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Abstract The thickness and refractive index of 1,2-
dipalmitoyl-sn-glycero-3-phosphatidyl choline (DPPC) and
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE)
monolayers Langmuir–Blodgett (LB) deposited on mica were
measured in dry air and bulk water using multiple-beam
interferometry (MBI). Measurements of thickness using atom-
ic force microscopy (AFM) of identical monolayers, and X-
ray reflectivity (XRR) of the monolayers on quartz were taken
for comparison. The measurement of the properties of solid-
supported monolayers in dry air allows lipid optical properties
to be determined free from solvent effects. The thickness and
refractive index measured by MBI were 25.5±0.6 Å and
1.485±0.007 for DPPE monolayers, and 23.9±0.5 Å and
1.478±0.006 for DPPC monolayers in dry air. These thick-
nesses are consistent with the other techniques used in this
work as well as other measurements in the literature. The
refractive indices of solid-supported lipid monolayers have
not been previously measured. The values are higher than
previous measurements on black lipid films done by reflec-
tometry, which is attributed to increased lipid packing density
and the absence of hydrocarbon solvents. Applying water to

the monolayers had no measurable effect on their properties,
indicating that any change in hydration was below detection.
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Introduction

Solid-supported lipid bilayers (SLB) of DPPC and DPPE are
an especially useful model for cell membranes because they
are stable over long periods of time, and the use of a solid
planar support opens the door to a number of powerful char-
acterization techniques [1]. There have been many studies on
the structure of solid-supported monolayers [2–5], but none
have been devoted to measuring their optical properties.
Optical properties are not only useful for quantifying mono-
layer structure, but are also required for many techniques used
to study SLBs.

For example, experiments have been done using
ellipsometry [8, 9, 4], surface plasmon resonance [10],
Brewster angle microscopy [11], and impedance analysis
[12] which all require a known film refractive index or known
dielectric properties. In the case of solid-supported lipid
monolayers, the refractive index has not previously been
measured and values measured for bulk lipids or lipids in
different forms or geometries are used. Inaccuracies due to
the differences in packing density between oriented systems or
the birefringence exhibited by lipids when they form an ori-
ented monolayer or bilayer [13–15] can result in incorrect
determination of subsequent properties.

Other techniques that do not require a known refractive
index such as X-ray, neutron, and electron scattering [2, 16, 7,
17–19] and AFM [3, 20, 9, 21, 5] have been used to obtain
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detailed structural and topographical properties of lipid mono-
layers and bilayers with very high resolution. The more re-
cently developed optical techniques of coupled waveguide
lightmode resonance (CWLR) spectroscopy [22], optical
waveguide lightmode spectroscopy (OWLS) [23] and dual
polarization interferometry (DPI) [24] can independently mea-
sure the thickness and refractive index of thin films. All of
these techniques are capable of measuring refractive index
shifts in real time. CWLR and DPI can also measure the film
birefringence in real time and CWLR can simultaneously
determine film thickness as well [25, 22]. These techniques
are profoundly useful for measuring the dynamics of protein-
membrane interactions [26–28, 14] and membrane formation
from vesicle fusion [29, 25, 30]. Unfortunately, these tech-
niques have found no application to lipid monolayers at the
solid-air interface, most likely because background measure-
ments with just the substrate need to be taken in situ and such
monolayers cannot be grown in situ.

MBI is presented here as a compliment to CWLR, OWLS
and DPI for measurements of thickness and refractive index
and is applied to supported lipid monolayers. While MBI is
only capable of measuring birefringence in the plane of the
surface [31] and would be impractical for measuring dynamics
of thin films, it maintains the advantage of being less restricted
in substrate materials and geometry and has been used with
glass [32], metal films [33], and sapphire [34] (we are cur-
rently experimenting with thin carbon surfaces, as well).
CWLR, OWLS, and DPI all require substrates with specific
optical and geometric properties. MBI simply requires the
substrate to have one reflective surface, to be sufficiently
transparent, and to be within a certain thickness range which
depends on the instrumentation (typically 2–8 μm). Mica is
particularly well suited for MBI studies as the cleavage at the
basal plane can yield remarkably thin, atomically smooth
sheets. However, mica’s layered structure renders it very
challenging as a substrate in X-ray scattering, neutron scatter-
ing or any of the aforementioned optical techniques, although
a recent XRR study has made use of curved mica substrate for
thin film measurements [35].

It has been known for a long time that MBI is theoretically
capable of high-resolution film thickness and refractive index
determination, especially using the surface force apparatus
(SFA) [36], and the theory has been periodically reassessed
since the instrument’s invention [37–39]. However, the tech-
nique has only been used for measurements of both refractive
index and thickness of thin biological films a few times [36,
6], and none of these measurements were taken on mono-
layers. Measurements on multilayers have the advantage of
higher accuracy as the uncertainty is divided among the layers,
but they do not isolate the properties of the individual mono-
layers which will be affected by hydration between head
groups of adjacent monolayers. Bilayers are commonly stud-
ied using the SFA, but measurements have assumed properties

based on estimated values or those found in the literature for
similar lipids [6, 40]. Similar to other optical techniques, this
is due to the challenge of measuring substrate properties in
situ. This obstacle is resolved by removing the lipid monolay-
er using UVozone treatment and rinsing with water, and then
taking measurements on the mica substrate without altering
the orientation of the samples or optics. This is necessary
because even slightly altering the orientation of the sample
can affect the apparent properties of the mica substrate.
Similar methods have been employed in the past [40].

Using MBI, we have accurately measured the thickness
and refractive index of mica-supported DPPC and DPPE
monolayers, which are commonly used as a stable inner leaflet
for biological membrane experiments [6].Measurements were
taken in dry air and bulk water in an attempt to isolate the
effects of monolayer-substrate hydration on the optical prop-
erties of supported lipids. We have also performed compli-
mentary measurements of the thicknesses using AFM and X-
ray reflectivity (XRR), as well as compiled results from the
literature for comparison. The results are used to discuss
differences between solid-supported monolayers and other
lipid systems.

Experimental

Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphatidyl choline (DPPC)
and 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine
(DPPE) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). The lipids were dissolved in 9:1
chloroform:methanol solutions at concentrations of 1–
2 mg/ml. All water used was purified with a MilliQ gradient
water purification system with a resistivity of 18 MΩ·cm.

Sample preparation

Ruby muscovite mica was used as the substrate for both AFM
and MBI measurements. For MBI measurements, the mica
substrates were cleaved to thin sheets of uniform thickness.
For AFM measurements, mica was cleaved and used imme-
diately. For XRR, the substrate was single crystal quartz
polished to a flatness of λ/10. Prior to use, the quartz was
carefully sonicated in Helmanex solution, rinsed thoroughly
with MilliQ water, dried, and then sonicated in acetone, then
isopropanol, and rinsed with MilliQ water and dried in clean
nitrogen. Finally, the quartz was cleaned with UVozone for at
least 30 min just prior to lipid deposition [41, 42]. In all cases,
the DPPC andDPPEmonolayers were prepared by Langmuir-
Blodgett deposition using a Wilhelmy trough (Nima
Coventry, UK) from pure water onto the mica or quartz
substrates at 25 °C with a surface pressure of 45 mN/m.
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Measurement techniques

The AFMmeasurements taken in this study employed aMFP-
3D-Bio Atomic Force Microscope and Silicon cantilevers,
both from Asylum Research (Santa Barbara, CA). The spring
constant of the cantilevers was 1.46 N/m. To scan the samples,
a force of 0.14 nNwas employed in contact mode, at a 10 μm/s
scanning rate. A square depression in the DPPE monolayer
was required to measure the thickness due to a lack of defects
in the monolayer (see Fig. 1). This was produced using a
1.7 nN force also in contact mode and was then imaged by
scanning in the same region using the lower force.

X-ray reflectivity measurements were performed at
beamline 6-ID at the Advanced Photon Source (Argonne
National Laboratory, IL). The X-ray wavelength was 0.54 Å,
and the measured wave vector transfer, qz, range extended
approximately from 0.02 to 0.5 Å−1. Specular reflectivities, R,
above noise level were obtained down to values of R=10−8.
The experimental uncertainties were estimated by the photon
counting statistics (standard deviation, σR) with the experi-
mental resolution in qz being approximated by Δqz=
0.0003 Å−1.

Thickness and refractive index were determined usingMBI
measurements taken on the deposited lipid monolayers on
atomically smooth, back-silvered mica surfaces with a Mark
II surface force apparatus (SFA). To do this, two mica sheets
of the same thickness were first glued onto cylindrical, glass
discs. After deposition of the lipid monolayer, the discs were
mounted in the SFA in a cross-cylindrical geometry where
they formed an interferometer. The system was allowed to
temperature equilibrate and dehumidify in the presence of
P2O5 for a few hours. Collimated white light from a tungsten

halogen source was then directed through the interferometer
which results in intensity peaks at discrete wavelengths called
fringes of equal chromatic order (FECO) [36]. The FECO
were separated using a spectrometer, and captured using a
CCD camera (Princeton SPEC-10:2K Roper Scientific,
Trenton NJ).

The monolayer surfaces were brought into contact where
the monolayers formed a bilayer of either DPPE or DPPC
between the mica substrates, and spectra were taken. The
monolayers were then remove from the mica surfaces by
separating them and placing a UV pen lamp between the
two surfaces (~1 mm from each) and illuminating them for a
total of one hour which was broken into three 20 min incre-
ments with 10 min breaks to prevent temperature induced
bubbles or deformation in the glue. Afterward the surfaces
were rinsed with pure, room temperature water without wet-
ting the glue which becomes partially soluble during UV
ozone treatment. For several test surfaces, after removal of
the monolayer, the contact angle of pure water was measured
to be <5o, indicating that the monolayer was fully removed
from the mica support. The rinsing step consistently removed
material from the mica surfaces illustrating its necessity for
removing residual molecule fragments and ions. After remov-
ing the monolayer, the surfaces were allowed to again tem-
perature equilibrate and were placed into contact where an-
other spectrum was taken. The experiment was repeated with
nine DPPE surfaces and ten DPPC surfaces. If either the
refractive index or the thickness were identified as outliers
according to Chauvenet’s criterion, the data for both the
refractive index and thickness of the sample were discarded.
Seven measurements for each lipid monolayer remained after
removal of the outliers.

Fig. 1 AFM topography images
of LB deposited DPPC (a) and
DPPE (b) monolayers on mica.
Samples were deposited at a
surface pressure of 45 mN/m.
DPPC show numerous small
defects which were used to
determine the monolayer
thickness. The AFM tip was used
to carve a rectangle into the DPPE
monolayer (c) in order to measure
the thickness
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For several samples of DPPC and DPPE, an additional
measurement was taken after applying water to the monolayer
surfaces while still in contact in an attempt to detect any
changes in the hydration of the monolayer when going from
dry air to bulk water. The water was sprayed onto the
contacted surfaces using a syringe and allowed to equilibrate
for 10 min before measurements were taken.

Analysis and results

Atomic force microscopy

The AFM images of DPPC and DPPE are shown in Fig. 1a
and b, respectively. The DPPE monolayer showed no defects
while DPPC had numerous small defects. These defects were
used to determine the monolayer thickness of DPPC, while a
depression had to be carved into the monolayer of DPPE using
the AFM probe to get a measure of the thickness. An image of
one of the carved regions is shown in Fig. 1c.

To determine the DPPC monolayer thickness, the differ-
ence between the minimum height of a defect and the maxi-
mum height surrounding the defect was taken for a large
population of 80 defects. The depths of the defects were
averaged to return the film thickness, and the uncertainty for
the film thickness was taken as the standard deviation of the
defect depths. For DPPE, the thickness was determined as the
difference in height of the area inside and outside the carved
square. The uncertainty in this thickness was determined by
measuring the depth for each scan line (pixel row) that includ-
ed the depression, and taking the standard deviation of these
values.

X-ray reflectivity

Specular reflectivity profiles from DPPC and DPPE mono-
layers on quartz are shown in Fig. 2. The data was analyzed by
dividing the monolayer film into two or three homogeneous
slabs or boxes of constant electron scattering length density
(SLD) which physically represent different portions of the
lipid monolayers; headgroups, hydrocarbon tails, and water
in the case of three boxes. The interfaces between slabs were
smeared with variable roughness to model interfacial rough-
ness. The parameter values describing the SLD profiles were
subject to optimization against the X-ray reflectivity data by
employing a weighted least-squares criterion taking into ac-
count the uncertainties of the experimental data. The SLD of
the quartz substrate was held at 22.47×10−6 Å−2 and rough-
ness of the quartz varied from 3.3 to 3.7 Å for the various
substrates and two models. The model parameter optimization
was carried out by employing the software packages
MOTOFIT, which runs in the IGOR Pro environment

(WaveMetrics, Inc., OR) [43]. The reflectivity modeling
(Fig. 2) provided the thickness of each layer (box), SLD,
and adjacent interfacial roughness (σ), enabling the structural
components of the monolayer perpendicular to the interface to
be resolved and compared to findings by AFM, MBI, and
other scattering approaches.

Multiple-beam interferometry

A representative spectral image of both mica contact (purple
solid) and the monolayer contact (blue dashed) are shown in
Fig. 3a. Figure 3b shows the corresponding plot of the relative
intensity with wavelength averaged over the flattened contact
region indicated in Fig. 3a with the dotted white line. The
fringes appear as doublets due to the birefringence of mica.

The wavelengths of the measured FECO were fit using
multiple Voigt peaks. The uncertainty in the fitted peak wave-
lengths was determined using a Monte Carlo error analysis
where the fit was repeatedly subject to randomGaussian noise
of the magnitude found in the spectra and refit to return a
distribution of fitting parameters. The analysis yield an
uncertainty in peak wavelength of 0.03 Å which represents

Fig. 2 Measured X-ray reflectivity profiles of a DPPE and DPPC mono-
layer supported on a quartz substrate. Error bars are below the size of the
data points. The solid lines are fits to the data based on the SLD profiles
shown in the inset. The box model parameters are also provided. The
smeared SLD profile (heavy line) reflects the roughness between the slab
boxes used to represent the lipid headgroups and acyl tail region in the
two box model (light dashed lines). The fit to the data using a three box
model, which included a water layer between the headgroups and quartz
substrate, was indistinguishable from the two box model as shown by the
overlap of the heavy solid lines and dashed lines in the SLD profile
(inset). The water layer thickness was 1.8 Å with DPPC and a mere
0.3 Å with the DPPE monolayer, conssistent with the greater hydration
PC lipids compared to PE lipids [44, 45]
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the resolution of each fringe. The corresponding uncertainty in
thickness and refractive index depends on the sample and was
calculated from the peak wavelength error by simulating a
population of spectra based on estimated interferometer prop-
erties with added Gaussian error of 0.03 Å standard deviation.
Using this method, the resulting uncertainties in monolayer
properties were universally smaller than the variation in our
measured results.

The measured fringe wavelengths were then fit to theoret-
ical fringe wavelengths simulated using the multilayer-matrix
method [46]. To simplify the simulations, the beta and gamma
peak wavelengths for each fringe in the experimental spectra
were averaged which allows us to treat mica with one refrac-
tive index. The parameters were determined by allowing the
refractive index and/or the thickness of one or more layers to
vary and minimizing the sum-squared error between the ex-
perimental and simulated fringe wavelengths. A unique solu-
tion for the thickness and refractive index can be acquired
using this method.

The thickness of the silver layer was measured during
deposition and the refractive index was taken as the known
complex refractive index which was determined for similar
films of n=0.0514+(−1.0078+.00083λ)i [47], where λ is the
wavelength in angstroms. The spectra taken of the mica
substrates in contact after removing the monolayers were used
to determine the thickness, refractive index, and dispersion of
each mica substrate. The wavelength dependent refractive
index of mica was modeled using a two-term Cauchy equa-
tion. The refractive index of mica naturally varies from sample
to sample, and unfortunately the thickness and both terms of
the Cauchy refractive index cannot be accurately or uniquely
determined simultaneously using only MBI on a mica-mica
contact. However, the thickness and the wavelength depen-
dent term of the refractive index can be varied simultaneously
to return physically realistic values if the first (wavelength
independent) term of the refractive index is known. To find the
first term and an estimate of the second term, we used an abbe

refractometer to measure the beta and gamma refractive indi-
ces at two different wavelengths spanning the spectrum used
for MBI measurements. Six samples from different mica
substrates were measured and the results were used to deter-
mine both terms of the Cauchy refractive index and their
respective variations. We determined that our mica has a
beta-gamma average refractive index of nmica=(1.5827±
0.0005)+(4.59±0.30)×105/λ2 where λ is wavelength in ang-
stroms. To analyze the mica-mica contact, we fixed the first
term of the refractive index at 1.5827 and allowed the second
term and the thickness to vary. This approach corrects for any
variations between mica samples that would otherwise carry
over to the monolayer analysis. The uncertainty in the first
term of the mica refractive index results in a maximum uncer-
tainty in the monolayer thickness and refractive index of
±0.02 Å and ±0.0004, respectively, which are both consider-
ably less than the measured variation in our monolayer prop-
erties. We are confident in the accuracy of the values obtained
for the mica properties using MBI because the dispersive term
of the refractive index found was within a standard deviation
of the average value found for our mica stock for nearly every
MBI measurement.

By removing the monolayers in situ, we ensure that the
surfaces are in the same orientation and contacting at the same
position for the measurements done on both the mica and the
monolayer, allowing the mica properties to be fixed for the
analysis of the monolayer properties. While the mica sub-
strates have uniform properties and should ideally be inde-
pendent of contact position, we have found that very slight
changes in the incident angle of illumination can lead to
changes in the apparent mica thickness that can be large
relative to the monolayer thicknesses being determined. For
this reason, we were extremely careful to ensure that neither
the optics nor the orientation of the samples changed through-
out the experiments. The monolayer-monolayer contact spec-
tra were analyzed by fixing the properties of the mica and
varying the monolayer thickness and refractive index. The

Fig. 3 a Super imposed spectral images of mica-mica contact (purple)
and DPPC-DPPC contact (blue). The region between the dotted lineswas
vertically averaged to return a spectrum for each contact. The intensity for

these spectra are plotted against wavelength in (b) with mica-mica contact
represented by the solid purple line and DPPC-DPPC contact represented
by the dashed blue line
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error in the values for thickness and refractive index of the
monolayer were taken as the standard deviation of all seven
measurements for each monolayer.

Discussion

The results of the MBI, AFM, and XRR experiments done in
this work are summarized in Table 1. The refractive indices
measured using MBI were used to estimate the Hamaker
constant (AH) for each lipid in water using Eq. 1 [48] for
comparison with measured values of the Hamaker constant
between lipid bilayers.

AH≈
3

4
kBT

S1−S3
S1 þ S3

� �2

þ 3hvs

8
ffiffiffi
2

p n21−n23
� �2

2 n21 þ n23
� �s=2

ð1Þ

Here, ε is the permittivity, n is the refractive index, ve is the
ionization frequency (assumed to be 3×1015 Hz), and the
subscripts 1 and 3 refer to the lipid and water, respectively.
We assumed the permittivity of the lipid to be the refractive
index squared. The uncertainty of the Hamaker constants was
calculated using the uncertainty of the refractive index for the
corresponding lipid.

The DPPE and DPPC thicknesses determined using these
three different methods are all in excellent agreement. Both
the AFM and XRR thickness values are within error of the
MBI measurements demonstrating that MBI is a viable alter-
native to these techniques with the added capability of simul-
taneously measuring the refractive index.

Table 2 shows a collection of DPPE and DPPC monolayer
thickness measurements from the literature for comparison
with our results. Measurements of thickness taken from bilay-
ers or monolayers at a hydrophobic solid-water interface [6,
21, 12, 49] are not included because they are not representa-
tive of the system being studied, however the results for these
systems consistently showed thicker monolayers which is
likely due to the hydration or protrusion of the outer leaflet
being incorporated into the thickness [6, 7]. X-ray scattering
techniques are not susceptible to this effect and are also
included for comparison to our own thickness measurement
regardless of interface or geometry.

The thickness measurements of the DPPE and DPPC
monolayers returned expected results with DPPE being
thicker than DPPC, which reflects the tilted structure of

DPPC [17, 50, 51]. They are also within the range of values
found from various techniques in the literature. In particular,
our results are very similar to those measured using X-ray
scattering on monolayers at similarly high surface pressures.
The low error in our thickness measurements shows that the
results are repeatable and of the resolution typically expected
from SFA thickness measurements. The errors for both refrac-
tive index and thickness represent the physical variation in the
monolayer properties as opposed to the error caused by the
SFA resolution limit. The lowest resolution sample we mea-
sured had uncertainty estimates of ±0.263 Å and ±0.0057 in
thickness and refractive index, respectively.

The values obtained for the monolayer refractive indices
are as expected relative to one another with DPPE having a
higher refractive index due to higher molecular packing.
There are very few measurements of the refractive index of
oriented lipids to compare with, and to the best of our knowl-
edge no reported measurement of the refractive index of pure
DPPE or DPPC monolayers. The value often used as the
refractive index for these lipids is that found for a black lipid
membrane of egg lecithin by Cherry and Chapman [13] which
reports a value of 1.464±0.004 for the normal refractive index
and a thickness of 62±2 Å. The refractive index values found
here using MBI are higher than this for both DPPE and DPPC
lipids. Theoretical predictions also show a higher normal
refractive index for solid phase tilted DPPC [52] and for
ordered, saturated fatty acid chains [15]. The inconsistency
between these experimental results is not surprising because
the lipids are not identical, nor are they arranged or prepared
identically. The black lipid membranes were prepared with an
n-decane solvent which can remain dissolved within the mem-
brane after spreading and has a lower refractive index of
1.412. If we assume the thickness found here for DPPC is
equal to the thickness of an egg PC monolayer and that results
from Cherry and Chapman represent an average of the refrac-
tive indices weighted by the thickness of the bilayer and
dissolved n-decane, we can back-calculate the refractive index
of the isolated lipids using Eq. 2 where the subscript “mix”
denotes the combination of lipids and n-decane.

nlipid ¼ tmixnmix−tdecanendecane
tlipid

ð2Þ

This returns a lipid refractive index of 1.479 which is well
within error of the refractive index determined here for DPPC.

Table 1 Measured lipid mono-
layer properties Thickness (Å)

Lipid MBI AFM XRR Refractive index Hamaker constant (J)

DPPC 23.9±0.5 24±6 24.4 1.478±.006 (6.9±0.5)×10−21

DPPE 25.5±0.6 25±1 26.0 1.485±.007 (7.5±0.6)×10−21
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This explanation is contradicted by more recent findings that
the n-alkane solvent molecules can be incorporated into the
lipid membrane and can actually induce higher packing and
less tilt [53, 54, 14, 10, 4, 44, 45], which could explain the
higher thickness found by Cherry and Chapman, but not the
lower refractive index, as this should increase with molecular
packing. Another likely source of discrepancy is the inclusion
of water in their reflectivity measurements due to protrusion,
hydration, and undulations in the membrane which would
explain both a larger thickness and lower refractive index as
was found for the black lipid membranes.

The value for the Hamaker constant measured between
DPPC bilayers in water by Marra and Isrealachvili [6] of (7
±1)×10−21 J further supports a higher refractive index. This
value is very close to our estimated Hamaker constant for
DPPC in water, while the estimated Hamaker constant for
the refractive index of 1.464 from Cherry and Chapman [13]
yields a lower Hamaker constant of (5.7±0.3)×10−21 J. This
suggests that the use of the latter refractive index is inappro-
priate for solid-supported lipid bilayers.

The hydration of SLBs is an area that has had considerable
attention. In particular, the “water gap” between the inner
leaflet and substrate has been reported to have thicknesses
ranging from a few to over ten water layers [55–58, 44, 45].
The thicknesses we have found for DPPE and DPPC suggest
that the water gap is on the lower side of previous measure-
ments. Our system differs from others in that the lipid mono-
layers are in dry air after deposition whereas the water gap has
only been measured on SLBs and multilayers in bulk water.
However, our findings show that there is no observable
change in the hydration of the monolayer after introducing
bulk water to dry monolayers in contact which was expected
to hydrate the head groups through defects in the monolayer. It

is possible that the water cannot penetrate between the head
group and substrate while the surfaces are in contact.
Separating the wet surfaces will result in rearrangement or
damage of the lipids. It is also possible that the monolayers are
already saturated, and the layer is simply obscured by the
hydration layer that natively exists at the mica surface which
is unavoidably incorporated into to mica thickness used to
calculate the monolayer properties. Two mica surfaces in
contact have been found to have an equilibrium hydration
gap of 2.2 Å in pure water and up to 11 Å in sufficiently
concentrated inorganic salt solutions [59] (although recent
findings suggest this hydration layer could be thicker [60]).
This will mask up to 5 Å of water between the monolayers and
mica. The hydration of the monolayer head group cannot be
distinguished from the overall monolayer using MBI and
cannot be estimated without a known refractive index of the
monolayer free of hydration. However, at the very least, it can
be deduced from the similarity of our results to the X-ray
scattering thickness measurements on vesicles and at the air/
water interface (which are not obscured by hydration or sub-
strate roughness) and from the expectedly high refractive
index of our monolayer, that dry DPPE andDPPCmonolayers
have a considerably smaller “water gap” than measurements
on multilayer systems suggest. We have also found that the
monolayer thickness is the same for monolayers that were
originally part of a bilayer which was stripped of its outer
leaflet by draining water from the system. We expected these
monolayers to be fully hydrated because no steps were taken
to dry them. That they exhibit the same properties as the dried
monolayers supports the idea that the dried monolayers were
still hydrated after drying, and that the hydration cannot be
removed by drying with P2O5. Whether the hydration was
reduced upon draining is unknown.

Table 2 Thickness measurements from literature

Lipid Measurement technique Interface Pressure (mN/m) Thickness (Å) Source

DPPC MBI Mica/air 45 23.9±0.5 This work

Lamellar XRD Hydrated multilamellar vesicles (MLV) – 21 [17]

X-ray shadowing Monolayer at silica/air 30 25±3 [2]

XRR Monolayer at air/water >40 24.6 [16]

XRR Monolayer at air/water 35 24.2 [19]

Various scattering techniques MLVand unilamellar vesicles (ULV) – 23.9 [18]

AFM Mica/air 2a 24 [5]

AFM Mica/air 40 29±2 [21]

Calculated from area per molecule Bilayer/water – 23±1 [6]

DPPE MBI Mica/air 45 25.5±0.6 This work

Lamellar XRD Hydrated MLV – 24.5 [17]

XRR Air/water 40 25.5 [19]

AFM Mica/air 40 28±2 [21]

Calculated from area per molecule Bilayer/water – 27±1 [6]

a This pressure is in the phase coexistence region for DPPC. Measurements of thickness were taken for a solid phase domain
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Conclusions

The thickness and refractive index of mica-supported mono-
layers of DPPC and DPPE were simultaneously determined
using MBI. The values found for the thickness were 23.9±
0.5 Å and 25.5±0.6 Å, respectively which are consistent with
results found using various X-ray scattering techniques for
lipids at high surface pressure. The refractive index values for
DPPC and DPPE were 1.478±0.006 and 1.485±0.007, re-
spectively and are greater than the value measured on black
lipid membranes of egg lecithin by Cherry and Chapman [13]
of 1.464±0.004. Our results are supported by the similarity
between experimental Hamaker constant found for DPPC
bilayers in water [6] and the Hamaker constant estimated from
the DPPC monolayer refractive index measured here.
Additionally, our results indicate that the water gap
that has been observed between the lipid head groups
and the substrate in lipid bilayer systems may be
different for different lipid and substrate systems.
While absolute measurements of the water gap between
the hydrophilic substrate and the head group is not
possible using MBI, the thickness and refractive index
result found here suggest that the water gap is thinner
for phosphatidyl choline and phosphoethanolamine lip-
id monolayers like DPPC and DPPE than has been
found for SLBs. These results illustrate the potential
necessity of distinguishing the properties of different
lipid systems and how they are supported.
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