadfangement of the contour lines of neighboring domains
ture of the dividing line between the coexisting phases iPVver a distance of some }m” We conclude from these
correlated with the local orientation of the tilt azimuth of the images that both intradomain and interdomain electrostatic
acyl chains. A schematic model of the vector field repre‘,seml_nteractlons determine the textures observed in such mono-
ing these azimuth directions—consistent with the brightnestyers. _ _
level distribution observed in the BAM image given the di-  Figure 3 shows a series of FM images from monolayers
rection of the incoming laser beam—is indicated in Fig)1 ~ Incorporating  various — mixing  ratios, L-a-DPPC:
Close inspection of Fig. 1 reveals that the curved lobed?-«-DPPC, at room temperature and similayA values
are not simply bent rectangular shapes. Rather, the domafi=9 MN/m, 65 &). Itis observed that the mesoscopic cur-
contours are more complicated, which is particularly obviousvature of the domain lobes is correlated with the enantio-
in the center section whence the lobes have grown from &eric constitution of the lipid, and most distinct for the pure
common center, the domain nucleus. The contour line in thi§omponents. Upon progressive mixing of the enantiomers,
region reflects clearly the impact of long-range interactionghe curvature is gradually reduced, and for the racemate the
by which outer areas of the domain are repelled by innefurvature has entirely vanished. o
areas. Obviously, the detailed shape of such domains may In order to separate the effect of molecular chirality from
not simply be described using one-dimensional models. Thigther contributions to the Hamiltonian, and to test models
point is stressed by the fluorescence micrograph in Fig. 2describing its impact, it may be advantageous to start with
which shows arL.-a-DPPC monolayer in a state where the fi[amentous do_mains of chiral amphiphik_es in whic.h th_e in-
LE—LC phase transition has been further driven towarddividual domains are well separatéthe interdomain dis-
completion ¢r=8.9 mN/m andA=65 A2). A remarkably tances are much greater than the domain diametérkile
regular array of domains is observed, densely packed withith€ DPPC/cholesterdi23] or DMPA/cholesterol[12] sys-
the film area, in which the shapes of the individual domaing®ms reported on previously meet the first condition, their
are all quite similar to each other, mostly showing two lobegfilamentous domains are so close to each other that interdo-
although one-lobed domains also frequently occur. Close inain interactions cannot be neglected. We found a similar
spection shows also that no individual contour is identical toSyStem, DPPC/5CB, which forms quasi-1D domains that stay
any other, which impressively stresses the role of fluctua-
tions. By and large, however, electrostatic long range inter-
actions, i.e., the repulsion of collinearly oriented dipole mo- 3This arrangement might be called the “world map effect”’ be-
ments, determine the overall arrangement most significantlycause of its close resemblance to the formation of continental con-
A gray zone overlaid on the image indicates locations whereour lines, e.g., on both sides of the Atlantic Ocean due to the
the action of such long-range repulsion has led to a mutuadontinental drift.

20 um
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headgroup

chains

FIG. 5. Molecular arrangement in the EPP mapping: top view of
two lipid molecules in the monolayer plane, and definition of the
coordinates used to describe their mutual orientation. The distance
between the headgroups was fixed in the mapping.

at the same height, underneath that of the chains. If one fixes
FIG. 4. FM micrograph(0.5 mol % NBD-PQ of a L-DPPC  the distance between the headgroups, and keeps the intramo-
monolayer incorporating 19 mol% 5CB on watef<20°Cm  |ecular coordinates constant, only two angular coordinates
~14 mN/m). are left, describing the relative orientation of the two lipids
o _ . o within the film: «;; accounts for the relative orientation of
separated within the film thus fulffilling both criteria rather the backbones within the plane of the film, afg charac-
well. Figure 4 shows a fluorescence micrograph of such gerizes the direction connecting the two headgroups with re-
mixture with 19 mol% of the mesogen incorporatéltd<20  spect to a reference axis, cf. Fig. 5.
+1°C, m=14 mN/m, A=62 A%). The snapshot shows a ' The interaction potential of the two soft bodies, incor-
number of dark domains, qualitatively similar to one anothefporates two major contributions: the van der Waals attraction
except for the fact thah=1, 2, 3, or 4 spiral arms are buaw, and a soft penetration repulsiah, which we take
grown from the respective nucleation centers. One-armegh pe proportional to the penetrated volume if the two bodies
domains—such as the one indicated by an arrow—have thgre |ocated closer in space than their static van der Waals
appearance of mirror symmetry; however, closer inspectiomadii would permit. Thus two cylindrical soft bodies with

reveals that one of their ends—the one from which growthstatic van der Waals radii, andr, experience the interac-
was nucleated—is filled, whereas the other one is eg8¥  tion potential

also magnified views in Fig. 7, belowBetween these two

ends, the body of the domains curve left-handedly in a deli- Guaw(l), r>ri+r,
cate(thickness~1 um) spiral that opens—due to repulsion P(r)= broo(F) r<r.+r D
from the nucleation center—and then closes again to form e v

the terminus. The contour length of such a domain may begvith

up to 20um. As with enantiomeric DPPC, all such domains

show the same direction of the curvature, regardless of how Drep(r) = OsottVpenetr= OsotPpenetd Z, 2
many arms emerge from its center. For our purpose it is ) . - )
irrelevant whether the mesoscopic chirality emerges from th&/nereV is a volume Ais an area within the surface film, and
molecular property of the DPPC or the 5CB: The system jusf IS the direction of the surface normal. .
serves as a case to test whether structure formation may be 1n€ mutual energy of the two molecules includes a steric

quantitatively modeled using the concept of spontaneouEPUISion term and several dipole-dipole interactions. The
curvature—inferred from molecular chirality—as developedSteric repulsion is accounted for by an energy deriving from
in Sec. Ill B. a deformation of the virtual volume of the chains. The con-

cept of a “virtual volume” is motivated by the fact that the
time scales of molecular vibrations and linear molecular mo-
tions are quite different. As the virtual volumes of two mol-
To develop a reasonable contribution to the Hamiltonianecules overlap, the free volume associated with those mol-
of the system that accounts quantitatively for molecularecules shrinks, and their degree of freedom is reduced: The
chirality, we start by evaluating the effective pair potentialsenergy of the system rises. Dipole-dipole interaction is a su-
(EPP’9 [41] between two adjacent amphiphilic molecules perposition of contributions from moments parallel to the
within the monolayer film. Figure 5 shows a top view of two surface interacting with each other and moments perpendicu-
such molecules, modeled as soft bodies with two chains eadhar to the surface interacting with each other. From a molecu-
(for simplicity, their orientation is taken to be normal to the lar point of view, normal components contribute only weakly
surfacg. An angular offset between the pseudomirror sym-to the molecular interactions because of their image dipoles
metry plane bisecting the chains and the horizontal directiorand intramolecular compensation of parallel and antiparallel
from the B chain to the headgroup results from the mol- moments. Their interactions, however, are not negligible for
ecule’s chirality. Due to the vectorial orientation of the lipids the entire domain, since they do not average to zero over the
within the film, the headgroups of both molecules are locatedlomain area. In contrast, dipoles parallel to the surface are

B. Effective pair potentials and spontaneous curvature
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in which A denotes line tensiorny denotes the dipole mo-

FIG. 6. Effective pair potential map of the molecular arrange-ment difference per unit area between the condensed domain
_ment shown in Fig. 5 The repulsive interaction has been truncategnd its disordered surrounding, aBdand 8D are the area
in the plot. For details, see the text. and the perimeter of the domain, respectively. Due to their

o ) ) location within media of different dielectric constants

enhanced by their image dipoles; as they form higher multiseparated by the hydrophilic-hydrophobic interface, group
poles with neighboring molecules, on the other hand, theyjinole moments on lipid chains and headgroups behave en-
are of short range and do not contribute to the domain engrey gifferent with respect to long-range accumulation of
ergy. However, these in-plane dipoles contribute the majofeir interactions. Both headgroup and chain dipoles give rise
part to theintermolecular interactions. For a discussion of image charges located across the interface: Terminal me-
the relative contributions of lipid headgroups and chains, Sefhyl groups and carbonyls on the chains are embedded in a
Sec. Il C. - medium of ¢,~2; the normal components of their image

The resulting EPP magh vs a;; and (a;; + Byj), of the  gingles have the same directions as those of the real dipole
two molecules shown in Fig. 5, is displayed in Fig. 6. The,oments. As a consequence, their effective dipole moments,
gray scale representation has been optimized to emphasiggyiving from the superposition of real and image dipoles,
the (shallow minima (dark grays, which border regions of ~arenormalto the interface—giving rise to long-range repul-
strong repulsion whose maximum values lie far beyond th&jon |y contrast, headgroup dipole moments are located in
brightest level, truncated at white. Most regions are just & environment withe,>10, and give rise to image dipoles
uniform medium gray, corresponding to a faint attractive po~,gse projections on the surface normal have dpposite
tential quite close to neutral. While the precise surface topolyirections to that of the real dipoles. Although headgroup
ogy of the map is insignificant because details of the underginole moments are generally much larger than those of the
lying molecular model were somewhat arbitrarily chosen,cnains, their normal projections are thus canceled by those of
one recognizes two important qualitative features. their image dipoles; the resulting superposition has an in-

(& Most importantly, the EPP map is not characterized bypjane orientation, and leads to quadrupolar charge distribu-
a simple symmetry. There are two rather confined regions—jons of only short-range interaction.

related with the two molecules in the system—in which both 14 formulate a contribution of the molecular chirality to

net repulsion and net attraction occur close to each othefne o free energy, we utilize the properties of the derived
forming a characteristic pattern within the map. On_e of thesgpp map, namely, its asymmetry and the fact that it contains
patterns, centered afa;;,(aij+B;j)) ~(7,0.6m), is the (4t |eastone pronounced minimum. Taking into account that
mirror image of the other pattern, centered (atj,(aij  one of the coordinates is arbitrarily chosen, one finds one
+Bij)) “(1-6,77’0)- i ) ) specific angle corresponding to the energy minimum. Placing

(b) There is a well-defined coordinater( o, Bij,0), I the molecule into dpseudd unit cell introduces two inter-
which the mutual attraction finds its maximum. Generally, molecular distanced; and A,. A similar pseudo-unit-cell
potential minima are observed located in confined regiongontaining a neighboring molecule is necessarily misaligned
within the (aj;,Bi;) plane. The most pronounced of those yith respect to the first one: Any attempt on a realignment
attraction zones borders one of the four unique repulsiofeads to an increase in energy. Only if the EPP map is sym-
regions in a narrow ditch; other attraction zones, albeit morgnetric may a unit cell be found that extends over t(o
shallow, are somewhat distributed between the repulsiopore molecules and sustains the formation of a true crystal
Zones. lattice. The angle of misalignment in connection with and

A, yields two spontaneous curvaturés, andks q.
C. Free energy of domain shapes

As a result of the observations made in the previous two
sections, we write the free energy that determines the shapéSince we will solve the energy minimization numerically on a
of a domain of chiral lipid molecules within a monolayer mesoscopic gridvide infra), we need not be concerned with the
surface film as singularity that arises as—r".
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The Taylor expansion of the potential around its mini- w?
mum leads to a quadratic approximation described by the = 28 (13)
Hesse matriXH. Thus the contribution to the free energy due
to the shape of the molecules may be written as

a reduced dipole moment densifyormalized to the chiral
Echiralzf (Ky.0—K1,kp.0— ko) TH(Ky o~ Ky Ko 0~ ko) dA contribution in a similar way as in the normalization to the
D line tension in earlier assessment of 2D domain shapes with-
out a chiral energy contributiof25]), and the spontaneous

CARTHE ; i i
=Ak'Hk dA. (6) curvaturek, normalized to the length of the domain. In dis-
_ _ tinction from earlier work, no dependence )ofon the loca-
1. Quasi-1D, curved domains tion of a line segment at the perimeter of the domain has
Assume a pronouncedly elongated, curved domain foP&en assumed. . .
which all contributions td& across itgsmal) dimension per- The evaluation starts witln=3 segments, with values

pendicular to the growth direction are essentially zero. Inforresponding to the spontaneous curvature, and minimizes
such a case, the dimensions of the integral expres§ieqs ~ their total energy by adjusting at each kink point. This may
(4), (5), and(6)], are all reduced by one unit. The contribu- b& achieved by a straightforward steepest decent algorithm,
tion due to line tension simplifies t&;,o=2\l (wherel since only one degree_of fre_edom is involved in the minimi-
denotes the total length of the elongated domaihis is ~ Zation problem. In the iteration of this process, the nunmber
obviously a constant with respect to the domain shgpe of kink points along the contour line is successively in-

which need not be explicitly included in the calculations. creased by one until a preset valu_e is reached. Th'is algorithm
The electrostatic energy reduces to works well with any numbeN of spiral arms emerging from

a domain nucleus. IN>1 arms are involved in the energy
2 ds d< m_ini_mization, electrostatic interaction is taken into account
Eelstat:_f f — (7)  within each of the arms as well as between them.
2 yyr—r')? In Fig. 7, results from the energy minimization are com-
pared with experimental observations. Figufe) Ghows a
while only one spontaneous curvature is required to deterlargely magnified image of a one-armed domain taken from
mine the chiral contribution an image similar to Fig. 4. The domain’s nucleus is located
in the lower left section of the image, and growth occurs
B - 2 from there in an opening and subsequently narrowing spiral
Echifal_gfy(k(r)_kO) ds, ® to the termination point in the upper central section of the
image. The result of an energy minimizatiom=100¢

in which £é=H,, is a scale factor and is the actual curvature = 8Ko=0.12) is overlaid to the experimental image, and the

of the domain af(s). The curvature may be evaluated as agreement between both contours shows clearly that the ap-
' y proach which we have developed is quite adequate to assess

- the morphology of the quasi—1D domain. Likewise, in Fig.
o |rxr] 7(b) the modeling of a two-armed domain is compared with
k(r)= R ©) an experimental result. Not surprisingly, these parameters are
Ir3 identical to those that have been found in modeling the situ-
ation shown in Fig. #®). One realizes that the domain shape
The solution of 6E;y,=0 leads to an integrodifferential close to the nucleation point in the center of the image is
equation, which cannot be solved analytically or usingquite different from its shape near the termination points of
Runge-Kutta’s algorithm. We have thus chosen to determin¢he two spirals. This feature, as well as the overall shape of
v, the domain shape, by using an iterative approach to minithe domain, is faithfully reproduced in the model. In conclu-
mizing the contour energy. The domain is composed of sucsion, from the comparison of the model with the experimen-
cessively larger numbers of straight segments, characterizedl results contained in images such as Fig. 4, it is recognized
by equidistant kink points, that approximate the macroscopithat the concept of spontaneous domain curvature is quite
cally curved contour line. Each kink point is specified by awell suited to describe the contour shapes of elongated do-
triple of coordinates: two local Cartesian coordinates and amains with narrow cross sections.
angle « that characterizes the kink: is related to the local
curvature by

2. 2D domains

The concept of a 2D spontaneous curvature for the de-
e — (10 scription of domain shapes of chiral lipids in surface mono-
R.  2A\2-2cosa layers leads to general problems. To our knowledge, there is

no general mathematical theory that uniquely identifies the
whereR, is the radius associated with the curvature of thecurvature in two dimensions of an area of arbitrary, continu-
domains, and\ is the length of the segment. More specifi- ous shape. For the evaluation of experimental results in the
cally, R, is the outer radius of the triangle defined by two form of an assessment of the curvature of the local directors
neighboring segments. In practical terms, two free parameescribing the collective tilt of aliphatic chains in a mono-
eters determine the 1D shape of the domains, layer, we made the following assumptions.

1 sina
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FIG. 8. Comparison of a 2D modéb) with experimental data
(a): L-DPPC on water shortly after the onset of the phase transition.

a

includes the chiral contribution, according to Ef), by ad-

10 wm justing the mappind. In the evaluation, the dual area inte-
gration in Eq.(5) has been evaluated by simplifying the ex-
(@) pression using Green's theordi2b:

dA dA dsds
pJo |r—r'|? y Ly [r=r’|

The Monte Carlo procedure acts on a unit squareharac-
terized bynxXm grid points. We found that this algorithm is
susceptible to instabilities with respect to the crossover of
gridlines in the target shapP when going to small line
tension values. In order to obtain a good appreciation of the
internal structure oD, it is obviously necessary to construct
a well-distributed grid within the target shape. Thus a pen-
alty function was introduced which favors grid points at even
distances. The contribution of this penalty function to the
final results was kept below 10% of each of the remaining
(physica) terms.
1 As to a comparison with experimental results, we were
. 0 um limited to the analysis of situations in which domains are
well separated from each other, because the algorithm per-
®) formed poorly with respect to instabilitiegridline cross
oven if electrostatic interdomain interactions are taken into
account. Moreover, the algorithm is too inefficient to enable
an extensive modeling of the 2D situation on the workstation
we used for the computations. This implies that only situa-
(1) Each single connected regi@can be obtained from tions could be analyzed in which the domains have just bgen
the unit squareE through a coordinate transformation. As Nucleated and growth has not proceeded much further, lim-
this mapping is at least single valued, there is a functior{ting Us to a comparison of models with small domains that
f-E—D. have not yet grown into their mature, characteristic forms.
(2) E may be parametrized using Cartesian coordinated\evertheless, a q_uantit_ative compa_rison is feasible: Figure
This parametrization yields two curvature values at eacf3(® Shows three juvenile domains in a monolayer of pure

_ — 2
point within D which are associated with orthogonal direc- L-@-DPPC on water r=8 mN/m, andA=72 A?) of a
tions within E: similar preparation that leads to morphologies such as those

shown in Figs. 1 and 2 upon further compression of the
surface film. Although the diameter of the domains is only

~10 times the optical resolution, it is appreciated that the
domains are not circular but rather kidney shaped, and not

FIG. 7. Comparison of 1D models with experimental data simi-
lar to those shown in Fig. 4a) One-lobed domain(b) Two-lobed
domain.

K(r) = (ke(r),ky(r)),

k(1) =ku(X,y) =ky(X)]y, (120 even mirror symmetric. All three domains show the same
) deviation from mirror symmetry, which is obviously associ-
ky () =ky(X,y)=ky(y)|x- ated with the chirality of the system—although it is not ob-

vious at that stage of domain growth how the handedness of
To minimize the energy, a Monte Carlo method has beerthe domain shapes relates to the molecular chirality. A rep-
implemented that determines the veckoused to transform ~ resentative model of a domain shape with minimal energy
the coordinates of the unit squageinto the target shapb. [2\/ u?=30, H1;=30, H»,=10, H;,=H,;=15, and k
This procedure facilitates domain energy minimization that=(1,5)] is presented in Fig.(B), and overlaid with one of
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the experimentally observed specimens. As in a comparisoalgorithm is susceptible to the crossover of the quasi-1D do-
of energy-minimized shapes with quasi-1D domains, it ismains, particularly at the well boundaries. In addition, highly
obvious that the model is quite capable of capturing the eseurved structures may occur close to these boundaries, de-
sential features of the structure formation in two dimension&‘pending on the arbitrarily chosen starting conditions. Conse-

in the experimental system. quently, a comparison of the models with experimental re-
o _ o sults is limited to the central sections of the well.
3. Crowded domains in a quasi 1D approximation Another significant complication in the comparison of

The most complex form of structure formation in lipid modeling results with experimental observations arises in
monolayers is one in which domains have come so close tthat both types of results depend largely on the starting con-
one another upon growth that electrostatic interdomain interdition, i.e., the locations of the randomly occurring or ran-
actions become substantial. In a number of experimentadlomly chosen domain nucleation sites in the experimental
studies, situations were reported in which this occurs at relasituation or the Monte Carlo model, respectively. Yet both
tively small values o\, such that the resulting domains are classes of starting conditions sensitively determine the de-
elongated, forming effectively a 1D lamellar pha@ripe tailed arrangements of the domain ensembles. Since these
phase [23,24. In a few cases, a continuous development ofstarting conditions never coincide, a direct comparison—
such stripe phases upon film compression or temperaturgimilar to the one afforded in the previous sections—is not
variations was reported 2,29. feasible. Instead, one has to compare the similarity classes of

Textures that occur in such situations, e.g., in monolayerslomain ensembles in experiments and in model calculations
of DPPC or DMPA mixtures with cholesterol, are distin- in order to quantify the correspondence between a computed
guished from the results observed in the DPPC/5CB systenmorphology and a given experimental result. We have ap-
(Fig. 4) in the following respects. plied integral geometric methodl42] to afford a quantitative

(i) The area fraction of the ordered phase is much largecomparison of the morphology patterns formed by domain
in the mature DPPC/cholesterol system than in DPPC/5CBensembles.

(ii) Growth in the crowded situation leads to interdigita-
tion of arms from different domains.

(i) Depending on the system and the experimental con-
ditions, growth in the crowded situation may lead to branch- A coordinate in Minkowski space which characterizes the
ing of the domains. Such branching has been extensivelgontent of an image containing an arbitrary irregular pattern
studied by various groud47,18,217. is defined by a triplet of functions, v, andy. The argument

In order to assess this situation in model calculations, th@f these functions depends on the character of the images
technique based on Eq&) and (8) needs to be only mar- that are to be compared. For the general case in which im-
ginally extended: Equatiof7) is modified to include both ages with a full dynamic gray range are of interest, the analy-
intradomain and interdomain electrostatic interactions: sis starts by slicing the image at any available gray level

In such a casep represents the argument of the Minkowski

4. Minkowski measures

u? ds de functions, which are the normalized portion of black pixels,
Eoista= 2 _f f — 5 (14  s(p); the normalized length of the border between black and
0 2y ylr=r'| white regions,v(p); and the normalizecculer function,

x(p), i.e., the difference of the number of the connected

The contribution fori #j has to be included as the mean black and white regions. In concert, these functions define
distance(d) between domains becomes comparable withthe pattern quite sensitively, and depend very weakly on the
their mean diameter. For model calculations, either periodichosen part of the image. Scaling the image by a faator
boundary conditions or the simulation of domain growth in aleads to the following rescaling laws for the Minkowski
2D potential well lend themselves for the implementation.functions:s;=s,, v;=wv,/n, andy;= x,/n>.
We have chosen the latter option, and simulated domains To access these functions for an image that contains es-
shapes in an external potential with soft walls, compromisingsentially two gray scale levels—such as the ones analyzed
on the susceptibility of this method for edge effects for itshere—, the image is sliced while the threshold is placed at
relative ease of implementation due to its confinement tdhe minimum of the bimodal gray level distribution. Since
finite summations. As an analytic form of the external potenwe are concerned with elongated domains, the width of these
tial at the walls we chose a parabolic function to confine thedomains is of minor importance for the assessment of the
domains to the center of a square potential well. Within theunderlying pattern. Consequently, we have skeletonized the
well, the potential energy of a domain segment is equal toamages in the next step of the analysis using the built-in
zero. function of the NIH Image package. The resulting pattern of

The calculation of the model shape follows the patterncurves—one pixel wide—is well suited for a quantitative
spelled out for the assessment of isolated quasi-1D domainsomparison with the computed patterns. Since the
A number of domain nuclei is distributed at random within Minkowski functions require 2D regions within the images
the potential well. The number of segments is incrementedo be compared, one has to transform the stripe patterns back
and the local kink anglex at the joints of the segments into 2D connected regions in a controlled manner. On each
adjusted to minimize the total energy of the arrangement oblack pixel we have placed a circle with radiys (p
domains until a preset length of the domains, corresponding-1,2,...), which represents the argument of the
to a particular area fraction of the ordered monolayer phaseviinkowski functions in the application of the formalism as
has been reached. As a deficiency of the implementation, th#escribed here. For more details and an example of the trans-
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formations applied to an experimental image, cf. the
Appendix®

To quantify the similarity of two images, their distance in
Minkowski space has to be determined. This distance is de
fined as

a= f “(s1(p)—5a(p))? dp + f " (n(p)— valp))2dp .
0 0

+ fw(Xl(p)_XZ(P))ZdP- (15
0

We observed that all three Minkowski functions converge
uniformly to zero as the shapes of patterns converge towarc
each other, and have thus confined the quantification tc
analysis of onlyy(p). Since the scaling between simulated
and experimental images &priori unknown, we have cal-
culateda as a function of the scaling factor of the simu-
lated images. Two images were then accepted to be similar i
their distance in Minkowski space at anyfalls below the
square of the modulug, of the unscaled experimental im-
age:

a,= JO (Xexpt(p)—xmod(p))zdp<0-1fo XaxpP)dp.
(16) FIG. 9. Comparison of 1D model{b) and(d) with experimental
data[(a) and(c): L-DMPA with 4 mol % cholesterol on an aqueous
subphase atpH=11 and 5 mM Na, 10 uM EDTA] at T
~10°Cmr~14 mN/m (a8 and T~4°C,m7~8mN/m (b). The
Figure 9 shows two examples of experimental data foMinkowski distances between the simulated and the experimentally
DMPA plus 4 mol % cholesterol on an aqueous solution ofobserved data ara,~0.08&,, [(a) and (c)] and a,~0.09(, ¢
5 mM NaCl and 10uM EDTA, adjusted topH=11 with  [(b) and(d)]. The dashed lines ife) and (b) indicate a succession
NaOH. Figure @) has been taken af=10°C and = of domains that happened to develop quite similarly in the experi-
~14 mN/m, and Fig. &) atT=4 °C andm~8 mN/m. The ment and the simulation—beyond the general similarity of the un-
experimental images are compared to energy minimized erflerlying patterns.

semble arrangements that were computed using the foIIov\ﬁer, or it could have been found in a mirror-symmetric

ing input parameters. The thickness of the bodies of the comsrangement. However, its occurrence suggests strongly that
puted domains is chosen to ob_tam a reasonable,e images compared in Figs(a® and 9b) are certainly
correspondence to the observed experimental shapes. It hggnjlar to each other. On a more quantitative basis, we note
to be emphasized that the synthetic ensemble textures showigt the distance of the Euler functiogsof the two images

are not necessarily the best possible matches: Due to limited much smaller than the square of the modulus of the ex-
computing power, we have not systematically screened pgerimental imagea,~0.08&, ;.

rameter space on a close-meshed grid; moreover, even under At a lower temperaturel =4 °C[Figs. 9¢) and 9d)], the
identical parameters different explicit textures will be foundtextures in the monolayer have generally elongated, trans-
depending on the starting conditions. However, visual informing the phase morphology into a striped pattern. The
spection already shows that the correspondence between theeudorows observed in Fig& disappear and neighboring
two pairs of patterns is striking: In the data set Bt domain bodies interdigitate deeply alongside each other.
=10°C, the relatively short domain bodies are organized ofdowever, the correlation length of the striped pattern is ex-
pseudogrid lines that form a striped pattern which extendgremely short as the texture incorporates a large number of
from the top of the micrograph to the bottom. This feature isdefect points. Again, these features are faithfully resembled
faithfully reproduced in the synthetic pattefi¥Fig. 9b)].  in the simulated imaggFig. Xd)], which shows hairpin
Moreover, as indicated by the two dashed lines overlaid oshapes formed by individual domains as well as elongated
both the experimental and simulated data, the sequence &drms that are squeezed in between more compact domains.
neighboring domain shapesaydevelop very similar in both  Quantitatively, the Euler functions of the two images are
cases. Clearly, the close correspondence in the depicted extose to each othera,~0.0%, , [for comparison, the
ample is fortuitous—under slightly different starting condi- Minkowski distance between the Figs(bp and 9d) is a,
tions, it could have occurred in a significantly different man-~50a, .

5. Ensemble domain shapes

IV. DISCUSSION

5This technique is known as “erosion/dilation operation” in the ~ The experimental results presented in Sec. Ill as well as
mathematical literaturgs0]. previous work clearly show that the chirality of lipid mol-
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FIG. 10. Correlation, via the width-length ratip of the domains, of the temperature dependent shape transformations observed for
L-DMPA/4 mol % cholesterol with 2D simulations in which only the line tensiorwas adjusted and all other parameters were kept
constant. Some of the experimental data were shown in Fig. 9. The experimental data were collected etie®@ (highest\) and
T=3 °C (lowest\). The inset graph shows the correlation betw&drom the experiment ani from the simulations. The sketches on the
left hand side demonstrate that the 1D and 2D simulations at/lgield the same results. The simulation results shown in parentheses at
low \ are believed to lie systematically too high ¢ndue to problems with the algorithm.

ecules affects pattern formation in agueous surface monolayurement for a quantitative evaluation. Consistent with the
ers sensitively. We have derived a formalism that accountsarlier work we find an elongation of the domains—
quantitatively for the contribution of chirality to the energy indicative of a reduction of the line tensiar— upon falling
of the system, and have shown that one may model experiF. Two representative images from this measurement are
mentally observed textures by accounting for line tensionshown in Figs. 8a) and 9c). Figure 10 visualizes a correla-
electrostatic interactionsgand chirality in a wide range of tion of the experimental results with simulated data. In both
experimental situations. With this development, we havecases, the width-length ratig has been determined as a
paved the road to simulating domain morphologies in surfacguantitative measure of domain elongation, antias been
monolayers in their full complexity, i.e., for complex 2D plotted as a function ok for the simulation result§in arbi-
shapes in a crowded situation where domain-domain interagrary units, since the modeling of the domain shapes yields
tions are substantial—such as the one shown in Fig. 2. only the ratio 2/u?). The relationy=()\) is clearly sig-
What can be learned from such simulations in terms of thenoidal, showing a large drop ig#r upon lowering\ within a
molecular properties of the system? Clearly, the observedarrow regime, whilas stays essentially constant above and
mesoscopic structures reflect details of the molecular interbelow this transition regime. In a second ste@phas been
actions which might be quantified upon systematically studydetermined as a function df for the experimental data. Fi-
ing the molecular parameters used to model the experimentaklly, by using the implicit interdependenck, has been
results. Unfortunately, since the computation of equilibriummapped toT. From this mapping we derive an exponential
shapes derive from a continuum theory, the absolute lengttelation\ =\q€e®" (see the inset in Fig. 20In the main body
scale has been lost and the molecular parameters may or® the figure, this linear mapping has been utilized to com-
be determined in relation to one another. While the absolut@are the simulation results with the rescaled experimental
magnitudes may be determined using thermodynamic relg@bservations, and it is revealed that the correspondence be-
tions[43] or micromanipulatiof44,45), it is also interesting tween the two is almost perfect. At low, the models sug-
to assess the trends that the system follows upon continuo@§Sty ratios that are systematically large. This is attributed
variation of thermodynamic parameters. As shown in earliefo inherent d|ff|cult|es_0f the S|mulat|_on algorithm. _For ref- _
work [29], the DMPA/cholesterol system at higiH under- erence, some of the simulated domain shapes are included in
goes a continuous transition from a pseudohexagonal phase
to a striped phase upon lowering the temperaiuat a fixed
areaA. While the original dataare too poor in quality for an  éwe thank Dr. W. Heckl, Munich, for providing the original data
analysis as outlined Sec. Ill, we have repeated such a meaontained in Fig. 3 of Ref29].
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Fig. 10 and related to the corresponding data points. As inandD~5 A andk~1 um™!, we arrive amA~320 A for
dicated on the left hand side of the main panel, the domaitthe correlation length. We propose that molecular chirality
shape emerging from the 2D modeling with vanishings reduces the correlation length in addition to the limitations
identical to that emerging from the 1D models if one fixesimposed due to the dimensionality of the system, and esti-
the latter with the appropriate domain width. mate from our results for the spontaneous curvature rihat

It is important to note that elongation depends critically~60 lattice constants should pose an upper limit for
on the molecular chirality under equilibrium conditions: L-DPPC. There have in fact been a number of GIXD studies
Elongated structures are generally not observed in monolaysf phospholipid monolayers in the literatuféor a recent
ers of achiral amphiphiles—such as fatty acids or esters—eview, see Refl50]). While PA’s[51,52 and PE’'s[53,54
and, on the other hand, we have not observed a transitiowere the objects of numerous studies, and were reported to
such as the one shown in Fig. 10 in simulations in whichyield diffraction peaks that are close to instrumentation lim-
H=0 has been assumed. While transitions from circular tated (nA~1,000 A), there is to, our knowledge, only one
noncircular domains have been found in systems that arstudy published that shows rather broad diffraction peaks
exclusively determined by line tension and electrostatic refrom (enantiomeric and racemic mixtures) dPPC [55].
pulsion[31], we note that in practical terms such systems ar&Vhereas all phospholipids are chiral, the impact of chirality
kinetically trapped in the circular state such that an actuabn the microscopic and mesoscopic structure is determined
transition isonly observed if chirality is added as an ingre- by the headgroup size in relation to the cross section of the
dient in the Hamiltonian of the system. aliphatic chains: PA's and PE’s—which are characterized by

The symmetry break in the molecular arrangement withinsmall headgroup sizes—develop by and large circular do-
phospholipid domains due to the molecules’ chirality leadsmain morphologie$51,56—58, while DPPC with its bulky
to a consequence that may be experimentally tested. If oneeadgroups shows a pronounced fingerprint of molecular
compares coherence lengths of the hexatic lattices formed kghirality both in the mesoscopic domain shape and a low
the alkyl chains of different compounds, achiral moleculescorrelation length. Along this line of argumerttiple-chain
should have longer correlation than chiral ones. FortunatelyRC/ for which the ratio of the headgroup size and the ali-
such coherence lengths may be experimentally determined hatic chain cross section is again reduced, shows both cir-
GIXD experimentd34,46,47. Unfortunately, 2D lattices in cular domain morphologies in FM and extended correlation
general are subject to low energy lattice distortions, prohibiengths in GIXD (see Figs. 3 and 5 of Ref59], respec-
iting the formation of crystals with infinite correlation tively). It might be worthwhile to study the interrelation be-
lengths[48,49. We estimate the contribution of chirality to tween the impact of molecular chirality on domain textures
reducing the correlation length of the positional order ofand correlation lengths in GIXD more systematically in the

10% limit

scattering centers in Langmuir monolayers as follows. future.
The spontaneous curvatuke—as revealed from the mod-
eling in correspondence with the experimental data— V. CONCLUSIONS
determines the displacemebtof a molecule, located at a o
distanceD=nA (A is a lattice constahtfrom the origin, We have shown that the molecular chirality of phospho-

from its proper lattice site. A becomes comparable tb  lipids sensitively determines the morphology of liquid-
upon increasing the number of lattice spacimgpositional ~condensed domains in aqueous surface monolayers, and have
correlation is lost due to the molecular chirality in an other-developed a concept for the calculation of such morpholo-
wise ideal system. With

21 A2
_ 1—cosnkA ~ n’kA (17) "1-hexadecyl-22-myristoyl-palmitoy)-3-glycero-PC and 12-
k 2 myristoyl-palmitoy)-2-hexadecyl-3-glycero-P{59].
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gies which is directly related to the molecular asymmetry.also thank the Fonds der Chemischen Industrie, Frankfurt,
The contribution of chirality to the Hamiltonian of the sys- for support.

tem is sizable for species such as DPPC for which the chiral-

ity is paired with a large size of the headgroup in relation to

the cross section of the aliphatic chains; this leads to a spon- APPENDIX

taneous curvature of the domains within the plane of the
monolayer. With this concept, we have been able to simulate

realistically the domain shapes in a number of experimental-. : et
situations with progressively higher complexities under equilinkowski measures as used to assess the similarity of
growth patterns with simulated data. We start with a gray-

librium conditions. In two-dimensional simulations of do- X , ) .
main shapes we have observed that a reduction of the lingc@l€ image(upper row, left which consists essentially of

tension\—normalized to the electrostatic repulsion betweenW© 9ray levels. The raw data have been corrected for a

collinear dipole moments on the molecules—is a necessary'9Ntly inhomogeneous illumination within the plane of the
but not sufficient, condition for the formation of a striped 'Mage. The gray-scale image is sliced and then skeletonized

phase: Elongated domains under equilibrium conditions apt-o yield connected trains of the domain’s center lines that are

pear only if the film-forming molecules are chiral. This is JUSt One pixel wide(upper row, center Finally, black disks

consistent with experimental observation: To our knowledge!Vith radil p are placed on each black pixel along the trace of

stripes of solid and liquid-condensed phases formed b)the domain's skeletons to obtain the pattern shown in the
achiral amphiphiles have not been reported in the literaturé/PPer right, which may now be compared with a synthetic
Finally, we have argued that the spontaneous curvature diattern(lower right in which the domain bodies have also

chiral domains is a major source for the reduction of the?€€n widened to the same radjigor comparison. For the
correlation length of the molecular positions in a hexaticdiSPlayed examples, the three Minkowski measisgs),

lattice. This prediction should be experimentally tested in’(P), andx(p) are given on the lower left, where measures
future work. for the synthetic pattern are shown as solid lines and those

for the experimental pattern as dotted lines. To determine the
Minkowski distance between the two images, the quadratic
differencea, of the Euler functionsy(p) are calculated ac-
We thank Dr. C. Lautz for the BAM image and Dr. H. cording to Eq.(16) in dependence on a scale factoflower

Schmiedel for a sample of 5CB. This work was supported byow, cente), and the two patterns are assumed to be similar
the DFG through the SonderforschungsbereiskB) 294,  if the minimum ofa, with respect ton falls below a thresh-
TP F3, and the priority program “Wetting and Structure For-old (chosen to be 10% of the modulus of the experimental
mation at Interfaces” under Contract No. Lo352/7-1. Weimage.

Figure 11 gives a rundown of the manipulations applied
experimental data for the quantification through the
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