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Abstract

Raman scattering has been used to obtain high quality vibrational spectra of planar supported lipid bilayers (pslb’s) at the silica/water
interface without the use of resonance or surface enhancement. A total internal reflection geometry was used both to increase the bilayer
signal and to suppress the water background. Polarization control permits the determination of four components of the Raman tensor, of
which three are independent for a uniaxial film. Spectra are reported of the phospholipids DMPC, DPPC, and POPC, in the C—H stretching
region and the fingerprint region. The temperature-dependent polarized spectra of POPC show only small changes over the range 1441 °C.
The corresponding spectra of DMPC and DPPC bilayers show large thermal changes consistent with a decreasing tilt angle from the surface
normal and increasing chain ordering at lower temperatures. The thermal behavior of DMPC pslb’s is similar to that of vesicles of the same
lipid in bulk suspension. In contrast to calorimetry, which shows a sharp phase transition (L,—Lg) with decreasing temperature, the changes

in the Raman spectra occur over a temperature range of ca. 10 °C commencing at the calorimetric phase transition temperature.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Raman spectroscopy has a long history in biophysical
chemistry [1-4]. All molecules of biological interest have
vibrational spectra, which are often sensitive to conforma-
tion, secondary structure and to weak intermolecular
interactions [2,5-7]. Water absorbs very strongly in the
mid-infrared region of the electromagnetic spectrum, but
scatters light only weakly, so Raman spectroscopy is often
the vibrational spectroscopy of choice for studying bio-
molecules in a native aqueous environment. Raman scatter-
ing, however, is a weak effect (scattering cross-sections are
typically 12—14 orders of magnitude weaker than for
fluorescence [2]) and is easily swamped by competing
photophysical processes. Many different types of Raman
spectroscopy have been applied to overcome these limi-
tations, including FT-Raman [8,9], UV resonance Raman
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(UVRR) [1], surface-enhanced Raman (SERS) [10], coher-
ent anti-Stokes Raman (CARS) [11,12], and Raman optical
activity (ROA) [13].

This paper is concerned with the study of the planar
supported lipid bilayers under water. Raman scattering is
particularly useful for studying fluidity and conformational
order in lipid mesophases [14—17], but the low sensitivity of
Raman scattering has largely precluded its use for studying
single lipid bilayers. If one wishes to mimic the function of
the outer cellular membrane it is essential that the bilayer is
unilamellar and immersed in an aqueous environment.
While single-bilayer sensitivity could be achieved by SERS,
adsorption on a roughened metal surface may seriously
compromise membrane function. We demonstrate here that
single supported lipid bilayers can be studied by conven-
tional, non-resonant Raman scattering by taking advantage
of the properties of evanescent waves. The use of total
internal reflection (TIR) geometry to deliver the pump laser
beam also affords a larger range of polarization combina-
tions than are accessible in studies of bulk samples or with
confocal Raman microscopes. This additional information is
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a valuable aid for structure determination. To illustrate the
use of this technique, we present a study of the main phase
transition of planar supported lipid bilayers (pslb) of
dimyristoyl phosphatidylcholine (DMPC) and dipalmitoyl
phosphatidylcholine (DPPC) and compare the behaviour of
the pslb’s with the same lipids in a suspension of a lamellar
mesophase. The Raman spectra of pslb’s of the partially
unsaturated lipid, palmitoyl oleoyl phosphatidylcholine
(POPC), are shown for comparison.

2. Materials and methods
2.1. Materials and sample preparation

POPC from egg yolk, DMPC, and DPPC were purchased
from Sigma Chemicals (St. Louis, MO, USA). Planar
supported lipid bilayers of POPC, DMPC, and DPPC were
prepared by the fusion of small unilamellar vesicles (SUVs)
onto a fused silica window [19,44]. The individual lipids
were first dissolved in chloroform, evaporated to dryness on
a rotary evaporator and then hydrated in 10 mM Tris buffer
containing 100 mM NaCl at pH 8.0 in a bath sonicator
(Langford 475H, Langford Ultrasonics, Warwickshire, UK)
at 60 °C for 2 h, to give 2-mM suspensions of multistacked
lipid films. The suspensions were then ultrasonicated with
fifty 1-min bursts at 25% of the total power, keeping the rise
in temperature (7) to less than 10 °C (Model VC505,
Jencons Ltd., Bedfordshire, UK) [18,19]. The resulting
transparent vesicle solutions containing multilamellar, large
unilamellar, and single unilamellar vesicles were ultra-
centrifuged under 166,000 g for 1 h. And the supernatant
extracted, resulting in a solution containing only SUVs. The
average hydrodynamic diameter of the SUVs was evaluated
to be 35 nm by photocorrelation spectroscopy, consistent
with the formation of SUVs. To form pslb’s, 100-uL
aliquots of SUV solution (ca. 0.2 mg/ml in the same buffer
solution) were placed on a fused silica window and covered
by a coverslip. The solution was allowed to incubate with
the silica surface for 45 min at 75 of 30 °C for DMPC, 45 °C
for DPPC, and 18 °C for POPC. An additional buffer was
placed at the edge of the coverslip to prevent evaporation of
the vesicle solution. The coverslip was then removed by the
addition of further buffer and the silica window gently
rinsed at least 10 times with copious amounts of ultra high
quality (uhq) water (=18 M{) cm) to remove excess vesicles
that have not been fused to the silica surface. The planar
supported lipid bilayers were then immersed in uhq water.
Exposure of the lipid to the air was minimized. A vesicular
suspension of DMPC was prepared by the same buffer
hydration described above but with bath sonication for 3 h
at 60 °C. Tapping-mode AFM was used to confirm that the
vesicles of POPC had fused to the silica surface. After very
short exposure times (1 min) ‘doughnut’ shapes with a
typical diameter of 50 nm were observed on the surface,
which may represent flattened vesicles that have not yet

fused to the silica. With continuing exposure to the vesicle
solution, these features disappeared and the surface became
progressively flatter. After 10 min exposure, the surface
appeared featureless with an rms roughness of 2.5 A.

2.2. Polarized TIR Raman microscopy

Raman spectra were collected with a commercial Raman
microscope (Renishaw System 1000, Wotton-under-Edge,
U.K.) equipped with a x40, water-immersion objective
(Zeiss). The pump laser was a 2-W frequency-doubled
diode-pumped YVO, laser (Spectra-Physics Millennia 2)
delivered externally to the microscope (see Fig. 1A). Except
where stated otherwise, the nominal power (at the laser
head) was 1.2 W, corresponding to approximately 0.8 W at
the sample. The angle of incidence at the silica—water
interface was approximately 68.6°, compared to the critical
angle of 65.8°, giving a penetration depth of around 77 nm.
The laser spot was ellipsoidal with a typical size of 80
pum x40 pm with s-polarized excitation (60 pmx30 um with
p-polarized excitation). The width of the slit before the
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Fig. 1. (A) Schematic diagram of total internal reflection Raman (TIR)
spectroscopy (A: objective lens; B: buffer solution; C: PTFE sample dish;
D: fused silica window; E: boron silicate prism; F: incoming laser beam; G:
lens; H: mirror; I: microscope; J: CCD camera; K: optical path to
monochrometer and CCD detector). (B) Definition of laboratory coor-
dinates and polarization directions defined for TIR Raman experiment.
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spectrometer was 200 pm and 11 pixels on the CCD chip
were binned together in the direction perpendicular to the
wavenumber axis. The definitions of the polarization of the
excitation (s or p) and of the detected light (x or y) are
shown in Fig. 1B.

2.3. Measurement of phase transitions in psib’s

The housing of the sample cell was constructed from
brass and thermostatted with flowing liquid to £0.1 °C. The
T of the sample was measured with a thermocouple placed
on the silica window as close as possible to the point of
illumination of the laser beam. There was no measurable
increase in the T of the buffer following extended laser
illumination.

2.4. Measurement of phase transitions in bulk suspensions
of vesicles

The spectra of the bulk suspension of DMPC vesicles
were recorded in capillary tubes (1-mm diameter, ~2 mM
lipid) in a 7-controlled cell, using the internal beam path of
the Raman spectrometer. The pump beam was focused to a
2-um diameter spot just below the inner wall of the capillary
to minimize light scattering from larger aggregates in the
suspension. The 7" was measured with a thermocouple
placed adjacent to the capillary tube. The nominal power
was 30 mW. No polarization selection was applied to the
backscattered light.

2.5. Sample heating and damage

To test whether the pump laser caused significant heating
of the lipid bilayer, we compared the spectra of DMPC
bilayers at 0.3 W increments in the nominal power from 0.3
W to 1.5 W at a temperature of 22 °C. A similar experiment
was performed on bulk vesicles at 22.5 °C with nominal
powers, after attenuation by ND filters, between 6 and 30
mW. These are 7 where the Raman spectra are sensitive to
small changes in 7. Within each series, the spectra were
indistinguishable to within a scale factor arising from the
different power levels. We conclude that the pump laser
causes no significant heating of the lipid film. To test for
sample damage, consecutive Raman spectra were acquired
for 30 min each on the same area of the surface. No change
in the lipid spectrum was observed.

3. Results
3.1. Raman difference spectra

Modern Raman microscopes are usually used in a
backscattering, confocal geometry where the pump beam

is delivered and the Raman light collected through the same
objective. While this geometry could be used to study pslb’s

in a buffer, there is no intrinsic surface sensitivity. While the
Raman scattering cross-section of water is weak relative to
the lipid, the water is in vast excess. Even with a high
numerical aperture objective and a small collection slit,
there are 10* water molecules contributing to the spectrum
for each lipid molecule. Rather than focusing the pump laser
beam through the collection optics, we deliver the beam
externally through the silica substrate (Fig. 1). A coupling
prism is used to ensure that the pump laser is just above the
critical angle for TIR at the silica—buffer interface. An
evanescent electric field penetrates about 100 nm into the
buffer, decreasing exponentially away from the silica
surface. It is this field that excites Raman scattering from
the fused lipid bilayer. The scattered light is collected by a
high numerical aperture water-immersion objective. Fig. 2
shows raw Raman spectra of a clean silica window
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Fig. 2. Raman spectra of (A) planar supported DPPC bilayer in water at
32.8 °C and (B) pure water in the (A) C—H stretching region and (B)
fingerprint region (1.2 W, s-polarized excitation, no polarization selection in
detection, acquisition time=450 s). All subsequent spectra are shown after
the subtraction of water background.
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(reference) and a silica window coated with a bilayer of
DPPC (sample) both in contact with pure water. In both the
C-H stretching region (Fig. 2A) and the fingerprint region
(Fig. 2B) the water background in the sample spectrum is
well-matched in the reference spectrum. All subsequent
spectra are shown after the subtraction of a water reference.
Since the lipid bilayer displaces water, there is no reason
why there should be an exact match in water contributions
to the sample and reference spectra. Consequently, a
variable subtraction factor was employed to generate the
flattest baseline: In Fig. 2A, the factor was 0.994.
Essentially a perfect subtraction of the O—H stretching and
bending modes can be achieved. The only consequence of
the water in the spectrum is increased noise in the regions of
the water bands (compare 3100 cm ™" and 2600 cm ™" in Fig.
4A). The region below 1200 cm ™' is obscured by the Si—O
stretches of the substrate. If this region is of particular
interest (e.g. to detect phosphate vibrations) a different
substrate lacking vibrations at these frequencies could be
chosen.

3.2. Confirmation of pslb's

To establish that we are observing single lipid bilayers,
and not multilamellar films, we compared the spectral
intensities from pslb’s of POPC, DMPC and DPPC with a
silica surface exposed to a solution of the surfactant
hexadecyltrimethylammonium bromide (C,cTAB) at a con-
centration just above the critical micelle concentration
(cmc=0.92 mM) (Fig. 3). It is known from the work of
Atkin et al. [24] that C;(TAB adsorbs onto silica with a
surface excess of 4.4 umol m 2 at 24.5 °C. If we make the
crude assumption that the integrated area is proportional to
the number of C—H bonds in the molecule times the surface
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Fig. 3. Comparison of the Raman intensities of lipid bilayers with bilayer of
C16TAB on silica. (A) DPPC measured at 41.0 °C, (B) DMPC at 32.0 °C,
(C) POPC at 32.1 °C, (D) C4TAB at 34.0 °C, and (E) C,4,TAB at 22.4 °C.
S-polarized excitation, unselected axis of the detection. Spectra have been
offset vertically for ease of viewing.

excess, we estimate that the coverage of the lipids is 5.0
pmol m 2 (DMPC pslb in the liquid crystalline phase (Ly))
to 5.25 pmol m 2 (DPPC pslb in L,). These results of the
surface excess are in good agreement with the ellipsometric
measurements on a lecithin bilayer adsorbed from mixed
micelles of the lecithin with dodecylmaltoside [25], and
with measurements of areas per molecule in bulk lamellar
phases [42]. The bilayers are deposited in the L, phase, and
the surface coverage remains constant thereafter since the
lipids are insoluble and the supernatant is pure water. These
calculations are not exact, since the intensity of the Raman
signal depends on the orientation of the molecules and the
substituent groups as well as the coverage, but are
sufficiently precise to confirm that the average thickness
approximates to a bilayer.

3.3. Polarized TIR Raman spectra

Fig. 4A and B show some of the key features of the
Raman spectra of pslb’s of DMPC and POPC at 20 °C with
sy polarization (i.e. s-polarized incident light, y-polarized
detected light, see Fig. 1B). The assignment of the peaks is
well-established. The symmetric (d") and antisymmetric
(d7) methylene stretching vibrations of DMPC appear at
2851 and 2882 cm ™!, respectively [17,26]. In the bilayer of
POPC, the lipid chains are more fluid and the methylene
modes are consequently shifted to higher frequencies: 2855
and 2893 cm ™' [26,27,34]. The shoulder at 2928 cm ™' is
assigned to a Fermi resonance of the symmetric methyl
stretch (rfg) and the peak around 2972 cm ' to the
antisymmetric methyl stretch (r™) of the fatty acid chains.
The antisymmetric methyl stretch of the choline head
groups [17] is found at 3042 cm~'. POPC also shows
vinylic C-H vibrations at 3010 cm ™' from the oleoyl chain.
In the fingerprint region (Fig. 4B), the characteristic lipid
bands of DMPC (POPC) are observed: the Fermi doublet of
the CH, scissoring mode at 1441 and 1453 cm ™' (1443 and
1454 cm "), the in-plane CH, twisting mode at 1298 cm ™'
(1303 cm™") [27,34] and the ester carbonyl stretch at 1734
cm ' (1734 cm™"). Additionally, the POPC spectrum has a
strong band at 1658 cm ™" arising from the cis carbon double
bond in the oleoyl chain. The phosphate bands below 1200
cm ™' are obscured by the strong Si—O bands from the silica
substrate.

In Fig. 4C and D, we show the four orthogonal
polarizations for POPC bilayers: sx, sy, px, py, where s
and p label the polarization of the pump laser and x and y
the polarization of the collected Raman signal. For a
uniaxial monolayer and a pump laser incident at the critical
angle, 0., the px and py spectra should be the same (to
within a scale factor due to the different transmission
efficiencies of the polarization optics). Experimentally, the
incident angle is about three degrees above 0., in order to
reduce the penetration depth of the evanescent wave [30], so
these two spectra are not quite identical. For isotropic layers,
the sx and py spectra would be identical at all angles of
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Fig. 4. Raman spectra of the pslb of DMPC (dashed lines) and POPC (solid lines) at the silica—water interface: (A) sy spectra of DMPC and POPC in the 2900
cm ™' region; (B) sy spectra of DMPC and POPC in the fingerprint region; (C) sy, sx, py, px spectra of POPC in the 2900 cm ™' region; and (D) sy, sx, py, px

spectra of POPC in the fingerprint region.

incidence. While some differences are observed in the py
spectrum—the symmetric methylene band is stronger and
antisymmetric methylene band weaker—these results may be
contrasted with the case of a crystalline layer (such as a
Langmuir—Blodgett monolayer of the fatty acid, zinc
arachidate) in which the CH, modes disappear entirely
from the p-polarized spectra at the critical angle [31].

3.4. T-dependent Raman spectra

We have used TIR Raman scattering to investigate the T
dependence of the structure of unilamellar layers of DMPC,
DPPC and POPC supported on silica. In the early Raman
literature, the spectra of SUVs of DMPC and DPPC in bulk
solution were reported [28,29]. More recently, spectra have
been recorded from single black lipid membranes [17]. To
our knowledge, there have been no reports of Raman spectra
from pslb’s. Figs. 5, 6 and 7 show a selection of s- and p-
polarized spectra of DMPC, DPPC and POPC as a function

of 7. The POPC spectra in the C—H stretching region (Fig.
7) are virtually unchanged with 7 and give an indication of
how stable the experiment is over time. The DMPC and
DPPC bilayers show significant 7" dependence. We will first
address the qualitative features of the spectra.

Figs. 5SA, B and 6A, B show the s- and p-polarized
spectra in the C—H stretching region. For both lipids, the s-
polarized spectra become more intense as the 7' is lowered
while the p-polarized spectra become less intense. This
change indicates that the axes of the hydrocarbon chains
orient closer to the surface normal at lower 7s. In both
polarizations, the ratio of the intensities of the antisymmetric
and symmetric methylene stretches, 7(d”)//(d"), increases
with decreasing 7 and the wavenumbers of both the d— and
d" modes shift to lower frequency. Both these trends are
indicative of an increase in chain ordering (fewer gauche
defects) at lower 75.

For the lipid DMPC, we have also studied the fingerprint
region as a function of 7' (Fig. 5C, D and E). Fig. 5C shows
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Fig. 5. Temperature (7)-dependence of the Raman spectra of a pslb of DMPC: (A) C—H stretching region, 1.2 W, s-pol, unpolarized detection and (B) C-H
stretching region, 1.5 W, p-pol, unpolarized detection. Insets show full spectra; main figures show expanded region to highlight changes in intensity and peak
position. Arrows indicate direction of decreasing 7s. Spectra acquired at (A) 42.0 °C, (B) 38.1 °C, (C) 32.0 °C, (D) 26.6 °C, (E) 23.3 °C, (F) 20.8 °C, (G)
16.8 °C, and (H) 13.2 °C. (C) Fingerprint region, thin solid line: p-pol, 7=41.9 °C; dotted line: p-pol, 7=10.5 °C; bold line: s-pol, 7=41.9 °C; dash-dot line: s-
pol, 7=10.5 °C; laser power=1.2 W, unpolarized detection. (D) The p-pol and (E) s-pol specta of twisting mode around 1300 cm ™. Arrows show the direction
of decreasing 7s: (A) 41.9 °C, (B) 36.6 °C, (C) 27.5 °C, (D) 24.3 °C, (E) 22.6 °C, (F) 20.2 °C, (G) 18.1 °C, and (H) 10.5 °C; laser power of 1.2 W.
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Fig. 5 (continued).

the s- and p-polarized spectra at 41.9 °C and 10.5 °C. The
carbonyl band at 1734 cm™ ' is little changed by T In the s-
polarized spectra, the CH, scissoring mode around 1450
em ! is slightly stronger at 10.5 °C (dash-dot line) than at
41.9 °C (bold solid line), while in the p-polarized spectra it
is much weaker at 10.5 °C (dotted line) than at 41.9 °C (thin
solid line). The scissoring mode involves motions of C-H
bonds perpendicular to the plane of the hydrocarbon
backbone. The polarizability change associated with this
motion is greatest in the plane of the C—H bonds and least
along the chain axis. S-polarized light probes Raman
components solely in the plane of the surface, while p-
polarized light predominantly samples tensor components
containing the z-direction (normal to the surface plane). The
observed intensity variations therefore indicate that the
chains become more upright at lower 7s. This inference is
confirmed by the T dependence of the CH, twisting modes
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Fig. 6. T dependence of the Raman spectra of a pslb of DPPC: (A) C—H stretching region, 1.2 W, s-pol, unpolarized detection and (B) C—H stretching region,
1.5 W, p-pol, unpolarized detection. Insets show full spectra; main figures show expanded region to highlight changes in intensity and peak position. Arrows
indicate the direction of decreasing 75s. Spectra acquired at (A) 44.5 °C, (B) 41.0 °C, (C) 39.0 °C, (D) 37.3 °C, (E) 32.8 °C, (F) 26.8 °C, (G) 22.6 °C, and (H)

19.3 °C.
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around 1300 cm™'. This mode is polarized predominantly
along the chain axis (it corresponds to a mode assigned to
B;, symmetry in crystalline polyethylene [37,43]) and
therefore exhibits the opposite 7 dependence to the
scissoring mode. It is stronger at low 7 in the p-polarized
spectrum and weaker in the s-polarized spectrum.

The twisting mode of DMPC bilayers is shown in more
detail in Fig. 5D (p-polarized) and Fig. SE (s-polarized). In
addition to the variation in intensity noted above, the
linewidth decreases markedly with a decrease in 7" and the
frequency shifts to lower wavenumbers. The decrease in
linewidth is indicative of a smaller range of conformations
and/or reduced mobility in the pslb. The frequency shift is
not well-documented in other lipid systems. By analogy
with the C—H stretching modes, we suggest that the red-shift
in the twisting mode is also a marker of increased chain
ordering. Another interesting feature is the disappearance of
the shoulder at 1270 cm ™" at lower 75 in both polarizations.
This particular peak has not been assigned with confidence,

1(d-)/ 1(d+)

T/°C

Fig. 8. Variation in /(d")//(d") with T for the pslb of (W) DMPC, (O)
DPPC, and (A) POPC and for (O0) DMPC vesicles in a bulk suspension.
Laser power=1.2 W, s-pol, unpolarized detection.
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Fig. 9. The T dependence of the vibrational frequencies of the d" and d~ modes of pslb’s of (A) DMPC, (B) DPPC, and (C) POPC. (A ) d ", p-pol; (A)d ™, s-pol;
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but it is plausible that it is associated with gauche defects,
since it disappears simultaneously in both polarizations and
concurrently with chain ordering as indicated by other
conformational markers.

3.5. Phase transitions in the pslb’s of DMPC, DPPC, and
POPC

For a quantitative description of the thermotropic
behavior of the pslb’s, we focus on the main empirical
markers of chain ordering in the Raman spectra of lipid
chains: the ratio 7(d")//(d") [39] and the frequencies of the
CH, stretching modes. A higher intensity ratio and lower
vibrational frequencies are indicative of increasing chain
ordering. Ideally, one would deconvolute the spectra in Figs.
5-7 to obtain the linewidths and peak frequencies of the
individual peaks. However, the d~ mode overlies a complex
band comprising Fermi resonances of the d” mode with
overtones of bending modes [26,35], as well as the r” mode
of the methyl group (and its Fermi resonances), all of which
may also change with 7. Consequently, spectral decom-
position cannot be undertaken with any great degree of
certainty [35]. As a result we have adopted the simpler
approach of fitting the regions around 2850 and 2880 cm '
with a Savitzky—Golay procedure and extracting the peak
intensity and peak position from these local fits. Fig. 8
shows the ratio 7(d~)//(d") as a function of 7 for the three
lipids in pslb’s. These ratios were obtained from the spectra
with s-polarized excitation and unpolarized detection. Data
from a bulk suspension of DMPC vesicles are also shown.
Even though the polarizations of the excitation and
scattering fields are the same in both experiments, the
absolute value of 7(d)/I(d") in the bulk suspension cannot
be compared directly with pslb, because the normal to the
bilayer is randomly oriented in the suspension while it
perpendicular to the excitation field in the pslb. Never-
theless, changes in /(d~)/I(d") with T can be correlated. For
POPC bilayers, 7(d")//(d") is almost constant at a value of
1.15, decreasing only very slowly with increasing 7. Both
DMPC and DPPC show the same ratio of /(d")//(d") as
POPC at the highest 7s measured. As the 7 was lowered
however, 1(d")/I(d") increased in an approximately sigmoi-
dal fashion, leveling out at a value of 1.5-1.6 at low 7s. The
onset of the steep part of this curve was around 41 °C for
DPPC and 26 °C for DMPC. The vesicular suspension of
DMPC showed very similar thermal behaviour to the pslb,
but the absolute values of I(d”)//(d") were much lower,
ranging from 0.9 at high 7 to 1.1 at low T.

The frequencies of the d” and d~ modes of DMPC,
DPPC and POPC are shown in Fig. 9(A), (B) and (C)
respectively. The different vibrational frequencies recorded
with s- and p-polarized excitation reflect overlap with other
peaks and are not indicative of the unperturbed d* and d~
modes. For POPC (Fig. 9C), the frequencies increase slowly
and linearly with frequency. For DMPC (Fig. 9A), the
frequencies show a sigmoidal increase with frequency, the

change being more pronounced in the d~ than the d" mode.
The frequencies level out above 25 °C. For DPPC (Fig. 9B)
below 28 °C, the frequencies are independent of 7. Above
28 °C, the peak frequencies rise until at the highest Ts
measured they are within 2—3 °C of the values observed in
POPC (except for the d” mode in s-polarized spectra). The
increase in frequency is not completely smooth, however,
but is concentrated in the range 28-30 °C and 35-44 °C,
with an indication of a plateau in-between.

4. Discussion
4.1. Benefits of TIR Raman spectroscopy

The data presented in this paper show that high-quality
Raman spectra can be obtained from single planar supported
lipid bilayers in an aqueous medium without the use of
resonance or surface enhancement. High signal levels and
the suppression of background are achieved by the use of
TIR geometry for the delivery of the excitation beam. TIR-
Raman has numerous attractive features. First, only material
within the evanescent field contributes to the Raman
spectrum, which discriminates against lipid in the bulk
phase, suppresses the water signal and reduces fluorescence
from chromophores in solution. Second, the electric field in
an evanescent wave near the critical angle is about a factor
of two larger than at normal incidence, resulting in stronger
Raman spectra and shorter acquisition times. Third, higher
powers can be used since the pump laser does not pass
through sensitive collection optics, such as notch filters.
Fourth, since there is no need to use a tightly focused laser
beam to limit the depth of field, lower laser intensities can
be used than in confocal Raman spectroscopy, limiting
sample damage. The TIR Raman spectra reported here show
a 60-fold enhancement of the signal intensity compared to
published spectra of a black lipid membrane of DMPC
acquired by confocal Raman microscopy [17]. (We note that
benefits of the TIR geometry cannot be exploited in the
black lipid experiment). Fifth, the direction of the electric
field in the bilayer can be varied through the choice of the
polarization of the pump laser, thus giving more structural
information on the lipid and other embedded membrane
constituents [20-23].

4.2. Polarized spectra indicate molecular orientation

The polarization properties of TIR-Raman scattering are
well illustrated by the 7 dependence of the spectra of DMPC
and DPPC in both the C—H and fingerprint regions. The s-
polarized spectra sample components of the Raman tensor
in the plane of the surface (a, for sy-spectra and o, for sx-
spectra) while p-polarized spectra principally sample out of
plane components (ay, for py-spectra and oy, for px-
spectra). In oriented bilayers, the relative intensity of bands
in these different polarizations reflects the orientation of the
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molecules with respect to the surface normal. Thus the C—H
stretching and scissoring modes, where the dominant change
in polarizability is perpendicular to the axis of the hydro-
carbon chain, are strong in s-polarized spectra for vertically
oriented chains, and weak in p-polarized spectra. For the
CH, twisting mode, where the polarizability derivative is
along the chain axis, the relative intensities are reversed. All
three of these bands point to a decrease in the average tilt of
the hydrocarbon chains in pslb’s of DMPC and DPPC with
decreasing temperature.

4.3. T dependence of TIR Raman spectra of psib’s

A characteristic feature of saturated lipids is a first-order
chain melting transition from a tilted ‘gel’ phase (Lg) to a
fluid ‘liquid crystalline’ phase (L,). For bulk samples of
hydrated lipids, this melting transition occurs at 7,,=41 °C
for DPPC, 23 °C for DMPC and 2 °C for POPC [33]. These
calorimetric measurements show a sharp transition, with a
typical width of ~2 °C. In SUVs, the main phase transition
occurs at slightly lower values than in hydrated bulk phases:
calorimetric measurements yielded values of 7,,=38 °C for
DMPC, 22 °C for DPPC and —2 °C for POPC [33]. Our
Raman spectra do not show a sharp phase transition,
however, either in the pslb’s or in the bulk vesicular
suspension, the changes occur over a 7 range of about 10
°C. The calorimetric phase transition 7 in the bulk hydrated
lipids represents the onset of a gradual increase in chain
ordering and untilting, as indicated by the Raman spectra. A
decoupling of the thermodynamic phase transition from the
conformation is not unprecedented: In the analogous phase
transition in monolayers of medium-chain alcohols at the
air—water interface, the melting point represents the onset of
chain disordering, which then becomes greater with
increasing 7 above T,,. We note in this regard that our
experiments are conducted with a constant number of lipid
molecules, so changes in the area per molecule with 7" will
cause the physical coverage of the surface to change.

The limiting value of the ratio /(d")//(d") above the
phase transition 7 of DMPC and DPPC is the same as that of
POPC, which exists in a fluid state at all the 75 studied.
With the exception of the d~ mode in s-polarized spectra,
the peak frequencies of the C-H stretching modes also
approach closely to that of POPC at higher 75. Why the d™
mode should be an exception is not clear, but it may have to
do with the differences between saturated and unsaturated
lipids in the Fermi resonances and CH; modes that overlap
and distort the d~ mode.

4.4. Comparison of phase transitions in psib’s and lipid
vesicles of DMPC

The broadening of the phase transition observed by TIR
Raman scattering from pslb’s is consistent with earlier
Raman spectra of SUVs of DMPC [29] and DPPC [34] in
bulk suspensions. DMPC SUVs [29] showed a very smooth

transition ranging from 10 °C to 27 °C, similar to our own
results (Fig. 8). In contrast, literature reports of Raman
spectra of large unilamellar vesicles (LUVs) showed a
narrower transition range (~6 °C) and multilamellar vesicles
were sharper still (~1 °C wide) [29].

The ratio of 7(d~)/I(d"), which is an established empirical
measure of chain ordering, is significantly higher for pslb’s
than for the LUVs and SUVs of DMPC. This difference
arises primarily from the different geometries of the
experiments and it is difficult to separate the intrinsic
contribution from geometric factors. Nevertheless, it is
interesting to note that the pslb’s show a much larger change
in this ordering parameter than either the LUV or SUV of
DMPC.

4.5. Phase transitions of pslb’s of DPPC: comparison of TIR
Raman scattering with other techniques

Bulk hydrated saturated lipids show an intermediate
phase between the Ly and L, known as the ripple phase,
Pp-. There are several reports of the existence of the ripple
phase in pslb’s of DPPC: DSC measurements on bilayers
supported on a large number of the microscopic chips of
mica [32]; measurement of the diffusion coefficient in
Langmuir-Blodgett (LB) bilayers on oxidized silicon by
fluorescence recovery after photobleaching (FRAP) [36];
and, recently, sum-frequency vibrational spectroscopy (SFS)
of a pslb prepared by the Langmuir-Blodgett—Schaeffer
method [38]. This intermediate phase may be detectable by
Raman scattering in multilamellar dispersions of the DPPC
[34], but has not been seen in the Raman spectra of single-
bilayered vesicles despite its detection calorimetrically
[40,41]. Our Raman data do not provide compelling
evidence either for or against the ripple phase in pslb’s of
DPPC. The peak frequencies of the d~ and d” modes do
appear to show a plateau at intermediate 75 (Fig. 9(B)),
which might be taken as indicative of a third phase, but
more extensive measurements would need to be taken to
confirm this possibility.

5. Conclusion

We have shown in this paper that high quality Raman
spectra can be acquired from pslb’s in water. The method is
equally applicable to fused, cushioned or tethered bilayers.
The TIR geometry employed in this work enhances signals,
suppresses background, reduces sample damage and pro-
vides greater polarization control than conventional confocal
Raman microscopes. The clean subtraction of the water
background offers significant advantages over FTIR experi-
ments on similar systems. Recent unpublished work shows
that the TIR methodology can be extended successfully to
pslb’s containing small peptides and consequent changes in
the lipid structure can be inferred from the polarized Raman
spectra. The local orientation and chain packing of the lipid
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chains does not change sharply at the 7 of the main lipid
phase transition, as reported in the literature by calorim-
etry. Instead, Raman spectra point to a gradual structural
change over a 10 °C range below the main calorimetric
phase transition. This continuous behavior has implica-
tions for experiments carried out in the gel phase of
pslb’s, since the local structure and dynamics may depend
on 7T even several degrees below the calorimetric phase
transition.
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