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Abstract
The location of each lipid in a palmitoyloleoylphosphatidylcholine/18:0 sphingomyelin/cholesterol
monolayer system is laterally resolved using imaging time-of-flight secondary ion mass spectrometry
(TOF-SIMS) without the necessity of adding fluorescent labels. This system of coexisting immiscible
liquid phases shows cholesterol domains with sizes and shapes comparable to those in the
fluorescence microscopy literature. The results show that SM localizes with cholesterol and that
palmitoyloleoylphosphatidylcholine is excluded. Moreover, the segregation is not complete, and
there is a small amount of both phospholipids distributed throughout.

Introduction
Upon the basis of the detergent-resistant fraction of cellular membranes, the content of lipid
rafts includes sphingomyelin and cholesterol.1 Both cholesterol and sphingomyelin have been
hypothesized to be essential for lipid raft formation in the cellular membrane.2 Also, a recent
study of the native HIV membrane lipidome provides strong evidence for the existence of lipid
rafts in living cells.3 Currently, a substantial body of research is focused on elucidating the
interactions between cholesterol and sphingomyelin (ref 4 and references therein). Many
methods have been used to investigate sphingomyelin–cholesterol interactions, including
nuclear magnetic resonance spectroscopy (NMR)5 and fluorescence microscopy.4,6–13 To
obtain images, fluorescence microscopy is the most common technique for visualizing lipid
miscibility; however, it requires the addition of fluorescent labels. The degree of influence that
the added fluorophores have on domain formation is still in question, but recently Cruz et al.
found that trace amounts (<1 mol %) of this probe perturb the morphology of micro- and
nanodomains of dipamitoylphosphatidylcholin monolayers.14

One technique that is capable of direct chemical imaging of lipid domains is secondary ion
mass spectrometry (SIMS).15–23 In this technique, a focused ion beam is used to desorb
secondary ions from the sample, and then the beam is moved across the surface and mass
spectra are acquired at each spot on the surface. Using characteristic mass values, the lateral
distribution of the individual chemical components are revealed.24 There are two major
approaches depending upon the fluence of the primary ion. With static SIMS, a pulsed primary
ion beam is used, and the mass spectrum is measured before a significant part of the surface
layer has been chemically modified and sputtered away. The low dose of the primary ion allows
for high surface sensitivity and molecular information being obtained from the sample without
chemical labeling. With dynamic SIMS, a continuous primary ion beam bombards the sample,
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which leads to sputtering of atoms from the surface. Dynamic SIMS is capable of elemental
and isotope analysis and has higher lateral resolution for SIMS imaging. However, isotope
labeling is usually required to differentiate molecular species in the sample system. Here we
present static time-of-flight (TOF) SIMS studies on monolayers of
palmitoyloleoylphosphatidylcholine (POPC)/18:0 sphingomyelin (SM)/cholesterol (CH).
Without the use of chemical labels, we find that the ternary mixture of 30:47:23 POPC/18:0
SM/CH produces coexisting liquid phases in which SM is predominantly found within the CH-
rich phase and the POPC is predominantly excluded. The location of SM is elucidated without
the incorporation of any added labels. Also, TOF-SIMS shows clearly that the lipids do not
entirely segregate from one another and illustrates the complexity of lipid interactions.

Materials and Methods
For lipid monolayer characterization by imaging TOF-SIMS, monolayers at the air–water
interface were deposited vertically onto solid substrates via the Langmuir–Blodgett (LB)
technique. Similar methods have also been utilized for analyses of lipid monolayers by atomic
force microscopy,25,26 and supported LB films have been shown to maintain the same lateral
distribution of lipids observed at the air–water interface.16,17 Although cellular membranes
exist at higher pressures and temperatures, lower pressures are necessary to study lipid
miscibility10 in the mixtures. To identify the contents of coexisting phases in our lipid
monolayer, we have selected 7 mN/m to ensure the existence of multiple phases in our system
because fluorescence microscopy data is already available at similar pressures12 for direct
comparison. Also, recent studies suggest that the more relevant parameter to consider when
comparing lipid monolayers to cellular membranes is the molecular density.12 The molecular
area of our ternary mixture at lower pressure is considerably closer to the molecular area per
lipid of an erythrocyte membrane (~40 Å2 for the outer leaflet27 and ~60 Å2 for the inner
leaflet28) than that at very high pressure. The materials, substrate preparation, monolayer
preparation and deposition, and TOF-SIMS characterization are briefly detailed here. All steps
were completed at room temperature (23 ± 2 °C).

Materials
POPC, CH (both from Avanti Polar Lipids, Inc., Alabaster, AL), 18:0 SM (Matreya LLC,
Pleasant Gap, PA), 16-mercaptohexadecanoic acid (Sigma-Aldrich, St. Louis, MO), 2-
propanol, methanol, and chloroform were used without further purification. A Nanopure
Diamond Life Science ultrapure water system (Barnstead International, Dubuque, IA) was used
to purify the water used in the production of all monolayers (resistivity of 18.2 MΩ cm).

Substrate Preparation
Substrates were 16-mercaptohexadecanoic acid self-assembled monolayers (SAMs) on gold.
The gold was deposited onto single-crystal (100) silicon wafers that were first cleaned via
piranha etch (3:1 H2SO4/H2O2) to ensure a uniform SiO2 surface. (Extreme caution must be
exercised when using piranha etch. An explosion-proof hood should be used.) The silicon
substrates were deposited with chromium followed by gold as described by Fisher et al.29 For
the formation of the SAMs onto gold, a 1 mM solution of 16-mercaptohexadecanoic acid in
2-propanol was used. Gold deposition, SAM self-assembly, and LB film deposition were
confirmed with a single-wavelength (632.8 nm, 1 mm spot size, 70° angle of incidence) Stokes
ellipsometer (Gaertner Scientific Corporation, Skokie, IL; model LSE). SAMs on gold
substrates were used because these provide higher positive ion SIMS signals of lipid
monolayers than do silicon substrates30 and they are also easily reproducible uniformly
hydrophilic substrates necessary for our lipid monolayer deposition method.

McQuaw et al. Page 2

Langmuir. Author manuscript; available in PMC 2007 October 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Monolayer Preparation, Isotherm Analysis, and Sample Deposition
A Kibron μ Trough S-LB (Helsinki, Finland) was used for isotherm acquisition, LB film
preparation, and deposition. The subphase was ~65 mL of purified water. All lipid solutions
were dissolved in 9:1 chloroform/methanol. At least 15 min was allotted for film equilibration
before compression to guarantee complete solvent evaporation. The surface pressure was
measured with a Wilhelmy wire interfaced to a personal computer. Uniform compression (7
Å2/molecule/min) of the lipid monolayer was ensured through computer control of the trough
barriers, and this also allowed for constant pressure feedback during deposition. The lipid films
were each deposited vertically onto SAM substrates at 7 mN/m upon first compression,
resulting in a tails-up lipid configuration (Figure 1).

To quantify the influence of CH on POPC and SM, the molecular area of an ideal mixture
(Aideal) at 7 mN/m is compared to the actual molecular area observed (Aactual). Aideal is the
molecular area expected for a noninteracting, immiscible mixture.31 Aideal is calculated by the
following equation

Aideal = X1A1 + (1 − X1)A2 (1)

where X1 is the mole fraction of component 1, A1 is the molecular area of pure component 1
at 7 mN/m, and A2 is the molecular area of pure component 2 at 7 mN/m. Using Aideal and
Aactual, the condensing effect is quantified by determining the percent difference in the two
molecular areas by the following equation:

percent difference ( % ) =
100 % × (Aactual − Aideal)

Aideal
(2)

Instrumentation
An imaging TOF-SIMS equipped with a 15 keV Ga+ liquid metal ion gun was used to obtain
mass spectrometric data. The mass spectrometer is described in detail by Braun et al.32 Spectra
were acquired without the need for charge compensation and with an ion dose no greater than
1012 ions/cm2. The ion beam diameter is ~100 nm; however, for the data presented here, the
pixel size (~1 μm2) is dictated by the field of view and the number of pixels. Each scan takes
less than 30 s. Total ion images (256 pixels × 256 pixels) were obtained by rastering the ion
beam across the surface and taking a mass spectrum at each pixel. For the lipid molecular ion
maps, the intensities of the individual lipid-specific ions (i.e., m/z 369 and 385 for CH) were
summed at each pixel and then converted to a 64 pixel × 64 pixel image by summing the
intensities of surrounding pixels. Summing pixels is reasonable because the chemically
resolved lipid domains were larger than 4 pixels × 4 pixels.

Results and Discussion
The lipids under analysis in this study are CH, POPC, and 18:0 SM. A saturated SM was
selected because it is biologically more abundant than unsaturated SM.9 Similarly, an
unsaturated phosphatidylcholine glycolipid was selected because they are more prevalent than
saturated phosphatidylcholine glycolipids in the cellular membrane.9 These specific
phospholipids were also chosen because fluorescence microscopy studies of similar monolayer
mixtures have recently been presented in the literature.12 This mixture contains a saturated
lipid (SM), an unsaturated lipid (POPC), and CH and is known to produce immiscible liquid
phases in both monolayers and bilayers.8,12,13 Herein, we illustrate TOF-SIMS as a viable
resource for chemically resolving the lateral distribution of immiscible lipid mixtures and thus
broadening the resources available for investigating lipid interactions.
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Cholesterol Condenses a 2:3 POPC/18:0 Sphingomyelin Mixture
Pressure–area isotherms for each of the pure lipids, the binary mixtures, and the ternary mixture
are presented in Figure 2. The actual and ideal molecular areas and the percent difference
between the two are presented in Table 1. Isothermal data for the pure lipids are similar to
literature values (i.e., for CH,23 SM,33 and POPC34). It is clear that CH has a condensing
effect on both POPC (Figure 2A) and 18:0 SM (Figure 2B). The 2:1 SM/CH mixture has a
molecular area that is nearly equal to that of pure CH at 7 mN/m and is −20% different from
ideal. However, POPC has a much higher molecular area than 18:0 SM at 7 mN/m and a smaller
CH condensing effect (percent difference of −8%). These results are similar to literature values
(i.e., for POPC/CH34 and SM/CH35). The binary mixture of 2:3 POPC/SM has an actual
molecular area that is larger than its ideal and shows no condensation. The differences between
the CH-induced condensation of 18:0 SM and POPC arise from the unsaturated acyl chain of
POPC that reduces the efficiency of the molecular packing and leads to a higher molecular
area for both its pure and binary mixtures. Interestingly, the ternary mixture behaves more like
the binary phospholipid/CH mixtures with the addition of the second phospholipid (percent
difference of −5% for 4:3 POPC/CH + 47% SM and 4% for 2:1 SM/CH + 30% POPC), rather
than the binary phospholipid mixture plus CH (percent difference of −20%).

The ternary mixture contains a saturated lipid (SM), an unsaturated lipid (POPC), and CH.
Saturated lipids are more readily condensed by CH and will therefore be more prevalent in the
CH-rich condensed phase,12 whereas unsaturated lipids have a more limited condensation due
to rigid double bonds. TOF-SIMS allows for the visualization of this within the ternary system
and is evidenced in the following sections.

TOF-SIMS Identifies Each Lipid in a Mixture
Using TOF-SIMS, all lipids are identified within each of the monolayer systems using mass
fragments unique to each lipid. The mass spectra for the pure lipids are presented in Figure 3.
The molecular structures of each of the lipids, along with their corresponding unique positive
ion SIMS fragments, are presented in Figure 4. The gold substrate is detected in each of the
spectra (Au+ at m/z 197). The CH fragments are [M − H]+ at m/z 385 and [M − OH]+ at m/z
369. Although phosphocholine ([C5H15NPO4]+ at m/z 184) is a prevalent fragment, it arises
from both POPC and 18:0 SM and thus cannot be used to differentiate the location of one from
the other. However, the protonated molecular ions, [M + H]+, are detected and used for both
phospholipids: m/z 731 for 18:0 SM and m/z 760 for POPC. Also, POPC headgroup fragment
[C8H19NPO4]+ at m/z 224 is unique to POPC because it includes a portion of the glycerol
backbone. The sphingosine backbone fragment [C17H30ON]+ at m/z 264 is a second fragment
unique to 18:0 SM. Although not shown, all lipids were detected in each of the binary mixtures,
and the ion images were found to be homogeneous with each lipid present throughout. The 16-
mercaptohexadecanoic acid SAM is also observed in the mass spectra with most of its
respective peaks below m/z 200. More importantly, none of the SAM peaks overlap with the
lipid peaks of interest.29

The mass spectrum of the ternary 30:47:23 POPC/SM/CH mixture is presented in Figure 5A.
Each of the unique lipid fragments mentioned above is detected in this mixture. Although their
intensities are low, the 18:0 SM peaks ([M + H]+ at m/z 731 and [C17H30NO]+ at m/z 264) are
detected. The lower intensity in the upper part of the images is likely due to a slight tilt of the
sample in the instrument. The tilt is caused by mounting the sample onto a copper stage for
SIMS analysis after it is made. Thus, it does not affect the domain segregation that occurs at
the air–water interface before the sample is transferred onto the substrate and subsequently
mounted onto the copper stage. The quantitative examination presented later included samples
with and without tilt artifacts, and no statistical difference was seen between them. The SIMS
image of samples without a tilt artifact is presented in Figure 1 of Supporting Information.
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Note that the total ion image (Figure 5B) and phosphocholine image (Figure 5C) both hint at
nearly circular domain formation in the slight variation of intensity across the surface. Most
importantly, the addition of CH induces domain formation, and this will be more clearly
evidenced in the next section.

Sphingomyelin Localizes with Cholesterol, and POPC is Excluded
The individual lipid localizations for the ternary mixture (shown in Figure 5A) are presented
in Figure 6. The data clearly show multiple liquid phases and the location of each lipid. The
size and shape of the CH domains are similar to those shown in previous work,9 with the central
domain being approximately 90 μm in diameter. The ion signal for POPC is lower in the CH-
rich phase, indicating that it is excluded, whereas the ion signal for SM is most intense in the
regions containing CH. The localization of SM is less clear as a result of the overall lower ion
signal of the SM fragments. An intensity line scan through the ion images (Figure 6B) shows
the varying intensity of each lipid signal. The CH ion yield begins at zero counts and rises to
show a single ~40 μm CH domain. The ion signal for POPC begins high but falls sharply at
the CH domain, indicating that it is excluded from this densely packed region. In contrast, the
ion yield for SM varies in a spatial pattern similar to the ion signal of CH. From Figure 6B,
the relative yield of each phospholipid in the CH-rich phase versus that in the CH-poor phase
is 2:1 for SM and 1:2 for POPC. Thus, SM is localized within the CH-rich phase. Four samples
of the ternary mixture were made and analyzed, and similar results were obtained for each.

Lipid Segregation Not Complete
The degree of lipid segregation between phases is evident in Figure 6. The line scan in Figure
6B shows that CH has nearly complete segregation into circular micrometer-size domains;
however, neither the POPC nor SM signals fall to zero in the phase where they are least
concentrated, thus neither SM nor POPC is completely segregated from these phases. This is
a significant observation and demonstrates a unique capability of TOF-SIMS imaging. The
lack of complete lipid segregation further illustrates the complexity of the lipid interactions.
Strong physicochemical interactions between SM and CH should draw these lipids closer
together and increase their segregation from POPC. The phospholipids in this system are not
drawn completely into one phase or the other but rather are more prevalent in the phases where
interactions are more favorable. Hence the structure of SM does not lead to interactions with
CH that are dominant enough to entice complete segregation.

Quantification of Lipid Content
It would be valuable to extract quantitative compositional information directly from the images
shown in Figure 6. For mass spectrometry experiments in general36–39 and for SIMS
experiments in particular, 30,40,41 ion signal intensity is not typically proportional to
concentration because of what are generally referred to as matrix effects. For the system studied
here, for example, it has been shown that when CH is co-localized with phosphocholine–
phospholipids, proton transfer can increase the intensity of phosphocholine ([C5H15NPO4]+ at
m/z 184).30 However, there are strategies that can be employed to take into account these
matrix effects and provide at least an estimate of the composition of lipids inside and outside
the CH domains shown in Figure 6. Our approach is to calculate a relative sensitivity factor
(RSF) for each of the three lipid components in the LB films. RSF is used most commonly in
the elemental analysis of doped materials.42–44 When the matrix elemental concentration is
constant, then RSF is defined by

RSFx =
Ix

CxIM
(3)
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where RSFx is the relative sensitivity factor for component x; Cx is the concentration of
component x; IM is the secondary ion intensity of the matrix reference ion; and Ix is the
secondary ion intensity for the relevant ion of component x. A number of different reference
ions, including Au+ and several major peaks from 16-mercaptohexadecanoic acid SAM, were
examined. We finally chose Au+ at m/z 197 because its intensity is most constant from sample
to sample. The values for the single-component lipid films are given in Table 2. Note that the
RSF value for CH is more than 50 times larger than for SM and 6.6 times larger than for POPC.

The magnitude of matrix effects can be discerned by calculating the RSF values for all
combinations of binary components, that is, 2:3 POPC/SM, 4:3 POPC/CH, and 2:1 SM/CH
for conditions where there is no observable domain formation. The molar ratios of the lipid
components in these binary systems are the same as the ratios utilized in the ternary system.
For the three-component system, the RSF values may be obtained directly from a region of the
monolayer that represents the macroscopic stoichiometry. These calculations assume that the
concentrations reported for the two- and three-component systems are identical to the
concentrations of the lipid mixtures applied to the LB trough. These values are also reported
in Table 2. Note that the RSF values for CH are lower by about a factor of 2 and the RSF values
for SM are higher by about a factor of 2. These changes are consistent with the proton-transfer
mechanism noted above.

The two-component RSF values have been used to estimate the average concentration of each
component in a three-component film. The RSF values of the two-component mixtures were
averaged and applied to the signal intensities measured for the three-component mass spectrum.
These results are shown in Table 3. The agreement between the expected values and the
calculated values provides a sense of the reliability of the numbers. Similarly, using the RSF
values calculated from the two- and three-component films, it is possible to estimate the molar
concentrations of each species inside and outside the CH domains shown in Figure 6. Two
methods were employed. In the first method (a), the two-component RSF values were applied
to the measured ion intensity inside and outside a CH domain shown in Figure 6. In the second
method (b), the RSF values of the three-component film were applied directly to these
secondary ion intensities. The results are shown in Table 3. The magnitude of the numbers
certainly suggests that SM is more concentrated in the CH domains and that POPC is presently
largely outside the CH domain, as is evident from an inspection of Figure 6.

Implications
The location and relative amounts of each of the lipid components in a mixture of immiscible
liquid phases have been determined using TOF-SIMS imaging without the need for labels or
markers. The ternary mixture of 30:47:23 POPC/18:0 SM/CH produces coexisting liquid
phases in which the SM localizes with CH while POPC is antilocalized with CH. However,
the degree of lipid segregation is not complete, and further investigation of this phenomenon
could help explain how lipid rafts on the order of a few molecules combine to form larger rafts
in the cellular membrane. These results show the promise that TOF-SIMS imaging holds for
resolving co-localized lipids and lipids present at varying concentrations.
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Figure 1.
Side view of the vertical deposition of a mixed lipid monolayer onto a substrate. Sample
preparation is detailed in the Materials and Methods section. (A) A 16-mercaptohexadecanoic
acid self-assembled monolayer (SAM) on a gold (Au) substrate is inserted vertically through
the water surface. (B) A mixed lipid monolayer is applied to the water surface and compressed
to the desired surface pressure. (C) The substrate is lifted vertically through the water surface,
and the mixed lipid monolayer adheres. (D) Schematic representation of the final sample.
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Figure 2.
Pressure–area isotherms of mixtures containing POPC, CH, and 18:0 SM. (A) CH, POPC, and
4:3 POPC/CH. (B) CH, SM, and 2:1 SM/CH. (C) CH, 2:3 POPC/SM, and 30:47:23 POPC/18:
0SM/CH. The dotted line in each demarks a pressure of 7 mN/m.
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Figure 3.
Mass spectra and significant + SIMS fragments of the pure lipids: (A) CH, (B) POPC, and (C)
18:0 SM. The characteristic ions are the POPC headgroup fragment [C8H19NPO4]+ at m/z 224,
SM backbone fragment [C17H30ON]+ at m/z 264, CH fragments [M − OH]+ at m/z 369 and
[M − H]+ at m/z 385, 18:0 SM protonated molecular ion [M + H]+ at m/z 731, and POPC
protonated molecular ion [M + H]+ at m/z 760. Phosphocholine ([C5H15NPO4]+ at m/z 184)
results from both POPC and SM. The intensity within m/z 200–275 has been multiplied by a
factor of 10. The total ion dose was less than 1012 ion/cm2 for each.
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Figure 4.
Molecular structures of (A) cholesterol (CH), (B) POPC, and (C) 18:0 SM with +SIMS
fragment ions labeled. CH has two main fragments: [M − H]+ at m/z 385 and [M − OH]+ at
m/z 369. POPC has two main fragments: [M + H]+ at m/z 760 and [C8H19NPO4]+ at m/z 224.
SM has two main fragments: [M + H]+ at m/z 731 and [C17H30ON]+ at m/z 264.
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Figure 5.
(A) Mass spectra with significant + SIMS fragments labeled for the ternary mixture 30:47:23
POPC/18:0 SM/CH. The characteristic ions are POPC headgroup fragment [C8H19NPO4]+ at
m/z 224, SM backbone fragment [C17H30ON]+ at m/z 264, cholesterol fragments [M − OH]+

at m/z 369 and [M − H]+ at m/z 385, 18:0 SM protonated molecular ion [M + H]+ at m/z 731,
and POPC protonated molecular ion [M + H]+ at m/z 760. Phosphocholine ([C5H15NPO4]+ at
m/z 184) results from both POPC and SM. The intensity within m/z 200–275 has been
multiplied by a factor of 10. The total ion dose was less than 1012 ion/cm2. (B) Total ion image
and (C) phosphocholine ion image ([C5H15NPO4]+ at m/z 184). Images are 256 pixels × 256
pixels with the scale bar representing 100 μm, ion intensity scales in counts/nC, and a total ion
dose of less than 1012 ion/cm2.
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Figure 6.
(A) Lipid molecular ion intensity mappings for 30:47:23 POPC/18:0 SM/CH. The +SIMS total
ion image is presented in Figure 5B. The POPC signal ([M + H]+ at m/z 760 and
[C8H19NPO4]+ at m/z 224) is represented in blue, the CH signal ([M − H]+ at m/z 385 and [M
− OH]+ at m/z 369) is represented in pink, and the SM signal ([M + H]+ at m/z 731 and
[C17H30ON]+ at m/z 264) is represented in green. The outlines of the cholesterol domains (red)
in the POPC and SM images are shown for emphasis. The ion intensity scales are in counts/
nC, and the field of view is 320 μm × 220 μm. (B) Ion intensity line scan for each of the lipid
ion maps. The region of the line scan is indicated by the yellow arrow in A.
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Table 1
Actual Average Molecular Area Observed at 7 mN/m (Using an Average of at Least Three Isotherms) and the
Calculated Ideal Average Molecular Area of Each of the Mixtures as Well as the Percent Difference between the
Two Areas for Each of the Mixtures

Sample actual area (Å2/
molecule)

ideal area (Å2/
molecule)

percent difference (%)

POPC 82 ±2.7
18:0 sphingomyelin (SM) 53 ± 1.8
cholesterol (CH) 39 ± 1.3
2:3 POPC/SM 70 ± 3.5 65 9
4:3 POPC/CH 57 ± 6.3 63 −8
2:1 SM/CH 37 ± 0.2 48 −20
2:3 POPC/SM + 23% CH 63 −20
4:3 POPC/CH + 47% SM 53 ± 3.3 55 −5
2:1 SM/CH + 30% POPC 51 4
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Table 2
Relative Sensitivity Factors (RSF) for Each of the Lipid Components in the One-, Two-, and Three-Component
Lipid LB Filmsa.

CH SM POPC

sample composition [M − OH]+ (m/z 369) [C17H30ON]+ (m/z 264) [C8H19NPO4]+ (m/z 224)

Relative Sensitivity Factor (RSF)
cholesterol (CH) 0.72 ± 0.1
18:0 sphingomyelin (SM) 0.013 ± 0.001
POPC 0.11 ± 0.005
2:3 POPC/SM 0.026 ± 0.001 0.17 ± 0.01
4:3 POPC/CH 0.34 ± 0.002 0.13 ± 0.01
2:1 SM/CH 0.38 ± 0.005 0.23 ± 0.001
30:47:23 POPC/SM/CH 0.31 ± 0.003 0.021 ± 0.002 0.21 ± 0.02

a
All the calculations included at least three measurements of different areas in one or two samples.
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