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Abstract: Polymer-supported or tethered lipid bilayers serve as versatile platforms for mimicking plasma membrane
structure and dynamics, yet the impact of polymer supports on lipid bilayers remains largely unresolved. In this study,
we introduce a novel methodology that combines graphene-induced energy transfer (GIET) with line-scan fluorescence
lifetime correlation spectroscopy (ISFLCS) to examine the structural and dynamic properties of lipid bilayers. Our findings
reveal that polymer supports markedly influence both the structural parameters, such as the membrane height from
the substrate, its thickness, as well as dynamic properties, including leaflet-specific diffusion coefficients and interleaflet
coupling. These findings highlight the complex interplay between a polymer support and the lipid bilayers. By resolving
leaflet-specific diffusion and heights of the two leaflets from the substrate, this study emphasizes the potential of GIET-
ISFLCS for probing membrane dynamics and structure. These insights significantly advance the understanding and
application of polymer-supported membranes across diverse research contexts.

J

Introduction

Plasma membranes host a myriad of essential proteins and
lipids crucial for cellular functions. However, the intricate
composition and inherently active, nonequilibrium nature
of native plasma membranes—driven by energy-dependent
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processes such as lipid recruitment, active transport, and
cytoskeletal remodeling—pose significant challenges for iso-
lating and studying individual components. Supported lipid
bilayers (SLBs) provide a valuable bottom-up alternative,
enabling the preparation of simplified membrane models
that can be investigated using a wide range of surface-
sensitive techniques.'! These techniques include neutron
reflectometry (NR),[>?] atomic force microscopy (AFM),*-¢!
surface plasmon resonance spectroscopy (SPR),[*+78] elec-
trochemical impedance spectroscopy (EIS),[>'] and fluores-
cence microscopy.['>1¥1 Owing to their versatility, SLBs have
become well-established as model biomimetic systems in a
wide range of biophysical and biological studies. They are
invaluable tools for exploring the self-assembly and dynamics
of lipids and proteins, providing crucial insights into these
complex biological processes.

SLBs are composed of two closely coupled leaflets, the
proximal leaflet, which faces the solid support, and the
distal leaflet on the opposite side. The proximal leaflet is
separated from the substrate surface by a thin hydration
layer, 1-2 nm in thickness approximately, that acts as a
lubricant, enabling the lipids to maintain their fluidity.[*"]
Recent experimental findings, however, suggest that a small
fraction of labeled lipids in the SLB transiently adsorbed onto
the substrate.*! Consequently, the dynamics of labeled lipids
can only be described accurately by accounting for this partial
adsorption.l'?*?!] In contrast, the distal leaflet is influenced
by interleaflet coupling with the proximal leaflet, a key
factor that shapes the overall structure and dynamics of the
bilayer.[>2>24 The close proximity of the solid support poses
additional challenges when studying membrane-embedded
proteins incorporated into SLBs. Undesired interactions with
the solid support can impair protein function and, in some
cases, lead to protein denaturation.['?>?] To overcome these
challenges, many studies have introduced a soft polymer
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“cushion” between the membrane and the solid support,
forming polymer-supported lipid bilayers (p-SLBs). This
polymer layer increases the distance between the proximal
leaflet and the substrate, reducing detrimental interactions
between membrane proteins and the underlying support and
creating more physiologically relevant conditions. By provid-
ing a flexible, hydrated environment, the polymer cushion
enhances membrane protein and lipid mobility, preserves
their structural integrity and functionality, and facilitates
the study of membrane-embedded and membrane-associated
proteins under conditions closely mimicking their natural
biological context.[!22>27]

Although polymer cushions improve SLB functionality by
minimizing direct interactions with the substrate, they can also
introduce unexpected changes to the lipid bilayer’s thickness
and structural integrity, due to polymer chains embedding
within the bilayer.?3] Such variations in bilayer thickness
introduced by polymer cushions are of particular interest, as
the optimal functioning and localization of many membrane-
embedded proteins depend on the precise alignment of
their hydrophobic cores with the hydrophobic region of the
lipid bilayer.*'-*] Therefore, accurate determination of the
structural and leaflet-specific dynamic properties of SLBs,
especially in the presence of polymer support, is essential
for membrane protein and model membrane studies. A
simultaneous assessment of these properties within a single
measurement is essential for achieving a comprehensive
understanding of SLB behavior and its implications for
membrane protein functionality.

Although a variety of techniques, such as those based on
X-rayl® reflectometry or NR,[*>*] and contact-based meth-
ods, such as AFM,[*7] have been employed to elucidate the
structural properties of SLB, the experimental investigation
of their dynamics in a leaflet-specific manner remains limited.
Methods such as single-particle tracking,['>3%! fluorescence
correlation spectroscopy (FCS),['**] two-dimensional fluo-
rescence lifetime correlation spectroscopy (2D FLCS),[*°! and
fluorescence recovery after photobleaching (FRAP)*! are
routinely used to study the dynamics of lipids and proteins
in model membranes, but each have inherent limitations. For
instance, single-particle tracking may not be well-suited for
bilayers or leaflets exhibiting rapid diffusion, as it struggles
to capture fast-moving lipid dynamics.['”l Leveraging the
selective quenching of fluorescence in the distal leaflet using
dynamic dark quenchers in solution, FCS and 2D FLCS can
resolve leaflet-specific dynamics.[*] However, this approach
requires millimolar concentrations of chemical additives, that
can disrupt the lipid’s native chemical environment and
potentially influence membrane behavior. Furthermore, these
techniques generally fall short in providing any structural
details alongside the dynamic measurements, limiting their
ability to offer a holistic understanding of SLB systems.

In this study, we present a novel methodology that inte-
grates graphene-induced energy transfer (GIET) with line-
scan fluorescence lifetime correlation spectroscopy (ISFLCS).
This approach addresses the limitations of the current
state-of-the-art by enabling the simultaneous measurement
of structural and dynamic properties in p-SLBs. Previ-
ously, we demonstrated the capability of GIET to mea-
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sure the thickness of an SLB and the hydration layer
thickness with Angstrém-level accuracy as a function of
its composition.'”#>#] In another recent study, we com-
bined GIET with FCS to quantify the nanometer-scale
and millisecond-timescale undulations of model bilayers and
organelle membranes.*] Additionally, fluorescence lifetime
correlation spectroscopy (FLCS) has been used to quantify
microsecond state transitions of a fluorescent protein due
to rotational isomerization of an amino acid next to its
chromophore.[**#] Here, we advance these methods by apply-
ing ISFLCS, which, unlike point excitation used in FCS and
2D FLCS, enables the separation and precise determination
of leaflet-specific lipid diffusion in a calibration-free and
statistically robust manner. This advantage stems from the
repeated scanning along a defined line, enabling IsSFLCS
to probe diffusion over a larger area, thereby improving
data statistics. Furthermore, the precisely controlled scanning
allows for accurate determination of the excitation focus
size without the need for additional calibration experiments,
which are required in traditional point FCS.

Our methodology begins by validating the GIET-IsSFLCS
approach on solid-supported lipid bilayers (s-SLBs) without
any polymer support. This combined technique allows us
to determine essential parameters, such as bilayer height,
thickness, and diffusion coefficients specific to each leaflet
of the bilayer. This initial validation forms the foundation
for our subsequent investigation into p-SLBs, focusing on
three commonly used polyethylene glycol (PEG) SLBs. These
PEG-based SLBs utilize different strategies to tether or
cushion the lipid bilayers with PEG chains.

By applying our method, we comprehensively examine
the structure and dynamics of these PEG-supported bilayers.
Our findings highlight the influence of PEG chain presence
and arrangement on the bilayer’s structural characteristics
and the diffusion behavior of the leaflets. This investigation
provides insights into the interplay between PEG chains and
lipid bilayers, shedding light on the structural and dynamic
properties of these complex systems.

Results and Discussion

The experimental setup used for conducting GIET and
ISFLCS measurements on SLBs is depicted in Figure la.
To validate the methodology, we first applied it to an
s-SLB that did not contain any polymer support. This s-
SLB consisted of pure dioleoylphosphatidylcholine (DOPC)
mixed with a low concentration of 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine (DPPE-Atto655) as a fluorescently
labeled head group. We prepared the SLB, using the vesicle
fusion method on a GIET substrate, which consists of a
graphene monolayer on top of a standard glass coverslip,
topped with a 10 nm thick silica layer. For our experiments,
we employed a confocal laser scanning microscope with a
rapid galvo scanning unit, pulsed lasers, and a time-correlated
single-photon counting (TCSPC) unit. The laser excitation
focus was repeatedly scanned back and forth across the SLB
on top of the GIET substrate along a linear path (path
length: 5 um) at a constant velocity of 0.02 m s!. The
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Figure 1. GIET-IsFLCS measurement on SLB to uncover bilayer thickness and leaflet-specific diffusion. a) A schematic representation of the
experimental setup, illustrating the s-SLB positioned on a graphene substrate with a 10 nm silica spacer. The schematic details the procedure of
scanning a confocal volume linearly and repeatedly at a constant velocity across the membrane.b) The calculated fluorescence lifetime profile for
Atto655-DPPE dye within the SLB, plotted as a function of distance from the surface. The calculation considers a single emitter with an emission
wavelength of 680 nm, a lifetime of 2.6 ns, and a quantum yield of 0.36. c) Fluorescence lifetime decay curve obtained from the labeled SLB on the
graphene substrate. The data were analyzed using mono-exponential (green) and bi-exponential (brown) decay models, with the upper panel
displaying the fitting residuals. d) The derived autocorrelation function for the proximal leaflet (left), along with the corresponding fitting results
(middle), and the residuals from the fit (right). €) An analogous analysis for the distal leaflet, following the same structure as described in d). f)
Histograms depicting the diffusion coefficients for both the proximal and distal leaflets of the SLB (N = 161 for each histogram). These values are
obtained through bunchwise fitting of the autocorrelation functions, revealing the distinct diffusion dynamics of each leaflet.

collected fluorescence photons were timed relative to their
corresponding excitation laser pulses and recorded using the
TCSPC unit.

The graphene monolayer (~ 0.5 cm x 0.5 cm, Figures S1
and S2), sandwiched between a standard glass coverslip and
a thin silica spacer of 5 or 10 nm, quenches the fluorescence
of dye molecules next to it. This fluorescence quenching, both
in intensity and lifetime, is driven by the energy transfer from
the excited state of the fluorophore to the electron-hole pairs
in graphene and is highly distance-dependent.['>#2#3] This
near-field coupling between the fluorescent dye molecule and
the GIET substrate can be calculated using a semi-classical
electrodynamics model that has been described and validated
in previous studies.*”*1 Within the SLB, the fluorescence
lifetime of a dye labeling the lipid head groups in the
proximal leaflet, which lies closer to the graphene monolayer,
is significantly shorter than that of the same dye on the distal
leaflet, located farther away.[*>#]

We calculated the distance-dependent fluorescence life-
times of dye molecules in the bottom leaflet and the top
leaflet by considering the refractive index of the media
and the lipid bilayer, the thickness and refractive indices
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in the stratified GIET substrate, the quantum yield, and
the emission spectrum of the dye molecules. Here, we
approximate the bilayer as 5 nm thick dielectric material with
a refractive index of 1.46.1°°! The resulting distance-lifetime
dependence of dyes in the proximal and distal leaflets is
referred to as the GIET calibration curves. Figure 1b shows
the GIET calibration curve calculated for DPPE-Atto655
molecule, which was used in the SLB experiments in this
study. This molecule has a mono-exponential fluorescence
lifetime of 2.6 ns and a quantum yield of 0.36 in s-SLB on
top of a pure glass substrate (Figure S3).1*?] The emission
transition dipole orientation of the dye is assumed to be
parallel to the plane of the SLB as was shown in previous
results.'#?] For the GIET substrate, we adopted a graphene
layer thickness of 0.34 nm with a refractive index of = 2.77 +
1.41i (corresponding to an emission wavelength of 680 nm)
and set the thickness of the silica (refractive index = 1.46)
layer above the graphene to 5 nm, with the half-space above
consisting of water (refractive index = 1.33). Note that we
assumed the thickness of the SLB to be 5 nm, approximating
its actual thickness, to simplify the GIET calibration curve
calculations. Variations of +1 nm in actual thickness result
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in lifetime deviations of less than 0.2%, which are negligible
compared to the experimental measurement accuracy and can
therefore be disregarded.

From the linescan measurements, TCSPC histograms were
computed and fitted with a bi-exponential decay function, as
shown in Figure 1c. For statistical analysis, we partitioned
the photons collected from each measurement (with more
than 10° photons recorded per sample) into smaller sets,
each containing 107 photons. We constructed TCSPC curves
from these photon datasets and fitted them with a bi-
exponential decay model to obtain lifetime values for each
leaflet (see Figures S4 and S5). The fitted decay times are

» = 099 + 0.1 and 7, = 1.83 £ 0.2 ns, corresponding
to the fluorescence lifetimes of dyes in the proximal and
distal leaflets, respectively. Dyes in the proximal leaflet exhibit
shorter lifetime values because they are closer to the graphene
layer. Using the GIET calibration curve, we converted these
lifetime values into height measurements. Based on these
decay times, we estimated the thickness of the s-SLB to be
5.0 £ 0.08 nm and a hydration layer beneath the membrane
to be 1.3 £ 0.3 nm, which is consistent with previous atomic
force microscopy data reporting head-group-to-head-group
distances of 4.6 + 0.2 nm.>'l It should be noted that the
bilayer thickness as determined here is the distance between
dye positions in the proximal and distal leaflets. This distance
is larger than head-group-to-head-group distance due to the
finite linker length and the size of the dye molecules.

Next, the two mono-exponential components of this bi-
exponential decay were used to obtain filter functions to
calculate lifetime-specific spatiotemporal fluorescence corre-
lation maps (see Figure S6), as shown in Figure 1d and
detailed in the Supporting Information. Briefly, these filter
functions constitute an orthonormal basis for fluorescence
decay patterns. When applied bin by bin to the fluorescence
decay function and summed, the result is either one or
zero, depending on whether the filter function matches the
given fluorescence decay (or not).[**] When applying these
filter functions prior to calculating the correlation functions,
this leads to two distinct spatiotemporal autocorrelation
functions—one for each lifetime component (refer to Experi-
mental Methods, Equation 3, Supporting Information) g;(x,
t) for ii = 1, 2. In Figure 1d,e, the x-axis denotes the
spatial lag variable, while the y-axis represents the discrete
lag time ¢. These spatiotemporal autocorrelation functions
describe the probability of successfully detecting a photon
from a molecule at position x and time ¢ after a photon was
detected from the same molecule at position x = 0 and time
t = 0. The dependence of these autocorrelation functions,
Figure 1d,e, on the spatial lag variable x is determined by
the size and shape of the excitation focus, while the temporal
correlation decay and broadening with time ¢ is due to the
lateral diffusion of molecules. As evident from Figure le,
the decay of the autocorrelation function associated with the
longer fluorescence lifetime (at lag space = 0) is significantly
faster than that of the autocorrelation function for the shorter
fluorescence lifetime, indicating a slower diffusion coefficient
of lipids in the proximal leaflet.

Fitting each autocorrelation function using a two-
dimensional scan-and-diffusion model allowed us to extract
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Figure 2. Scheme of the three types of p-SLBs. a) |-PEG-SLB. b)
t-PEG-SLB. c) PEG-c-SLB.

the diffusion coefficients for both leaflets (Figure 1d,e).[>?!
This analysis provides insights into the distinct diffusion
behaviors of the proximal and distal leaflets in the SLB
system. We applied the same statistical approach as described
above to generate spatiotemporal correlation maps from
photon sets with 107 photons each. We determined the
diffusion coefficient of labeled lipids in the distal leaflet to
be 1.95 &+ 0.12 um? s~!, which is over eight times faster
than that of the proximal leaflet, determined to be 0.23 +
0.06 um? s~! (Figure 1f). This significant difference in diffusion
rates highlights the unique dynamics of lipid molecules in each
leaflet and underscores the substantial impact of substrate
interactions on the proximal leaflet, severely hindering the
lipid diffusion compared to the distal leaflet.

Having successfully demonstrated GIET-ISFLCS for mea-
suring bilayer thickness and separating leaflet-specific dif-
fusion in s-SLBs, next, we applied our methodology to
investigate various p-SLB systems. Our study focused on
three distinct types of PEG-modified lipid bilayers, which
have been extensively used in previous research:l'->>27]

(1) Lipid PEGylated SLB (I-PEG-SLB) (Figure 2a):[>3->
This system was created by fusing PEGylated liposomes
on top of a GIET substrate. The liposomes consisted
of DOPC and a proportion of 1,2-distearoyl-sn-
glycero-3-phosphoethanolamineN-[methoxy(polyethylene
glycol)-2000] (or PEG2000/PE), where the linear PEG chains
are attached directly to the lipid head groups. Consequently,
a PEG layer is formed around the membrane surface, but
the individual PEG chains are not covalently anchored to the
substrate. We analyzed -PEG-SLBs with varying percentages
of PEG2000-PE to observe how the PEG density impacts the
membrane properties.
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Figure 3. Structure and dynamics of |-PEG-SLBs with varying the
PEG2000-PE concentrations. a) The variations in thickness and height of
[-PEG-SLBs as a function of different PEG2000-PE concentrations. For
better visualization, least-square fits of parabolic curves to the data are
also shown. These fits shall help to follow the general trend of
thickness/height-vs-PEG concentration dependence, but do not suggest
an actual physical square PEG-concentration law of this dependence. b)
The diffusion coefficients of the proximal leaflet and distal leaflet as a
function of PEG2000-PE concentrations. The error bar is standard
deviations. Numerical values are listed in Table S1. ¢) Schematic
illustrating the thickness reduction effect caused by the free-standing
geometry. d) Schematic depicting the potential local decoupling effect
resulting from polymer clustering.

(2) Tethered PEGylated SLB (t-PEG-SLB) (Figure 2b):
In this system, the PEG chains were covalently tethered to
the silica surface on top of the GIET substrate via NH,-
PEG2000-PE. Unlike I-PEG-SLB, the terminal amine groups
of the PEG chains in t-PEG-SLB are chemically immobilized
on the surface,**>] providing a more stable attachment and
potentially altering membrane behavior.

(3) PEG-Cushioned SLB (PEG-c-SLB) (Figure 2c):('3]
This bilayer was created by depositing lipid vesicles on
top of a GIET substrate modified with a PEG brush. The
brush was created by covalently attaching one end of amine-
functionalized PEG(2000) polymers to the substrate, while
the other end was coupled to palmitic acid moieties. This
configuration provides a soft, cushioned interface between
the bilayer and the substrate, reducing direct lipid-substrate
interactions.

It is important to note that all three SLB systems use PEG
chains with identical molecular weights (MW = 2000). Our
analysis aims to compare three key parameters across these
p-SLBs and s-SLB: membrane height from the substrate (the
distance between the proximal leaflet and the silica surface),
membrane thickness, and leaflet-specific diffusion coefficients.

The structural and dynamic properties of -PEG-SLBs are
significantly influenced by the concentration of PEG2000-
PE within the bilayer.’*] To optimize this system, we first
identified the ideal PEG2000-PE concentration by character-
izing the structure and diffusion of -PEG-SLBs with different
PEG2000-PE concentrations (Figure S7). Figure 3a illustrates
the relationship between the thickness and the proximal
leaflet height of the -PEG-SLB and varying PEG2000-PE
concentrations. Interestingly, we found that the membrane
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heights of I-PEG-SLBs consistently reached approximately 3
nm across all PEG2000-PE concentrations. Our results align
with prior studies, which reported an estimated height of
around 4 nm for I-PEG-SLBs containing approximately 15
wt% PEG2000-PE.*! In our experiments, we explored a
PEG2000-PE concentration range from 0 wt% to 30 wt%, as
concentrations beyond 30 wt% prevented vesicle rupture on
the surface (Figure S8). For comparison, the s-SLB exhibited a
hydration layer between the proximal leaflet and the substrate
measuring 1.3 + 0.1 nm.

The uniform membrane heights observed across differ-
ent PEG2000-PE concentrations in I-PEG-SLBs present an
intriguing anomaly, deviating from conventional expecta-
tions. Typically, when PEG chains are sparsely grafted, the
distance between grafting points is much larger than the
polymer’s radius of gyration, resulting in minimal lateral
interactions and leading the chains to adopt isolated, coil-
like conformations characteristic of the “mushroom regime.”
As the chain density increases beyond a critical threshold,
lateral interactions become significant, forcing the chains
to stretch outward perpendicularly from the membrane
surface, thereby transitioning into the “brush” regime. This
transition should result in increased membrane height with
higher PEG density.l’*°] Previous research estimated that
for PEG2000-PE, this transition concentration is around
1.4 mol% (approximately 5 wt%).5%®] The lack of height
variation in our system may be due to the noncovalent
attachment of the PEG chains to the substrate.

In I-PEG-SLBs, where PEG chains are grafted onto lipid
molecules, the lateral mobility of both PEG2000-PE and lipids
within the flexible membrane could counteract the forces
required for the chains to adopt a vertical conformation.
Notably, previous studies have shown that even at PEG2000-
PE concentrations as high as 5 mol% (roughly 20 wt%),
the diffusion of PEG2000-PE molecules is reduced by only
half.*] This behavior challenges conventional models of
PEG chain interactions, suggesting the presence of additional
influencing factors, such as specific interactions between PEG
chains, lipids, and the substrate.

Although membrane heights remained consistent across
different PEG2000-PE concentrations, lower PEG-PE con-
tent (ranging from 1 wt% to 3.5 wt%) led to a reduced
bilayer thickness (Figure 3a). For example, the thickness of
PEG2000-PE with 3.5 wt% (44 £+ 04 nm) is ~ 0.6 nm
thinner than the s-SLB (5.0 = 0.08 nm). This effect may
result from changes in lipid packing density,>} which could
lead to the formation of “free-standing” lipids characteristic
of the “mushroom” regime (Figure 3c). Additionally, at high
PEG chain densities, the distribution of PEG chains on both
sides of the bilayer might induce a decoupling effect between
the two leaflets,[®19?] contributing to the observed increase in
bilayer thickness for the 20 wt% and 30 wt% PEG2000-PE
samples (Figure 3d).

Further, we determined the diffusion coefficients for the
proximal (Dproxima) and distal (Dgisar) leaflets across all 1-
PEG-SLBs (Figure 3b). Notably, in all samples, the distal
leaflets exhibited nearly identical diffusion rates, consis-
tently faster than the proximal leaflets. However, distinct
behaviors were observed in the proximal leaflets concerning
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and distal leaflets of the four SLBs. Error bars represent standard deviations. Numerical values are provided in Table ST.

PEG2000-PE concentration. In the range of 1 wt% to 3.5 wt%
PEG2000-PE, the proximal leaflets displayed rapid diffusion,
with similar diffusion coefficients (Dgir ~1.4 pm?> s7').
Conversely, in I-PEG-SLBs with higher PEG2000-PE concen-
trations (5 wt%-20 wt%), Dproximal Values were significantly
lower, akin to those observed in s-SLBs (~ 0.2 pm? s7!).

Interestingly, the 1-PEG-SLB membrane containing 30
wt% PEG2000-PE exhibited reduced lipid mobility in the
distal leaflet compared to other samples. The observed
variations in diffusion within the proximal leaflet were
associated with changes in membrane thickness at different
PEG2000-PE concentrations. The slower diffusion observed
in I-PEG-SLBs with higher PEG2000-PE content suggests
strong interactions between proximal lipids and the PEG
chains. In contrast, I-PEG-SLBs with lower PEG2000-PE
concentrations (ranging from 1 wt% to 3.5 wt%) showed
significantly weaker interactions with the polymer layer. Our
findings of reduced mobility in I-PEG-SLBs are consistent
with previous studies using FRAP measurements.>*%] Based
on these observations, we selected the I-PEG-SLB with 2.5
wt% PEG-PE (referred to as 2.51-PEG-SLB) for further
comparison with other SLBs where PEG chains are anchored
to the surface (Figure 2).

We then applied GIET-ISFLCS to comprehensively ana-
lyze the structural properties and leaflet-specific diffusion of
t-PEG-SLB and PEG-c-SLB membranes, facilitating direct
comparison with other SLBs (Figure 4). As shown in
Figure 4a, both the t-PEG-SLB and PEG-c-SLB exhibited
membrane thicknesses similar to the SLB without polymer.
However, their heights were significantly greater than those
of s-SLB and 2.5]1-PEG-SLB: the proximal leaflet t-PEG-
SLB reached a height of 8.5 + 0.1 nm, and the PEG-c-SLB
measured 6.2 £+ 0.3 nm. This increased height is attributed
to the presence of PEG chains grafted to the solid surface,
creating a “brush” regime. The observed height difference
between 1-PEG-SLB and t-PEG-SLB aligns with previous
findings using neutron and X-ray reflectivity measurements
reported by Watkins et al.l®l Their study demonstrated that
the membrane height of 1-PEG-SLB is similar to that of
s-SLB, while t-PEG-SLB is elevated approximately 7 nm
above the surface when the terminal ends of the lipopolymers
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are anchored to the substrate. They attributed the absence
of a height increase in I-PEG-SLB to the redistribution
of all lipopolymers to the upper leaflet, resulting in no
polymer cushion beneath the bilayer. In contrast, our mea-
surements indicate a 1 nm height increase and enhanced
diffusion in 1-PEG-SLB at low lipopolymers concentration,
suggesting the presence of some lipopolymers beneath the
bilayer.

In terms of leaflet-specific diffusion rates (Figure 4b),
both the t-PEG-SLB and PEG-c-SLB displayed considerably
faster diffusion compared to the 1-PEG-SLB and s-SLB
in both proximal and distal leaflets. The relatively slow
diffusion observed in the distal leaflet of the 1-PEG-SLB
could be attributed to interactions between the distal lipids
and PEG(2000) chains on top of the bilayer. Although all
membranes comprised DOPC lipids, the differences in D gisal
values among the SLBs indicate that the distal leaflet’s behav-
ior is not independent. Rather, there is significant interleaflet
mixing and coupling, wherein the properties of one leaflet
significantly influence those of the opposing leaflet.[1222:6566]
Molecular dynamics simulations have confirmed substantial
interleaflet mixing, estimating approximately 71 % interleaflet
mixing in DOPC bilayers.[??] This interleaflet mixing signif-
icantly impacts the mobility of the distal leaflet, which is
influenced by the dynamics of the proximal leaflet. Conse-
quently, the faster diffusion observed in the distal leaflet of
t-PEG-SLB and PEG-c-SLB can be attributed to the rapid
diffusion in their respective proximal leaflets. In contrast, in
the 2.51-PEG-SLB, the presence of PEG chains interacting
with the distal leaflet slows down the lipid diffusion.

Our comparisons (Figure 4 and Table S1) indicate
that t-PEG-SLB and PEG-c-SLB membranes are superior
platforms for biophysical applications due to their greater sep-
aration from the substrate and faster diffusion rates. However,
their preparation is labor-intensive and time-consuming. On
the other hand, I-PEG-SLBs are easier to prepare, making
them a popular choice for studies that aim to mimic the
plasma membrane.[>*>>¢-'1 Caution should be exercised
when using I-PEG-SLBs, particularly with PEG2000-PE con-
centrations ranging from 1.5 mol% to 5 mol% (equivalent to
5 wt% to 20 wt%), as these concentrations can yield diffusion
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rates comparable to those of s-SLBs. Moreover, the height
provided by I-PEG-SLBs using PEG2000-PE is limited to 3
nm, which may not be suitable for certain transmembrane
proteins or applications requiring greater membrane height.

Conclusion

In summary, our study introduces GIET-ISFLCS as a robust
and versatile method for characterizing both the structural
and dynamic properties of SLBs, offering detailed insights
that are critical for advancing membrane and membrane
protein biochemistry. By examining three commonly used
p-SLBs with distinct PEG chain conformations, we demon-
strated how polymer architecture significantly influences
membrane height and lipid diffusion, thereby elucidating
key design considerations for SLB-based biotechnological
and medical applications. Furthermore, our investigation into
leaflet-specific lipid diffusion provides insights into interleaflet
coupling mechanisms, enriching our understanding of lipid
bilayer physics and the behavior of asymmetric bilayers. This
information not only deepens the fundamental knowledge of
membrane biophysics but also paves the way for studying
lipid interactions in complex biological systems. Importantly,
the versatility of GIET-ISFLCS positions it as a promising
tool for broader membrane research, enabling the exploration
of lipid bilayer behavior under various conditions and
facilitating studies on interactions with various biological
molecules.

Acknowledgements

A.G. and JE. thank for financial support by the Deutsche
Forschungsgemeinschaft (DFG) through project A06 of the
SFB 860. J.E. and T.C. are grateful to the European Research
Council (ERC) for financial support via project “smMIET”
(grant agreement no. 884488) under the European Union’s
Horizon 2020 research and innovation program. JLE. is
grateful for financial support from the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation) under
Germany’s Excellence Strategy - EXC 2067/1- 390729940.

Open access funding enabled and organized by Projekt
DEAL.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: Fluorescence correlation spectroscopy -
Fluorescence lifetime microscopy - Graphene-induced energy
transfer . Supported lipid bilayer . Tethered PEGylated SLB

Angew. Chem. Int. Ed. 2025, €202423784 (7 of 8)

Research Article

Angewandte

intemational Edition’y, Chemie

[1] A.P. Girard-Egrot, O. Maniti, Appl. Sci. 2021, 11, 4876.
[2] J. Andersson, J. J. Knobloch, M. V. Perkins, S. A. Holt, I. Koper,
Langmuir 2017, 33, 4444-4451.

[3] A.Junghans, I. Képer, Langmuir 2010, 26, 11035-11040.

[4] R.Naumann, S. M. Schiller, F. Giess, B. Grohe, K. B. Hartman,

I. Kércher, I. Koper, J. Liibben, K. Vasilev, W. Knoll, Langmuir

2003, 19, 5435-5443.

[5] J. Oreopoulos, C. M. Yip, Biophys. J. 2009, 96, 1970-1984.

[6] A. Alessandrini, P. Facci, Soft matter 2014, 10, 7145-7164.

[7] B. Wiltschi, W. Knoll, E.-K. Sinner, Methods 2006, 39, 134-146.

[8] E. Giess, M. G. Friedrich, J. Heberle, R. L. Naumann, W. Knoll,

Biophys. J. 2004, 87, 3213-3220.

[9] S. M. Schiller, R. Naumann, K. Lovejoy, H. Kunz, W. Knoll,
Angew. Chem. Int. Ed. 2003, 42, 208-211.

[10] B. A. Cornell, V. Braach-Maksvytis, L. King, P. Osman, B.
Raguse, L. Wieczorek, R. Pace, Nature 1997, 387, 580-583.

[11] S. Wiebalck, J. Kozuch, E. Forbrig, C. C. Tzschucke, L. J. Jeuken,
P. Hildebrandt, J. Phys. Chem. B 2016, 120, 2249-2256.

[12] T. Otosu, S. Yamaguchi, Chem. Lett. 2020, 49, 1473-1480.

[13] F. Roder, S. Waichman, D. Paterok, R. Schubert, C. Richter, B.
Liedberg, J. Piehler, Anal. Chem. 2011, 83, 6792-6799.

[14] Y. Oh, B.J. Sung, J. Phys. Chem. Lett. 2018, 9, 6529-6535.

[15] R. L. Schoch, 1. Barel, F. L. Brown, G. Haran, J. Chem. Phys.
2018, 748, 123333.

[16] A. Gupta, T. Korte, A. Herrmann, T. Wohland, J. Lipid Res.
2020, 61, 252-266.

[17] M. Rose, N. Hirmiz, J. M. Moran-Mirabal, C. Fradin, Membranes
2015, 5, 702-721.

[18] J. M. Crane, V. Kiessling, L. K. Tamm, Langmuir 2005, 21, 1377—
1388.

[19] T. Chen, A. Ghosh, J. Enderlein, Nano Lett. 2023, 23, 2421—
2426.

[20] T. Dertinger, 1. von der Hocht, A. Benda, M. Hof, J. Enderlein,
Langmuir 2006, 22, 9339-9344.

[21] S.J. Johnson, T. M. Bayerl, D. C. McDermott, G. W. Adam, A.
R. Rennie, R. K. Thomas, E. Sackmann, Biophys. J. 1991, 59,
289-294.

[22] S. Capponi, J. A. Freites, D. J. Tobias, S. H. White, Biochim.
Biophys. Acta-Biomembranes 2016, 1858, 354-362.

[23] P. W. Fowler, J. J. Williamson, M. S. Sansom, P. D. Olmsted, J.
Am. Chem. Soc. 2016, 138, 11633-11642.

[24] T. Fujimoto, I. Parmryd, Front. Cell Develop. Biol. 2017, 4, 155.

[25] J. Andersson, 1. Koper, W. Knoll, Front. Mater. 2018, 5, 55.

[26] L. Wang, J. S. Roth, X. Han, S. D. Evans, Small 2015, 11, 3306
3318.

[27] J. Andersson, I. Képer, Membranes 2016, 6, 30.

[28] R.J. Goodband, C. D. Bain, M. Staykova, Langmuir 2022, 38,
5674-5681.

[29] S. Nirasay, A. Badia, G. Leclair, J. P. Claverie, I. Marcotte,
Materials 2012, 5, 2621-2636.

[30] J. Y. Wong, J. Majewski, M. Seitz, C. K. Park, J. N. Israelachvili,
G. S. Smith, Biophys. J. 1999, 77, 1445-1457.

[31] I Levental, E. Lyman, Nat. Rev. Mol. Cell Biol. 2023, 24, 107-
122.

[32] F. Cornelius, Biochemistry 2001, 40, 8842-8851.

[33] A. G. Lee, Biochim. Biophys. Acta, Biomembr. 2004, 1666, 62—
87.

[34] E. Watkins, C. Miller, D. Mulder, T. Kuhl, J. Majewski, Phys.
Rev. Lett. 2009, 102, 238101.

[35] M. S. Jablin, M. Zhernenkov, B. P. Toperverg, M. Dubey, H. L.
Smith, A. Vidyasagar, R. Toomey, A. J. Hurd, J. Majewski, Phys.
Rev. Lett. 2011, 106, 138101.

[36] V. Sharma, E. Mamontov, Prog. Lipid Res. 2022, 87,101179.

[37] Y. Kakimoto, Y. Tachihara, Y. Okamoto, K. Miyazawa, T.
Fukuma, R. Tero, Langmuir 2018, 34, 7201-7209.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
) —

[38]

[39]
(40]

(41]

(42]

(43]

(44]
(45]

[46]
[47]
(48]
[49]
(50]
(51]
(52]
(53]
(54]
(5]

[56]

Angew. Chem. Int. Ed. 2025, €202423784 (8 of 8)

W. C. Wong, J.-Y. Juo, C.-H. Lin, Y.-H. Liao, C.-Y. Cheng, C.-L.
Hsieh, J. Phys. Chem. B 2019, 123, 6492-6504.

L. Zhang, S. Granick, Macromolecules 2007, 40, 1366-1368.

T. Otosu, S. Yamaguchi, J. Phys. Chem. B 2018, 122, 10315-
10319.

S. Sun, C. Liu, D. Rodriguez Melendez, T. Yang, P. S. Cremer, J.
Am. Chem. Soc. 2020, 142, 13003-13010.

A. Ghosh, A. Sharma, A. I. Chizhik, S. Isbaner, D. Ruhlandt, R.
Tsukanov, 1. Gregor, N. Karedla, J. Enderlein, Nat. Photonics
2019, 13, 860-865.

A. Ghosh, A. I. Chizhik, N. Karedla, J. Enderlein, Nat. Protoc.
2021, 16, 3695-3715.

T. Chen, N. Karedla, J. Enderlein, Nat. Commun. 2024, 15, 1789.
A. Ghosh, S. Isbaner, M. Veiga-Gutiérrez, 1. Gregor, J.
Enderlein, N. Karedla, J. Phys. Chem. Lett. 2017, 8, 6022-6028.
M. Bohmer, M. Wahl, H.-J. Rahn, R. Erdmann, J. Enderlein,
Chem. Phys. Lett. 2002, 353, 439-445.

A. 1. Chizhik, I. Gregor, E. Schleifenbaum, C. B. Miiller, C.
Roling, A. J. Meixner, J. Enderlein, Phys. Rev. Lett. 2012, 108,
163002.

R. Chance, A. Prock, R. Silbey, Adv. Chem. Phys. 1978, 37, 1-65.
J. Enderlein, Chem. Phys. 1999, 247, 1-9.

M. M. Elmer-Dixon, B. E. Bowler, Anal. Biochem. 2018, 553,
12-14.

S. J. Attwood, Y. Choi, Z. Leonenko, Int. J. Mol. Sci. 2013, 14,
3514-3539.

J. Ries, S. Chiantia, P. Schwille, Biophys. J. 2009, 96, 1999-2008.
E. Karatekin, J. Di Giovanni, C. Iborra, J. Coleman, B.
O’Shaughnessy, M. Seagar, J. E. Rothman, Proc. Natl. Acad. Sci.
2010, 107, 3517-3521.

F. Albertorio, A. J. Diaz, T. Yang, V. A. Chapa, S. Kataoka, E. T.
Castellana, P. S. Cremer, Langmuir 2005, 21, 7476-7482.

M. Merzlyakov, E. Li, I. Gitsov, K. Hristova, Langmuir 2006, 22,
10145-10151.

M. L. Wagner, L. K. Tamm, Biophys. J. 2000, 79, 1400-1414.

Research Article

(571

(58]
[59]
(60]
[61]
(62]
(63]

[64]

65]

[66]

[67]

(68]
[69]

[70]

Angewandte

intemationalEdition’;, ChEMie

C. Daniel, K. E. Sohn, T. E. Mates, E. J. Kramer, J. O. Ridler, E.
Sackmann, B. Nickel, L. Andruzzi, Biointerphases 2007, 2, 109-
118.

S. T. Milner, Science 1991, 251, 905-914.

P. De Gennes, Adv. Colloid Interface Sci. 1987, 27, 189-209.

D. Needham, D. H. Kim, Colloids Surf. B 2000, 18, 183-195.

A. F. Xie, S. Granick, Nat. Mater. 2002, 1, 129-133.

J. A. Hammons, H. L. Ingdlfsson, J. R. Lee, T. S. Carpenter, J.
Sanborn, R. Tunuguntla, Y.-C. Yao, T. M. Weiss, A. Noy, T. Van
Buuren, Nanoscale 2020, 12, 6545-6555.

S. Kaufmann, O. Borisov, M. Textor, E. Reimhult, Soft Matter
2011, 7, 9267-9275.

E. B. Watkins, R. J. El-khouri, C. E. Miller, B. G. Seaby, J.
Majewski, C. M. Marques, T. L. Kuhl, Langmuir 2011, 27,
13618-13628.

R. J. Hill, C.-Y. Wang, Proc. R. Soc. A: Math. Phys. Eng. Sci.
2014, 470, 20130843.

T. Mandal, N. Brandt, C. Tempra, M. Javanainen, B. Fabidn,
S. Chiantia, Biochim. Biophys. Acta, Biomembr. 2025, 1867,
184388.

C. Monzel, D. Schmidt, C. Kleusch, D. Kirchenbiichler, U.
Seifert, A. Smith, K. Sengupta, R. Merkel, Nat. Commun. 2015,
6, 1-8.

C. Barnaba, E. Taylor, J. A. Brozik, J. Am. Chem. Soc. 2017, 139,
17923-17934.

S. F. Fenz, T. Bihr, D. Schmidt, R. Merkel, U. Seifert, K.
Sengupta, A.-S. Smith, Nat. Phys. 2017, 13, 906-913.

A.]. Diaz, F. Albertorio, S. Daniel, P. S. Cremer, Langmuir 2008,
24, 6820-6826.

Manuscript received: December 05, 2024
Revised manuscript received: February 14, 2025
Accepted manuscript online: February 26, 2025
Version of record online: mm, s

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH



. Angewandte
%Ch Research Article i

Research Article

The manuscript investigates the

structural and dynamic properties of N
N. Karedla, F. Schneider, |. Enderlein¥, polyethylene glycol-supported lipid g
T. Chen* 202423784  bilayers using a method based on =
graphene-induced energy transfer =
Leaflet-Specific Structure and Dynamics and line-scan fluorescence lifetime §
of Solid and Polymer Supported Lipid correlation spectroscopy, providing 8
Bilayers subnanometer spatial resolution and LT%_’
millisecond temporal resolution within a 54 |
single experiment. 0 5 10 15 20 25 30

Distance from surface (nm)

Angew. Chem. Int. Ed. 2025, 202423784 © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH



	Leaflet-Specific Structure and Dynamics of Solid and Polymer Supported Lipid Bilayers
	 Introduction
	 Results and Discussion
	 Conclusion
	 Acknowledgements
	 Conflict of Interests
	 Data Availability Statement



