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Effect of electrostatic interaction on the
leaflet-specific diffusion in a supported lipid
bilayer revealed by fluorescence lifetime
correlation analysis†

Takuhiro Otosu and Shoichi Yamaguchi*

A supported lipid bilayer (SLB) is now an indispensable tool to analyze the dynamical properties

of biomembranes. However, the effect of a solid support on the leaflet-specific lipid dynamics in a SLB

remains elusive, which hampers the further application of the SLB as a model biomembrane. Here, we

performed the leaflet-specific lipid diffusion analysis by means of two-dimensional fluorescence lifetime

correlation spectroscopy to elucidate the effect of the electrostatic interaction between lipid

headgroups and a glass surface on the lipid diffusion in each leaflet of the SLB. The results clearly

showed the correlation between the strength of the electrostatic interaction and the lipid diffusion in

the proximal leaflet of the SLB facing a glass surface. In particular, the electrostatic attraction between

the cationic lipids and a negatively charged glass surface enhanced the lipid diffusion in the proximal

leaflet of the SLB, providing important implications for the lipid dynamics not only in the SLB but also in

biomembranes.

Introduction

A biological membrane (or biomembrane) is a unique functional
membrane that works as a functional barrier.1 A biomembrane is
composed of a lipid bilayer, and the hydrophobic moiety of lipids
in the bilayer prevents many hydrophilic molecules and ions from
passing through the membrane. On the other hand, the selective
transportation of such molecules through the membrane
is achieved via various transmembrane proteins embedded on
the lipid bilayer, which is crucial for signal transduction,2

generation of membrane potential,3 ATP synthesis,4 and so
on. Extensive studies have shown that the fluidity of the
membranes and the transient formation of functional micro-
domains (‘‘lipid raft’’) are important for the unique biological
functions of biomembranes.5–7 Because the fluidity of bio-
membranes is mainly governed by the dynamical properties
of the lipid bilayer, understanding the lipid dynamics in the
bilayer is prerequisite for elucidating the biological functions of
biomembranes.

A supported lipid bilayer (SLB) is a model biomembrane
formed on a solid substrate.8–11 Because the membrane is supported
by a solid substrate such as mica and silica, the SLB has high

stability as compared to other model biomembranes, e.g., a
freestanding bilayer and a giant unilamellar vesicle. In addition,
the SLB is fluidic due to the presence of a thin water layer
between lipids and a support, which enables us to analyze the
dynamical properties of lipid membranes through the SLB,
e.g., lipid diffusion,12,13 flip-flop,14,15 microdomain formation,16–18

and so on.
However, it is still an open question of how the lipid

dynamics in a SLB is affected by the presence of solid supports.
Because the lipid–support interaction is expected to be
modulated by the electrostatic interaction between the lipid
headgroups and the surface charge of the supports, extensive
studies have been done to elucidate the effect of ionic strength,
pH and the charge of lipid headgroups on the dynamical/
conformational properties of the SLB as well as the SLB
formation process.12,19–26 For instance, Cremer and Boxer have
systematically examined the spreading of glass-supported SLBs
as functions of pH and ionic strength of the surrounding
solvent.19 Their data showed that neither anionic nor cationic
SLBs show the spreading at high pH where the glass surface is
negatively charged, which allowed them to conclude that
the electrostatic interaction is not responsible for the SLB
spreading. On the other hand, Kataoka-Hamai and Higuchi
have performed diffusion analysis of lipids in cationic and
zwitterionic SLBs at various pHs.12 Their results showed that
the diffusion coefficient of a cationic SLB is sensitive to pH
whereas that of a zwitterionic SLB is insensitive, suggesting the
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importance of the electrostatic interaction between the lipid
headgroups and solid supports. Thus, the effect of electrostatic
interaction between the lipid headgroup and a glass surface on
the lipid diffusion of the SLB needs further clarification.

Two-dimensional fluorescence lifetime correlation spectroscopy
(2D FLCS) is a novel single-molecule technique that enables
us to analyze the inhomogeneity of the system and its dynamics
through the correlation of fluorescence lifetime with the
high time resolution beyond the ordinary single-molecule
techniques.27–30 Previous works have revealed the applicability
of 2D FLCS to elucidate the microsecond conformational
dynamics of proteins as well as DNA.29,31–33 Because 2D FLCS
is the extension of fluorescence correlation spectroscopy, this
technique is also utilized to analyze the diffusion dynamics of
multiple species simultaneously in a species-specific manner.
This advantage is beneficial to elucidate the diffusion of lipids
in a SLB in a leaflet-specific way. We very recently applied 2D
FLCS to analyze the leaflet-specific lipid diffusion in a SLB.34,35

Potassium iodide was utilized to selectively quench the fluores-
cence of head-labelled lipids in the distal leaflet of the SLB
facing bulk solution. This enables us to statistically separate
the detected signals into those of the proximal and distal
leaflets through the difference in their fluorescence lifetimes
induced by the iodide ions. The data clearly showed that the
lipid diffusion in the proximal leaflet of a zwitterionic SLB
depends on the surface charge density of a glass support
whereas that in the distal one is unchanged, strongly suggesting
that the interleaflet interaction is weak in the lipid bilayer of
monounsaturated lipids. Because most of the previous studies
have investigated the lipid dynamics in a SLB as an average of both
leaflets, the leaflet-specific lipid diffusion analysis by 2D FLCS is
expected to give important implications on the effect of solid
supports on the lipid dynamics in a SLB.

Here, we investigated the effect of lipid headgroups on the
leaflet-specific lipid diffusion of glass-supported SLBs. Because
a glass surface possesses a negative charge whose density
depends on pH, it is expected that the electrostatic interaction
between a SLB and the glass surface depends on the net
charge of the lipid headgroups as well as pH. The leaflet-
specific lipid diffusion analyses by 2D FLCS clearly revealed
the correlation between the strength of lipid–glass electro-
static interaction and the lipid diffusion in the proximal
leaflet of a SLB. In particular, the result of the cationic SLB
showed that the strong electrostatic attraction between the lipid
headgroup and a glass surface enhances the lipid diffusion in the
proximal leaflet of the SLB.

Experimental methods
Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-
3-trimethylammonium propane (DOTAP) and 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine (DOPS) were purchased from
Avanti Polar Lipids (Fig. 1), and (tetramethylrhodamine-6-thio-
carbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine

(TRITC-DHPE) was purchased from Biotium. All other reagents
were of analytical grade and used without further purification.

Preparation of supported lipid bilayers

SLBs with different lipid compositions were formed on a
cleaned glass coverslip (Thorlabs) by a vesicle fusion method
as described in the literature.36 Briefly, a lipid mixture in
chloroform was prepared in a glass vial, and chloroform was
evaporated under low pressure for more than 3 h. The final
concentration of fluorescent lipids was set to B1.6 �
10�4 mol%. After that, the lipid film was suspended with buffer
solution, and the suspension was subjected to extrusion by
using a polycarbonate filter (Avanti Polar Lipids, pore size
f = 100 nm) to form large unilamellar vesicles (LUVs). The
following 20 mM buffers were used depending on pH: pH 5.0;
acetate buffer, pH 6.4, 6.5 and 7.0; HEPES buffer, pH 7.5, 8.0
and 8.5; Tris buffer, pH 10.0; glycine buffer. Each buffer
contained 100 mM NaCl and 1 mM CaCl2. LUV solution was
then pipetted onto a glass coverslip that was precleaned by
using piranha solution. After the 30 min incubation, unreacted
LUVs were removed by exchanging the solution with the
corresponding buffer solution. Potassium iodide (KI) in the
buffer was then gently applied to the solution above the SLB.
The final concentration of KI was set to 50 mM. Measurements
were started after the 20 min incubation.

2D FLCS and FLCS

Photon data from SLBs were measured by using a home-made
total internal reflection (TIR) microscope system that incorpo-
rates a picosecond diode laser (BDL-510-SMN, Becker & Hickl
GmbH) and a time-correlated single-photon counting (TCSPC)
board (SPC-130EM, Becker & Hickl GmbH). Precise description
of the instrument is found in the literature.37 Briefly, excitation
pulses from the laser enter the periphery of a TIR objective (CFI
Apo TIRF, 60�, NA 1.49, NIKON), and emitted fluorescence
photons from SLBs are collected with the same objective. The
collected photons are passed through a dichroic mirror (ZT532rdc,
Chroma Technology), a long-pass filter (ET 542lp. Chroma Tech-
nology) and a bandpass filter (ET575/50m, Chroma Technology)

Fig. 1 Chemical structures of DOPC, DOTAP and DOPS.
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before being detected by a single-photon avalanche photodiode
(SPD-050-CTE-FC, Micro Photon Devices). The detected signals
from the photodiode are then sent to a TCSPC board. Temporal
information is recorded for all detected photons, that is, macrotime
and microtime. Macrotime (T) is an absolute detection time
of fluorescence photons from the start of the experiment, and
microtime (t) is an excitation–emission delay time (Fig. S1, ESI†).
This information is used for 2D FLCS and FLCS analyses.

In 2D FLCS, a two-dimensional emission-delay (microtime)
correlation map is constructed from the photon data.27 In the
map, horizontal and vertical axes correspond to the t of 1st
photons and 2nd photons, respectively, the latter of which are
measured with a certain macrotime-delay time (DT) from
the 1st photons. After subtracting the uncorrelated photons
from the map, two-dimensional maximum entropy method
(2D MEM) analysis is performed on the map to extract the
number and lifetime distributions of all independent lifetime
species. The independent fluorescence decay curves are then
obtained by performing Laplace transform on the corres-
ponding lifetime distributions. This enables us to extract the
correct fluorescence decay curves of all independent lifetime
species in a model-free manner.28,29

The independent fluorescence decay curves and the ensemble-
averaged fluorescence decay curves (microtime histogram)
calculated from the same photon data are then used in FLCS
analysis developed by the Enderlein group.38 In FLCS, one
calculates the filter values (f(k)

i ) of each independent species
(k) as a function of the microtime channel (i).38–40 These values
are used for the calculation of species-specific autocorrelation
as well as cross-correlation curves as follows:

GðklÞðDTÞ ¼

P
i

f
ðkÞ
i IiðTÞ

P
j

f
ðlÞ
j IjðT þ DTÞ

* +

P
i

f
ðkÞ
i IiðTÞ

� � P
j

f
ðlÞ
j IjðTÞ

* + : (1)

The calculated G represents the autocorrelation when k = l, and
the data describe the cross-correlation when k a l. Details of 2D
FLCS and FLCS analyses as well as the leaflet-specific lipid
diffusion analysis performed in this study are found in the ESI†
as well as the literature.28,29,35,38–40

Results and discussion

Fig. 2 shows the ensemble-averaged fluorescence decay curves
of fluorescent lipids in various SLBs with different concentra-
tions of a cationic lipid, DOTAP. Data were measured at pH 10.0
in the presence of KI in the bulk phase above the SLBs. Because
a fluorescent lipid (TRITC-DHPE) is headgroup-labelled, the
fluorescence from the lipids in the distal leaflet of SLBs facing
bulk solution is selectively quenched by the iodide ions, and its
lifetime becomes shorter than that in the proximal leaflet
facing a glass surface. The fluorescence decay curve becomes
shorter by increasing the relative concentration of DOTAP. This
indicates that the fluorescent lipids are preferentially popu-
lated in the distal leaflet of the SLB in the presence of DOTAP.

In other words, the data suggest that DOTAP populates in the
proximal leaflet of the SLB and expels the fluorescent lipids
from the proximal side to the distal side. It is expected that the
fluorescent lipids, DOTAP, and DOPC are equally distributed in
both leaflets when these lipids form LUVs. Thus, this result
suggests that the distribution of the lipids changes during
vesicle fusion and/or subsequent SLB formation processes
probably due to the electrostatic attraction between a negatively
charged glass surface and DOTAP. Based on the results
shown in Fig. 2, we chose the supported DOPC/DOTAP bilayer
(DOPC/DOTAP SLB) with a DOPC : DOTAP weight ratio of 6 : 4,
where the contribution from the proximal leaflet having longer
fluorescence lifetime is sufficiently observed in the corres-
ponding fluorescence decay curve.

Fig. 3 shows representative two-dimensional (2D) emission-
delay correlation maps of the DOPC/DOTAP SLB calculated
at macrotime delay times (DTs) of DT = 100–180 ms and
300–400 ms. The data measured at pH 5.0 and 10.0 are shown.
These maps describe the correlation of microtime between
1st and 2nd photons. A global 2D maximum entropy method
(MEM) analysis was performed on these maps to extract
the independent fluorescence decay curves. Two independent
species are found in all photon data measured at various pH.
Because the fluorescence decay curve of longer lifetime species
shown in blue in Fig. 3c and f is almost identical to that of the
ensemble-averaged one in the absence of KI, the species can be
assigned to the fluorescent lipids in the proximal leaflet of the
SLB. The shorter lifetime species then corresponds to that
in the distal one as previously assigned in the case of the DOPC
SLB.35

Fig. 4 shows the correlated fluorescence decay curves of
fluorescent lipids in the DOPC/DOTAP SLB calculated at
DT = 300–400 ms and 100–101 ms. The data measured at pH 5.0
and pH 10.0 are shown in Fig. 4a and b, respectively. The correlated

Fig. 2 Fluorescence decay curves of fluorescent lipids in a supported
DOPC bilayer (black), a supported DOPC/DOTAP bilayer (red) and
a supported DOTAP bilayer (blue) measured at pH 10.0. The weight
percentage of DOTAP is 40% in a supported DOPC/DOTAP bilayer. Data
were measured in the presence of potassium iodide. Data were normalized at
the maximum intensity.
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fluorescence decay curves are calculated by integrating the corres-
ponding 2D emission-delay correlation maps along the 2nd photon
axis. The ordinary fluorescence intensity–correlation curve decays
with a time constant of B0.1 s (Fig. S2, ESI†), so that the data at
smaller and larger DTs correspond to the flat and slope regions of
the correlation curve, respectively. When two species with different
fluorescence lifetimes exist in the system, the correlated decay
curve at smaller DT shows both contributions. On the other hand,
the decay curve at larger DT can be different from that at smaller DT
when one of the species diffuses faster than the other. It is because
the contribution of two species to the correlated photons changes
due to the diffusion difference. Therefore, comparison of the two
correlated decay curves gives us information about how different
the diffusions of two independent lifetime species are.

The data at pH 5.0 show that the correlated decay curve at
DT = 100–101 ms decays slower than that calculated at
DT = 300–400 ms. This indicates that the contribution of shorter
lifetime species becomes smaller with increasing DT, suggesting
that the shorter lifetime species corresponding to the lipids in
the distal leaflet diffuses faster than the lipids in the proximal
one having the longer fluorescence lifetime. The same trend was
previously observed in the DOPC SLB at the same pH.35 On the
other hand, the correlated decay curve at larger DT decays faster
than that at smaller DT at pH 10.0. This observation is different
from that of the DOPC SLB, where the correlated decay curves at
this pH are almost identical irrespective of DT.35 This suggests

that the lipids in the proximal leaflet of the DOPC/DOTAP SLB
diffuse faster than those in the distal one at pH 10.0.

To quantitatively analyze the DT-dependent change in the
contribution of each species to the correlation curves, pH- and
leaflet-specific correlation curves are calculated by means of 2D
FLCS and FLCS. Fig. 5 shows the leaflet-specific autocorrelation
curves of fluorescent lipids in the DOPC/DOTAP SLB at various
pHs. Filter values used for the calculation and the corres-
ponding cross-correlation curves are shown in Fig. S3 and S4
(ESI†), respectively. The cross-correlation shows unity at all
DT regions irrespective of pH, indicating that the exchange of
fluorescent lipids between the proximal and distal leaflets, that
is, flip-flop, is much slower than B1 s.

At low pH, the correlation curve of lipids in the proximal
leaflet of the SLB decays slower than that in the distal one,
suggesting that the diffusion of lipids in the proximal leaflet is
slower than that in the distal one as expected from the
comparison of the correlated decay curves shown in Fig. 4a.
This observation is also in line with the results of the DOPC
SLB.35 Remarkably, the leaflet-specific autocorrelation curves at
high pH show that the correlation curve of lipids in the
proximal leaflet decays faster than that in the distal one. This
observation is different from the results of the DOPC SLB,
where the correlation curves of both leaflets are identical.35

This indicates that the lipid diffusion in the proximal leaflet of
the DOPC/DOTAP SLB is faster than that in the distal leaflet

Fig. 3 Two-dimensional (2D) emission-delay correlation maps (a, b, d and e) and the independent fluorescence decay curves (c and f) of fluorescent
lipids in a supported DOPC/DOTAP bilayer measured at pH 5.0 (a–c) and 10.0 (d–f). The maps were calculated with the macrotime delays of
DT = 100–180 (a and d) and 300–400 ms (b and e). The independent fluorescence decay curves were calculated by performing a global 2D maximum
entropy method analysis on these 2D maps. For comparison, the ensemble-averaged fluorescence decay curve of fluorescent lipids in the absence of
potassium iodide is shown with a gray solid line.
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even though the lipids in the proximal leaflet interact with a
glass support.

To further analyze the leaflet-specific lipid diffusion of the
DOPC/DOTAP SLB at high pH, the data are compared with
that of the DOPC SLB. Fig. 6 shows the leaflet-specific auto-
correlation curves of the DOPC SLB and DOPC/DOTAP SLB
measured at pH 10.0. The data are normalized at DT B 1 ms.
The correlation curve of lipids in the proximal leaflet of the
DOPC/DOTAP SLB decays faster than other correlation curves.
This clearly indicates that the strong electrostatic attraction
between the lipid headgroup and a glass surface enhances the
lipid diffusion in the proximal leaflet of the SLB.

It is then tempting to analyze the effect of electrostatic
repulsion on the leaflet-specific lipid diffusion of SLBs. However,
it is known that the electrostatic repulsion between anionic
lipids and a glass sometimes makes it difficult to form SLBs.8,21

Indeed, the formation of stable SLBs when the weight percen-
tage of an anionic lipid, DOPS, exceeds 20% is unsuccessful.

Therefore, we performed the following measurements by using
the DOPC/DOPS SLB with a DOPC : DOPS weight ratio of 8 : 2.

Fig. 7 shows the leaflet-specific autocorrelation curves of the
DOPC/DOPS SLB at various pHs. Representative 2D emission-
delay correlation maps and the corresponding independent
fluorescence decay curves are shown in Fig. S5 (ESI†), and the
filter values used for the calculation and the corresponding
cross-correlation curves are shown in Fig. S6 and S7 (ESI†),
respectively. Because the carboxyl group of DOPS is reported to
be protonated with a pKa of B5.5 by the manufacturer, the data
were measured with solution pH higher than 6.4. It is also
noted that a stable SLB was not formed at pH 10.0 probably due
to the strong electrostatic repulsion between the SLB and a
glass surface. Thus, the data measured in between pH 6.4 and
pH 8.5 are shown. The lipid diffusion in the proximal leaflet of
the DOPC/DOPS SLB is slower than that in the distal one in the
whole pH regions although the difference is quite small at pH
8.5. This is different from that of the DOPC/DOTAP SLB (Fig. 5).
Furthermore, the data at pH 8.5 are also deviated from that
of the DOPC SLB where the diffusions of both leaflets were
identical at that pH.35

Fig. 4 Correlated fluorescence decay curves of fluorescent lipids in a
supported DOPC/DOTAP bilayer at the macrotime delay time of DT =
300–400 ms (orange) and 100–101 ms (sky blue). Data were measured at
pH 5.0 (a) and pH 10.0 (b). The correlated decay curves were calculated by
integrating the corresponding two-dimensional emission-delay correlation
maps along the 2nd photon axis. Data were normalized at the counts at the
microtime of t = 0 (ns). In (b), magnified data are also shown in the inset.

Fig. 5 pH- and leaflet-specific autocorrelation curves of fluorescent
lipids in a supported DOPC/DOTAP bilayer. Data were normalized at the
correlation amplitudes at the macrotime delay of DT B 1 ms. Data at
different pH were shifted vertically for visual purpose.
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We previously discussed the diffusion property of the leaflet-
specific lipid diffusion by fitting the data with the theoretical
model equation.34 Here, to analyze the pH and lipid-headgroup
dependence of the leaflet-specific lipid diffusions in a model-
free manner, the data shown in Fig. 5 and 7 are analyzed by

calculating the ratio of DT (RG0
) between the distal and

proximal leaflets, the DT of which gives a certain correlation
amplitude, G0:

RG0
¼

DTdistal
G0

DTproximal
G0

: (2)

In eqn (2), DTdistal
G0

and DTproximal
G0

stand for DT that satisfies
G(DT) = G0 for the distal and proximal leaflets, respectively.
When the lipids in both leaflets show the normal diffusion,
RG0

corresponds to the ratio of the diffusion coefficient of the
proximal leaflet to that of the distal one. Therefore, the RG0

value is a good indicator of how different the lipid diffusion is
in between the proximal and distal leaflets of SLBs.35

Fig. 8 shows the pH dependence of RG0
that is calculated

with G0 = 0.5 and 0.3. For comparison, the data obtained from
the DOPC SLB are also shown.35 RG0

in the DOPC/DOTAP SLB is
larger than 1.0 at high pH, indicating that the diffusion of
lipids in the proximal leaflet is faster than that in the distal one
as observed in Fig. 5. RG0

decreases at neutral pH and reaches a
plateau at acidic pH. The similar pH-dependent trends are
observed in the data of the DOPC SLB and DOPC/DOPS SLB
although the magnitude of the change is different.

To quantitatively analyze the pH dependence of RG0
, the data

of each SLB calculated at two different G0 (0.5 and 0.3) were
fitted together with the following equation:

RG0
ðpHÞ ¼ Rmin þ

Rmax � Rminð Þ � 10pH�pH0:5

1þ 10pH�pH0:5
: (3)

Fig. 6 Comparison of leaflet-specific autocorrelation curves of fluores-
cent lipids in a supported DOPC/DOTAP bilayer (solid line) and in a
supported DOPC bilayer (broken line) measured at pH 10.0. Data of the
distal (red) and proximal (blue) leaflets of the supported lipid bilayers
are shown. Data were normalized at the correlation amplitudes at the
macrotime delay time of DT B 1 ms.

Fig. 7 pH- and leaflet-specific autocorrelation curves of fluorescent
lipids in a supported DOPC/DOPS bilayer. Data were normalized at the
correlation amplitudes at the macrotime delay of DT B 1 ms. Data at
different pH were shifted vertically for visual purpose.

Fig. 8 pH dependence of the ratio of DT (RG0
) between the distal and

proximal leaflets of supported DOPC/DOTAP (green), DOPC (purple) and
DOPC/DOPS (dark yellow) bilayers calculated at the normalized correla-
tion amplitudes of G0 = 0.5 (circle) and 0.3 (triangle). The data of each
supported lipid bilayer calculated at the two amplitudes were fitted with
eqn (3), and the fitting results are also shown by solid lines with the
corresponding colors. The fitting result of a supported DOPC/DOPS
bilayer is extrapolated, which is shown with a broken line (yellow).
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where pH0.5 is the transition midpoint pH, and Rmin and Rmax

are the minimum and the maximum RG0
, respectively. All data were

well fitted with eqn (3), and the fitting results and obtained
parameters are shown in Fig. 8 and Table 1, respectively. Although
the value of the DOPC/DOPS SLB is slightly higher, the obtained
pH0.5 is B7.5 in all SLBs. Nearly identical pH0.5 suggests that
the pH-dependent shift in RG0

is not dependent on the lipid
composition but is governed by the pH dependence of the
surface charge density of a glass surface. Indeed, second
harmonic generation studies have shown that the pKa of
surface silanols is B8,41,42 in line with this observation. Rmax

is the largest in the DOPC/DOTAP SLB and the smallest in the
DOPC/DOPS SLB, where the electrostatic interaction with a
glass is attractive and repulsive, respectively. Thus, the results
strongly suggest that the magnitude of electrostatic interaction
between lipid headgroups and a glass surface is the determi-
nant for the leaflet-specific lipid diffusion in SLBs when the
surface charge density of the glass surface is sufficiently large.
Lack of the correlation between the net charge of the lipid
headgroups and the Rmin values implies that not only the
electrostatic interaction but also other interactions such
as van der Waals interactions affect the leaflet-specific lipid
diffusion of SLBs at acidic pH.

The enhancement of lipid diffusion induced by the electro-
static attraction between the lipid headgroups and a glass
surface has some implication on the microscopic origin of
the effect of a solid support on the dynamical properties
of SLBs. We previously proposed two possible models for the
pH-dependence of the lipid diffusion in the proximal leaflet of
SLBs, that is, the lipid packing density model and the solvation
layer model.35 The first model assumes that the lipid packing
density of the proximal leaflet depends on the strength of
electrostatic interaction between the lipids and a glass surface.
On the other hand, the second model assumes that the solva-
tion layer in between a SLB and a glass changes its thickness
and/or viscosity depending on the surface charge density of a
glass. The observation in this study supports the former one
because it is hard to imagine the water structure that enhances
the lipid diffusion. Indeed, fluorescence microscopy studies
done by Kataoka-Hamai and Higuchi have shown that a small
patch of the DOTAP SLB formed by the vesicle fusion of a single
giant unilamellar vesicle increases its area by changing the
pH of the surrounding solution from acidic to basic, suggesting
the decreased packing density at high pH.12 Furthermore,
Ferhan et al. utilized a localized surface plasmon resonance
sensor to analyze the separation distance between supported
lipid bilayers and oxide surfaces.22 They found that SLB–silica
surface proximity, that is, the thickness of the water layer in
between the SLB and a silica support is insensitive to the

increased content of cationic lipids. Thus, those previous
reports as well as the data in this study support the lipid
packing density model. Future 2D FLCS studies will further
clarify the microscopic origin of the leaflet-specific lipid
diffusion on the SLB, which gives the important implication
on the lipid dynamics and its relationship with various biological
functions of biomembranes.

Conclusions

In this paper, we performed the leaflet-specific lipid diffusion
analyses by means of 2D FLCS and FLCS to analyze the effect
of lipid–support electrostatic interaction on the lipid diffusion
in SLBs. The data clearly showed the correlation between the
strength of glass–lipid electrostatic interaction and the lipid
diffusion in the proximal leaflet of SLBs. Because a SLB is now
widely utilized as a model biomembrane, the results in this
study are useful for the future application of SLBs.
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