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Direct imaging of domains in the L 5/ state of 1,2-dipalmitoylphosphatidylcholine bilayers
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A near-field scanning optical microscope was used to study domain formation and evolution in single-
component supported lipid bilayers in the géls() state. Results on 1,2-dipalmitoylphosphatidylcholine
(DPPQ bilayers on glass substrates at room temperature are presented. The domain structure is determined by
means of the optical anisotropy of the sample, which arises because DPPC molecules arestitdd atvith
respect to the bilayer norm@l. F. Nagle and S. Tristram-Nagle, Biochim. Biophys. At#69 159 (2000].

From the measurements we obtain the difference in the index of refraction for the directions parallel and
perpendicular to the acyl chains of the lipid moleculés,=0.37+0.12, in good agreement with calculated

and measured values. Direct evidence of the existence of domainslin tistate is provided. These domains,
defined as the correlation of the tilt angle are found to be 1-Z:m across. Furthermore, it was found that
they are robust under single-lipid-molecule diffusion, remaining unchanged over periods of hundreds of min-
utes.
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[. INTRODUCTION used as benchtop experiments for thermodynamic studies,
providing examples of nematic, smectic and disordered lig-
The complexity of cell membranes resides in their heterouid crystals.
geneous structure and composition. The concept of a homo- A large number of experimental techniques have been
geneously distributed mixture of phospholpids forming a bi-successfully implemented to study synthetic lipid bilayers.
layer into which proteins are embedded or to which they aréStandard structural techniques such as NMR and x-ray
attached 1] has recently been refined. There is now accumu{6,10] and neutron diffractiorf11] have been applied, but
lating evidence that organized microdomains of specific lipidthey are not local due to the intrinsic nature of the method or
composition exist to provide a platform for membrane pro-the difficulty of attaining adequate signal-to-noise ratio over
tein function[2,3]. Putative microdomain dimensions range the relevant time period. These techniques, nevertheless,
from ~50 nm to several micrometefd]. Matters are com- have identified a number of properties of the bilayer, in the
plicated further by the fact that the structural organizationbiologically relevant liquid crystalline phase and in the gel
changes during protein activatif]. Despite the extensive State. In particular, phosphatidylcholines containing two
knowledge acquired, uncovering the relationship betweertentical, saturated acyl chains are well character[fe.
membrane structure and function is far from completed. AThe structures formed by hydrated dipalmitoylphosphatidyl-
common approach to improving the understanding of memeholine (DPPQ exemplify the complex phase behavior. A
branes is to study the behavior of individual constituents. Ifamellar, crystalline subgelL() phase is adopted after pro-
this regard, a significant effort has been dedicated to charatenged equilibration at-0 °C. The gel statel(s), in which
terizing lipid bilayers[6], which account for~50% of the the acyl chains pack in a distorted hexagonal lattice, is
membrane by weigHht7]. adopted between 20 and 35 °C. In this phase the acyl chains
Lipid bilayers not only play a fundamental structure- are tilted an angled~30° [6] relative to the normal to the
function role in cell membranes, they also exhibit a numbeibilayer plane. Upon further heating, the structure becomes
of properties that make them interesting from a basic sciensorrugated in the plane of the bilayer to form the ripple phase
tific point of view. Single-component lipid bilayers form a (P’B) between 35 and 41°C, before transforming into the
solidlike gel state at low temperature that, upon warmingJamellar liquid crystalline IL,) phase at higher temperatures.
turns into a liquid crystalline one when the acyl chains meltRelevant to this paper is the fact that the tilting of the acyl
[8]. Although the details of the phase transition are lipidchains in thelL ;» phase manifests itself in the existence of
specific, it has been found that a variety of bilayers adopbptical anisotropy. This property has been exploited to mea-
several structurally different arrangements dependent uposure the index of refraction perpendicular and parallel to the
temperature and hydratidé]. These bilayers could then be plane of the membrane, using ellipsomédittg] and coupled-
plasmon waveguide resonanic8], over regions of several
tens of square micrometers. It is natural to ask i§ homo-
*Electronic address: rdecca@iupui.edu geneous throughout the sample, in both magnitude and polar
"Present address: Providence College, Providence, RI, USA.  orientation. X-ray data show that the magnitude is approxi-
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FIG. 1. Contact mode atomic force microscope image of a 3.2
X 3.2 um? region of the edge of a DPPC sample. A shows a region
where the lipid bilayer is formed, while B shows the underlying
glass substrate. Inset: line cut across the lipid-glass interphase.
mately constanf6]. The experimental resolution in Ré6] FIG. 2. (a) Relevant coordinate systems associated with the

indicates that order extends over regions with typical dimenmembrane and light propagation. The plane of the membraxg is
sion larger than 290 nm. A more precise measurement of th@oincident withXY), with z (and Z) perpendicular to the mem-
size and shape of these domains, however, is an outstandihgane. TheX'Y Zcoordinate system is obtained through a rotation of
question. xyzby ¢ aboutz x'y’z’ is obtained through @& rotation aboui.
The superior spatial resolution of near-field scanning op{b) Schematic of the experimental setdp) He-Ne laser(B) laser-
tical microscopy(NSOM) [14] compared to conventional to-fiber coupler(C) single mode optical fibexD) fiber polarization
far-field optical approaches has attracted application to biocontroller;(E) NSOM probe;(F) sample on piezo driven stagé)
physical researc15]. Shiku and Dunn[16] employed microscope ob_jectlve, 0.7 NA(_H) linear polarizer(the lines indi-
NSOM observation of fluorescently labeled probes incorpo<ate the direction of the polarizer() detector.
rated into lipid monolayers to explore domain formation on
the nanometer scale. In an earlier study we demonstrated thepg°c  in theL 5, state. A contact mode AFM image of a

potential of the approach to track the lateral diffusion of apyre DPPC sample is shown in Fig. 1. The image was chosen
single fluorescently labeled lipid molecule in a membranggy show regions where the glass substrate is covered by the

[17]. The objective of this paper is to investigate the lateralpppc bilayer membran@oted as A and regions where it is
organization of lipid bilayers in the gel phase without the ot (labeled as B In the regions A of all samples the fluc-

incorporation of an extrinsic probe. Instead, the local polat,ations in the topography were observed to-b8.1 nm.
orientation of lipid molecules and its effect on the optical pro this value and the difference in height between regions
properties of lipid bilayers are investigated on a topographya ang B, the height of the membrane is determined td be
free system by means of a NSOM. The lateral organization_ g 30 1 nm. This value is in very good agreement with

of a pure DPPC membrane in the, state is imaged with a ¢ thickness of a single DPPC bilayer in the gel sféle
spatial resolution of-100 nm, providing direct observation

of domains.
B. Experimental setup and methods
Il. EXPERIMENTAL DETAILS . . .
As aforementioned12,13, optical contrast in the.
A. Sample preparation and characterization state arises from the anisotropic index of refraction of phos-

Supported bilayers of DPPC were prepared by fusion mo_holipid bilayers[_ls]_. In thi_s paper, the Iipid bi_Iay_er is con-
sonicated unilamellar vesiclgSUVS) onto a glass surface sidered as a uniaxial optical crystal, with principal optical
[18]. SUVs (1-5 mg/ml lipid were made in 70 mM axis along the direction of the acyl chains in the lipid mol-

NaCl/20 mM NabPO, (pH7) and a drop €50 ul) was ecule. In DPPC, this direction is known to lge-32° [6]

deposited onto a glass slide. The sample was incubated ovét’)lv—'th respect to the perpendicular to the plane of the mem-

night at~4 °C, followed by anothe2 h at~60 °C. Excess rane. The di_fference in polari_zability of the mo!ecule_s along
lipid and buffer were then washed off. The same proceduréhe acyl chains and perpenqular _to them gives rse o a
was also applied to prepare supported bilayers of DPPC iHlfference betyvee_n the respective |nde>_<es of refractipn
the presence of 30 mol % cholesterol. For atomic force miandn, ; ConS|d_er|ng the mgmbrane to lie on U.W pla_ne_
croscopy(AFM) the bilayers were transferred to a fluid cell, [5€€ Fig- 2], linearly polarized electromagnetic radiation
while for NSOM they were kept in a chamber under 100%0f wavelength\ propagating along and polarized along

relative humidity. All measurements were performed atwill be retarded with respect to that polarized alcingy
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wherey coincides with the direction of the projection of the
acyl chains on thay plane. In Eq(1) n,(n,) is the effective

index of refraction for the ordinaryextraordinary ray, FIG. 3. (3) NSOM image of a 3.% 3.2 um? region of a DPPC
tana=ntand, n=n, /n;. The last part of Eq(1) is valid  sample.(b) Polar orientation¢ of DPPC molecules on thXY
for #+0 ° Due to the small thickness of the membrane, theplane.

ordinary and extraordinary rays are not distinguishable by

the collection optics. Under these circumstances, the bilayer 1(¢,A¢)—1(0A¢) C[A@\[[Ex\?
acts as a retarder with Jones matfixd] M = SW 9, 1(0Ae) =sm‘°-(2¢)sm2(7> (E_Y> _1}
where a cons_tant p_hase diﬁerence_: ha_ls be_en omitted. _ E

The experlmenAt is performed with light linearly polarized +sin(2¢)sinA<p(E—X). 3
along a directionX in the xy plane. The direction of the Y
polarization forms an anglé with the X axis, and the light Equation(3) shows that forp=0 or 90 ° the irradiance is

transmitted through the sample is, in general, elliptically po-a minimum. Also, regions of the sample that present maxi-
larized. For a homogeneous sample, analysis of the degree ofum transmission have the projection of the acyl chains on
ellipticity yields a measurement @ andnj whenn, andé  the xy plane oriented at 45° or 135° with respect to the
are known, as described below. direction of the analyzer. For the case of maximum transmis-
Figure 2b) shows a schematic of the experimental setupsion the value ofA ¢ is obtained from the data using E®),
Light from a He-Ne laser is coupled into a single-mode op-and using Eq(1) ny is obtained if botm, and¢ are known.
tical fiber. Using the universal polarizer, light coming out of
the NSOM probe is made as close to linearly polarized as . RESULTS
possible. Aperture NSOM probes, either 100 nm Al coated or
uncoated, were used to obtain images of the DPPC mem;
brane. The results.did not show any qualitati.ve differencesbi
except for the obvious loss of spatial resolution for the un'=|(45 )I(0°)-1, is ~3.5%, and the noise IS\,

coated probes. It was found that a polarization ra® ( - 15¢. These figures for noise and contrast show little
-X/E-Y)?~70 can be systematically achievgzD] for both  variation among the pure DPPC samples measured. The im-
probes. The tip-to-sample separation, controlled with a tunage was obtained and then the tip was brought back to the
ing fork based shear force systefi7,21], was kept at point of minimum transmission. At this particular location
~20-30 nm. Hence, light coming out of the NSOM probethe analyzer was rotated to findE{/Ey)?>=65+2. As de-
may be considered to be essentially elliptically polarizedscribed in Sec. Il B, the maximum transmission was used to
[20,22. The analyzer is a linear polarizer oriented alohg definep=45°, and from here
such that when no sample is present the signal level at the )
detector is minimum. 1(45°.A¢)—1(0A¢) X; 4
Under these conditions, the electromagnetic radiation on 1(0,Ap) =3 e @
the detector has an amplitude of the electric field given by
where x,=(Ex/Ey)A¢, and the facts that Hy/Ey)?
>1, Ap<< 1 were used. The repetition of this process for
0 0 cos¢ —sing elde o several regions of the sample showing maximum transmis-
:(O 1)X( ) ( 0 1) sion and several different samples allows us to get
=ne—Nny,=0.08+0.02 and, using Eq(l), #=32° andn,
( cos¢ sin¢> (E)FZ) =1.40[13], nj—n, =0.37+0.12. The value of, =1.40 is

Figure 3a) shows typical raw data obtained with the
SOM while scanning a 3:23.2 um? area of the DPPC
layer. The contrast in Fig. (8, defined as K

EX

=

Eo= .
0 sing  cos¢

2) calculated from the polarizability of the moleculsee Ref.
[13]). Measured values a&fn’ range from 0.0312] to 0.055
[13], yielding in this last cas&an=0.29[13], which barely
overlaps with the measureth from this paper. The previous
where EP(E') is thej component of the amplitude of the underestimation oAn arises from the averaging over differ-
electric field at the detectdprobe. The Jones matrix of the ent orientations, as described below.
sample in Eq(2) has been rotated to be represented on the Once the value ok, has been determined for a given
XY system, and& Cl’) is the Jones matrix of the analyzer. sample-NSOM probe set, E(B) can be used to find, i.e.,
From Eq.(2), the normalized irradiance at the detector isthe direction of the projection of the acyl chains on the
found to be plane. These results are plotted in Fi¢h)3 Since the irradi-

—sing cos¢ Ev
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ance is symmetric with respect =45 °, the directions in
Fig. 3(b) are chosen to cover only thé¢’ €[0,45 °] range.
The results shown in Fig. 3 are the most significant of this
paper. They provide direct observation of domains existing
in theL 5» phase of DPPC. These domains are better associ-
ated with a correlation length, akin to what is observed in
systems described by aty model[23]. As can be observed,
the orientational order varies smoothly as a function of po-
sition, not showing any sign of grain boundaries, a common
trend in all samples investigated. At the present time the
underlying mechanism for domain formation in the gel state
remains unclear.

The autocorrelation function of the angular orientation,

q’(X,y):ff¢’(X+X'.Y+Y’)¢>(X',y')dx’dy’, ©)

where the integral is done over the area of the image, is used . 5 .

to define the characteristic size of a domain. The full width at FIG. 4. NSOM image of a 3:23.2 um" region of a DPPC:30
. TR . . mol % cholesterol sample.

half maximum of the distribution is defined as the size of the

domainé. In all the samples investigated it was found that; )
&=1 um. The relatively short correlation lengthpartially Image are preserved, although a very slow creep of the do

explains why the value oAn is larger than those found in mains may be present. The average speed ofhé line,

. . i
previous work 12,13: while the use of NSOM allows one to ie{'(;‘_eﬁ) rl‘ﬁéween two points where/Kyax=2, is v<15
obtain a value ofAn within a domain, an average over sev- :

eral domains witltAn’ ranging from 0 to~0.08 was deter-

mined with ellipsometry{12] and coupled-plasmon wave- IV. CONCLUSIONS

gwlctie reslgngncELB]. d that th rast in Figasi An implementation of a NSOM to measure the local op-
L cou € argue at the contrast In FIGaSIS aAN = i) activity in lipid bilayers was presented. It was shown
artifact caused by interference between t.he NSOM probe, th%?at the NSOM can be used to measure the difference in the
sample, and the substrate, or that the thickness of the SaMPiCiexes of refraction in the gel state of lipid bilayers. In
[particular, these measurements were carried out on a system

by AFM measurementésee Fig. ], some care has to be whith no topographic contrast. The measurements described

exercised when dealing with the former. With this aim,
samples with no anisotropy but otherwise as similar as pos-
sible to the DPPC supported bilayer were prepared. At room
temperature DPPC containing 30 mol % cholesterol is en-
tirely in the liquid ordered phasd ), with the acyl chains
perpendicular to the membraf@4]. In this configuration the
optical axis of the material is parallel to the propagation of
the light and no birefringence should be observed. An image
of such a sample is shown in Fig. 4, whedes N. Hence,
within the experimental resolutiox,=0 from Eq.(4), and
An’'=0.

As a final measurement, the stability of the domains ob-
served in Fig. B was characterized. It is known that in
supported bilayers of DPPC in the; state the lateral dif-
fusion coefficient of lipid molecules B~ 1016 m?/s[25].

In the time it takes to obtain an image (L0 min) a molecule

is displaced by =0.5 um. If the molecules diffuse conserv-
ing their spatial orientation, the domains will change on the
same time scale. This scenario, however, would involve a
large elastic energy, since all the molecules in the sample
would have to be diffusing coherently. On the other hand, the
individual diffusion of each molecule where it adjusts to the
local orientation would produce an uncorrelated diffusion F|G. 5. NSOM images of a 3:23.2 um? region of a DPPC
among the molecules, leaving the pattern unchanged. Figugample. These images are the first and last of a time sequence cov-
5 shows the first and the last of a series of images taken ovefing a 3 hspan(see text The lines are defined on a row by row

a time span of 3 h. It can be seen that the main features of theasis at the contrast half tone.
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in the paper require the existence of an anisotropic index ofion, with no grain boundaries observed, suggests the possi-
refraction on the plane of the membrane ovefl00 nm.  hility of describing the system within axy model. Further-
Consequently, the existence of a gel phase is imperative. It isiore, although clear evidence of the existence of relatively
possible, however, to extend the the method to a gel-liquidmall domains in the gel state has been presented, identifica-

crystalline mixture. In this scenario the gel fraction would tion of the instability that induces their formation remains to
provide optical contrast while the liquid crystalline fraction pe gbtained.

would not.

The direct observation of domainrsl xm across, robust
under diffusion of lipid molecules, opens up the possibility ACKNOWLEDGMENT
of studyingé(T). Knowing the correlation length as a func-
tion of temperature should allow the determination of the R.S.D. acknowledges financial support from the Petro-
contribution of domain formation to the free energy of theleum Research Foundation through ACS-PRF Grant No.
membrang 23]. The smooth transition in the polar orienta- 37542-G.

[1] S. J. Singer and G. L. Nicholson, Scientes, 720(1979. Institute, NATO Series E: Applied Physieslited by M. Nieto-
[2] B. K. Jacobson, E. D. Sheets, and R. Simson, Sci@&& Vesperinas and N. Gaa(Kluwer, Dordrecht, 1996
1441(1995. [15] M. Edidin, Traffic2, 797 (200J.

[3] K. Simons and E. Ikonen, Natuteondor) 387, 569 (1997). [16] H. Shiku and R. C. Dunn, J. Microst94, 461 (1998.
[4] R. G. W. Anderson and K. Jacobson, Scie@®€ 821(2002.  [17] R. S. Decca, C.-W. Lee, S. Lall, and S. R. Wassall, Rev. Sci.

[5] W. Dowhan, Annu. Rev. Biochen®6, 199 (1997). Instrum. 73, 2675(2002.

[6] J. F. Nagle and S. Tristram-Nagle, Biochim. Biophys. Actaryg] p, S. Cremer and S. G. Boxer, J. Phys. Cheml(B 2554
1469 159 (2000. (1999.

[7JR. B. Gennis,BiomembranesSpringer-Verlag, New York, 1) F | pedrotti and L. S. Pedrotthtroduction to Optics2nd ed.
1989. o . (Prentice-Hall, Upper Saddle River, NJ, 1993

[8] R. Koynova and M. Caffrey, Biochim. Biophys. Ac1876 91

[20] R. S. Decca, H. D. Drew, and K. L. Empson, Appl. Phys. Lett.
70, 1932(1997).

[21] K. Karrai and R. D. Grober, Appl. Phys. Le@6, 1842(1995.

[22] R. D. Grober, T. Rutherford, and T. D. Harris, Appl. OBb,

(1998.

[9] M. F. Brown, Biological Membranes: A Molecular Perspective
from Computation and Experimeradited by K. M. Merz and
B. Roux (Birkhauser, Boston, 1996 pp. 175-252.

[10] W.-J. Sun, R. M. Suter, M. A. Knewtson, C. R. Worthington, S. 3488(199@'. e
Tristram-Nagle, R. Zhang, and J. F. Nagle, Phys. Re49E [23] P. M. Chaikin and T. C. Lubenskrinciples of Condensed
4665(1994. ’ ' ’ Matter Physics (Cambridge University Press, Cambridge,
[11] J. Katsaras, Biophys. J5, 2157(1998. 1995.
[12] D. den Engelsen, Surf. S&6, 272 (1976. [24] J. H. Davis, inCholesterol in Membrane Modegledited by L.
[13] Z. Salamon and G. Tollin, Biophys. 80, 1557 (2001). Finegold(CRC Press, Boca Raton, FL, 1998p. 67-135.

[14] Optics at the Nanometer Scalgol. 319 of Advanced Study [25] L. K. Tamm and H. M. McConnell, Biophys. 47, 105(1983.

061914-5



