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On the lipid flip-flop and phase transition coupling

Lionel Porcar® and Yuri Gerelli*?

We measured the lipid flip-flop of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) in solid supported lipid bilayers across
their main gel to fluid (Lg — Lg) phase transition. By performing time and temperature resolved neutron reflectometry experi-
ments, we demonstrated that asymmetric systems prepared in the gel phase are stable for at least 24 hours. Lipid flip-flop resulted
to be intrinsically linked to the appearance of fluid domains in the system. Moreover, the growth of these domains during the
broad phase transition resulted to be the main key factor for the timing of the flip-flop process. By exploiting different temper-
ature scan rate, we could demonstrate that, in the case of supported bilayers and for the temperature investigated, the lipid flip
flop is characterised by an activation energy of 50 kJ/mol and a timescale on the order of few hours. Our results demonstrate the

origin on the discrepancies between flip-flop in bulk systems and at interfaces.

1 Introduction

Biological membranes have a complex composition and con-
sist of a continuous double layer (bilayer) of lipid molecules in
which membrane proteins ad sugar (forming glycolipids and
glycoproteins) are embedded!. Such a bilayer is formed, in
turns, by two individual and opposite amphiphilic monolayers,
also called leaflets. With regards of the distribution of their
molecular components, membranes can be both laterally het-
erogeneous and transversely asymmetric. This heterogeneity
makes them sites of vital biochemical activities?. For exam-
ple, in most of the eukaryotic cells, compositional asymmetry
is the result of a complex regulation process in which lipids are
synthesised in the endoplasmic reticulum and then actively or
passively transported from the site of synthesis to the Golgi
apparatus first, and next to the cell membrane®. Once these
components reach the cell membrane, they can self-organise,
for example, into the so-called lipid rafts*© giving rise to lat-
eral heterogeneity, but also be distributed in a different ratio
between inner and outer leaflets, giving rise to structural asym-
metry’. Indeed, structural asymmetry in cell membranes is of
fundamental importance to ensure the correct functioning of
living cells®. Among other processes, loss of asymmetry in
eukaryotic membranes is known to lead to cell apoptosis and
therefore the understanding of dynamical processes promot-
ing and loosening structural asymmetry plays an essential role
in engineering safer drug treatments®!?. More specifically,
in the case of phospholipids, several physiological processes,
such as blood coagulation and elimination of aged cells, are
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linked to transversal phospholipid motion'!=!3, This motion
is generally called translocation or lipid flip-flop (LFF), a term
that indicates the spontaneous, thermally activated inside-
outside (and vice-versa) migration of lipid molecules in bi-
layers 4. Despite its fundamental role in cell regulation and
potential impact on drugs development, features and energetic
of LFF are still largely debated not only for in-vivo systems
but also for model systems'>'®. LFF in model systems has
been studied since the *70s.

The early results from Kornberg and McConnell indicated
the timescale of flip-flop, for spin-labelled egg phosphatidyl-
choline, to be on the order of several hours in physiologi-
cal conditions'*. Later, Bretscher!” postulated that specific
enzymes, called flippase, were responsible for LFF but this
idea was at first neglected, being the predominant belief based
on the formation of transient non-bilayer structures facilitat-
ing LFF. It is nowadays accepted that, in living cells, mono-
and bi-directional active lipid transporters are mediating LFF,
thus regulating the asymmetric distribution of lipid compo-
nents in membranes. In the last decade, experiments have been
mostly focusing on the passive LFF (i.e. non-mediated by
flippase) because the investigation of the fundamental mech-
anism is easier in simplified model systems. One of the fu-
ture steps will be the investigation of LFF in more complex
multi-component membranes systems, including proteins and
in particular flippases. All the experiments referenced and car-
ried out in this work relate to passive LFF monitored either
through molecular exchange or spontaneous loss of asymme-
try in asymmetric lipid systems.

Experimental methods, allowing to track the diffusion of given
molecules within a chemically identical environment are few.
Until the early 2000s, the majority of experiments were based
on the use of fluorescent- or spin-labeled lipids, while it is now
accepted that these probes do not accurately convey the dy-
namics and thermodynamics of native lipid motion'®. On the
other hand, the use of isotopic labeling (as 'H - >H replace-
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ment) is expected to perturb less these native lipid motions
since the change in shape and conformation of the molecule
is very limited. However, 'H - ?H replacement might have
a non negligible impact on molecular interactions where hy-
drogen bonding is a significant factor. This method has been
largely used in combination with small angle neutron scat-
tering '%1° (SANS), neutron reflectometry?%2! (NR), nuclear
magnetic resonance>?> (NMR) and sum frequency generation
vibrational spectroscopy 2>> (SFGVS). Some of these tech-
niques were used to probe the features of LFF in solution
(SANS and NMR) while NR and SFGVS were used for ex-
periments at surfaces.A class of techniques not requiring any
labeling strategy at all is that of computer simulations which
have been used to track the LFF at different time- and length
scales 2:16:26.27

So far, experimental investigations are providing contradictory
results, indicating LFF timescales that differ of orders of mag-
nitude: for example, reported LFF half times for phospholipid
in fluid phase range from seconds (or subseconds) to hours to
days or weeks?2. The correct determination of LFF rates and
energetic remains nowadays a challenge, but in the last five
years a coherent picture describing the lipid flip-flop is a slow
motion started to emerge 192228 In the recent work of Mar-
quardt and co-workers 2, the authors addressed many aspects
of these discrepancies between studies in solution and at in-
terfaces, pointing out the role of defects as main passive force
in timing the LFF process. Through Monte Carlo simulations
they demonstrated that the presence of 1% defects (in terms
of surface coverage) was enough to speed up the LFF process.
In particular, they indicated that defects can facilitate LFF not
only for bilayers in fluid phase, but also for bilayers in gel
phase, corroborating the experimental observations of Liu and
Conboy?3. Because of the acceleration promoted by defects,
LFF in fluid phase was expected to be too fast to be experimen-
tally measured. This point is of crucial interested for surface
sensitive techniques, since the presence of such a small frac-
tion of defects is almost unavoidable considering the sample
preparation approaches available at the moment. Indeed, the
presence of topological defects was pointed out by the authors
as the origin of the discrepancies between LFF rates measured
in bulk (in vesicles) and at interfaces (in solid-supported lipid
bilayers).

Another result presented in the work of Marquardt®* was the
influence of the phase change on the LFF rate in asymmetric
large unilamellar vesicles composed by hydrogenous and par-
tially deuterated DPPC molecules. Interestingly, they reported
an increase of LFF rate if measurements were carried out at the
main phase transition. In this case, the LFF rate was a factor of
2 greater than the measured one in the fully melted fluid phase
and a factor of 5 greater than the expected rate as extrapolated
from the fluid phase measurements??. This accelerated LFF
was attributed to enhanced volume fluctuations that might in-

crease the probability of a translocation event. The same effect
was already reported for DPPC small unilamellar vesicles la-
belled with fluorescent phospholipids?®.

In this manuscript, we present a new investigation of the LFF
in asymmetric solid-supported lipid bilayers by means of neu-
tron reflectometry. In particular, we have investigated the in-
terplay between phase change and LFF rate across the gel-to-
fluid phase transition. Our results indicated that the growth
of fluid domains during the phase transition can accelerate the
LFF rate. However, they also proved that compositional asym-
metry in SLBs was unaltered if the system was kept in the gel-
phase despite the presence of a limited number of topological
defects.

2 Experimental

2.1 Sample preparation

DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)
and d75DPPC (1,2-dipalmitoyl-d62-sn-glycero-3-
phosphocholine-1,1,2,2-d4-N,N,N-trimethyl-d9) were
purchased from Avanti Polar Lipids (Alabaster, USA).
Lipids were dissolved in chloroform (purchased from Merck
Millipore) at 1 mg/ml concentration and stored at -20 °C until
their use. Ultra-pure water and DO were supplied by the
Institut Laue Langevin (ILL, Grenoble). All water solution
were degassed prior to their use. This step was essential for
high-temperature experiments because it allowed to avoid
formation of air bubbles inside the sample cell. Asymmetric
solid supported lipid bilayers (SLBs) were deposited on the
top of the polished surface of silicon single crystals (cut along
the 111 plane, polished with 3 A RMS roughness) by Lang-
muir Blodgett (LB) and Langmuir Schaefer (LS) deposition
techniques®. The properties of the silicon substrates and
the deposition procedure are the same as those reported in
an earlier work of our group'. The only difference for the
preparation of the samples described in this manuscript is in
the type of lipid molecules used; for all the samples described
in the manuscript, the first monolayer, deposited by LB, was
always composed by deuterated d75sDPPC molecules, while
the second one, deposited by LS, was always composed by
hydrogenous DPPC lipids. Both monolayers were deposited
from a Langmuir film prepared at a surface pressure of 50
mN/m (Lg., gel phase).

Once deposited, samples were sealed within solid-liquid flow
cells for neutron reflectometry experiments directly under
water. Samples were kept prior to the measurements at 20 °C,
a temperature lower than the melting temperature of DPPC
SLBs3!. Solid-liquid cells were provided by the ILL and
were equipped by a water reservoir made of PEEK in contact
with the surface of the substrate, and by two metallic plates
allowing for a precise temperature regulation. The water
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reservoir was connected to inlet and outlet valves allowing
the exchange of the water subphase.

2.2 Neutron Reflectometry

Neutron reflectometry (NR) measurements3>33 were per-

formed on the neutron reflectometer D1734 (ILL, Grenoble,
France) operated in time-of-flight mode. The instrument
was configured as described in3!. Samples, deposited at the
solid-liquid interface, were measured in the initial asymmetric
and in the final mixed states exploiting the contrast variation
method™®, ie. using D,0, H,0, a 66:34 (V/V) D,0:H,0
mixture (named 4MW), and a 38:62 (V/V) D,0O:H,O mixture
named silicon-matched water (SiMW) in the following.
Each set of four reflectivity curves measured in these water
solutions, was co-refined to obtain the structural description
of initial and final states of the SLBs. The result of the
modeling of such NR data is a scattering length density (SLD
or p) profile along the vertical direction (z) with respect to the
plane of the supporting interface3®. An SLD profile reflects
the distribution of nuclei within the sample and therefore it
gives information about the structure and location of different
molecular species within the SLB. An important feature of the
SLD is its variation upon isotopic substitution337. Because
of this, the value of an SLD can differ for two chemically
identical molecular species differing only by their isotopic
composition. SLD profiles are generated from the structural
parameters obtained via the modeling of the reflectivity
curves through a slab model. Each slab is characterised by a
thickness, a total SLD value and by an interfacial roughness
modeled by an error function. Details about the full modeling
approach for an SLB can be found elsewhere *.

Kinetics measurements were performed in a single contrast
not to affect the system during its evolution exploiting a
novel operation mode available at the D17 instrument>®.
Kinetic measurements were performed using the time- and
temperature-resolved (TTR-NR) approach recently used by
our group to study the phase transition in SLBs composed by
DPPC3!. The core of the TTR-NR kinetics measurements is
the use of a time-resolved temperature profile. The evolution
of the samples reported in this work was monitored using two
different temperature ramps; in one case the temperature was
changed step-wise, with 5 °C steps every 22 minutes from
30 °C to 40 °C and with 1 °C steps every 15 minutes from
40 °C to 60 °C. Thermal equilibrium (within +0.1 °C) was
reached in less than 1 minute for every step and reflectivity
data corresponding to non-equilibrated states were not
included in the analysis. Alternatively, the temperature was
changed continuously, i.e. without any intermediate constant
temperature steps, from 32 °C to 60 °C with a rate of 1.74
°C/min. This implies that during fast scans, the temperature
of a single acquisition has a 4= 0.87 °C uncertainty.

2.2.1 Analysis of TTR-NR data.

Kinetic TTR-NR data were analysed using, as free parame-
ters, the SLD values of the tail region of each leaflet. The
leaflet facing the solid substrate was named proximal while
to one facing the bulk water solution was named distal. The
respective SLD values are indicated as py,,, and p;,, and
they are both function of time and temperature. In the ini-
tial state (t=0 s), the proximal leaflet was predominantly pop-
ulated by d75s DPPC molecules (an initial mixing was neverthe-
less present as described in the discussion section). In the final
state, DPPC and d75DPPC molecules were homogeneously
distributed among the two leaflets. In both cases of asym-
metric or fully mixed bilayers, the co-refinement of the static
data allowed us to obtain the parameters characterizing SLD
and thickness values (of both head-groups and tails) needed
as reference for the modeling of the kinetic TTR-NR data. In
the model used, LFF events were possible only if the lipids
(or some of them) were in the fluid phase. This assumption
was justified by the experimental observation of asymmetric
SLBs in the gel phase. As already described by us??, the
structure of asymmetric SLBs did not evolve if the tempera-
ture of the sample was kept below the phase transition temper-
ature of the lipid used?’. This statement was surely valid for
a timescale reaching 24 hours. Because of the limited amount
of time available for neutron scattering experiments, a longer
timescale could not be investigated.

As described in recent works3!4041 the phase transition of a
DPPC SLB is broad and starts at approximately 40 °C and it is
characterized by the coexistence of fluid and gel phase lipids.
We accounted for this fact in the analysis allowing only the
fraction of fluid molecules undergo LFF events. The phase
behaviour of each leaflet of the SLB was modeled as reported
in3!. In particular, the amount of lipids in the fluid phase, as a
function of temperature, was described by a & parameter for
each leaflet, as

1— — L
(T—Tprox)/3.055
I+e ll’ (1)

- 1+e(T—Tdi_yt)/2,62

o
=
g

\

In equation 1, T,y = 47.8 °C and Ty = 44.09 °C were de-
termined empirically from the analysis of the & parameters
for DPPC and d-sDPPC3!. These data are reproduced in the
ESI. The two temperatures indicate the mid-point of the broad
phase transition for proximal and distal leaflets and they were
not assumed to change significantly upon lipid deuteration.
The @0, and ®y;;; parameters were used to account for the
changes induced by the phase transition on the SLD, thickness
and hydration levels as>!

Xj = (1-®)X§ + X/, )
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where X; is a stand-in parameter for the tail thicknesses (7,

prox

S h
and t,,, ), the water volume fraction in the headgroups (f,"",

fv}ﬁd"") and tails ( ﬁ?r”‘*, fuaisry ¢ and f refers to the value of
the parameters in the gel and fluid phase. Equation 2 was

also used to determine to the head-groups (p,?P P p;j”DPPC)

and tails (pPPFC, p,d75DPPC) SLD values for the individual hy-
drogenated and deuterated lipid molecules. Being the phase
transition acting differently on the two leaflets, all the above
quantities were calculated twice, for the proximal and distal
leaflets respectively.

For the LFF analysis, the amount of deuterated lipids in each
leaflet was determined from the individual SLD values (during

the data modeling) as

DPPC
1—~ _ ptx - pfx (3)
* ™ disDPPC _ _ pPpPC
P, — Py,

where, x is a stand-in index for prox and dist. During data
modeling, the average SLD of mixed head-groups (pj,,,,, and
Ph,,, ) were calculated as

pi = Tupy P 4 (1-T) pPPPC @)

where, x is a stand-in index for prox and dist.

2.2.2 Kinetic model for lipid flip-flop
The time evolution of the fit parameter p;,,, was modeled ac-
cording to a single exponential decay function as already de-
scribed for other similar kinetics for asymmetric bilayers 2>%3.
In the case of TTR-NR data, both time and temperature de-
pendence had to be accounted for in the model. For a given
temperature T, the decay of p;,,, (t,7) was modeled as

Aptprox (ta T) - eizkf(TﬂtitO(T)] (5)
where 1y(T) is the time at which the temperature reached equi-

librium at T and k¢(T') is the temperature dependent rate con-
stant that relates to the activation energy of the LFF, E,, as

kp = AeH" 6)
In equation 6, A is a pre-exponential factor and R the universal

gas constant. For a given temperature, the LFF half-time can
be evaluated as

N

3 Results and Discussion

Static NR measurements performed at 25 °C, i.e. well below
the phase transition temperature of each leaflet of the bilayer,
indicated that the initial structure of the SLBs was indeed

asymmetric in terms of composition (SLD profiles and reflec-
tivity curves reported in the ESI). However, an initial degree
of mixing (ranging from 3%, I'y = 0.03, to 10%, I'y = 0.10)
induced during the sample depositions was observed. It is
worth mentioning that for other samples, excluded from the
analysis, the initial degree of mixing reached even the 30%
because of mishandling of the sample during its preparation.
Sample preparation is therefore a crucial step for the success
of the experiment. Despite the intrinsic difference in terms
of SLD values, the structural parameters characterising the all
asymmetric SLBs described in this work were in full agree-
ment with those reported for pure d7sDPPC and DPPC bilay-
rs3!. Once the SLB evolution stopped, i.e. at high temper-
ature, corresponding to the end of the LFF kinetics, contrast
variation measurements were performed, without lowering the
temperature, to characterize the sample structure in its fully
mixed state (SLD profiles and reflectivity curves reported in
the ESI). Again, the parameters obtained resulted in agree-
ment with those reported for a fluid DPPC bilayer3! and were
used as a reference for the evolution of the sample during the
analysis of reflectivity curves measured according to tempera-
ture scans.
As described in the experimental section, a strong hypothesis
of the model requires lipid molecules to be in the fluid phase
to be able to undergo LFF events. Since the phase transition to
the fluid phase in SLBs has been shown to take place in a large
temperature range 314042 it was expected to observe a similar
temperature dependence for the LFF process. For this reason,
the evolution of the mixing kinetics was studied with two dif-
ferent temperature ramps, one including steps at constant tem-
perature and a continuous one. Starting and ending temper-
atures were the same, but the overall temperature-time rates
were different, being 0.063°C/min the one for the constant-
temperature steps profile and 1.74°C/min that of the continu-
ous temperature profile. These two scans are named slow and
fast in the following. In Figure 1 the reflectivity curves mea-
sured during the slow scan are shown. Changes in the shape
and intensity of the curves are clearly visible and are indicative
of a structural modification of the SLB. All the corresponding
SLD profiles obtained according to the modeling of TTR-NR
data are reported in the ESI. The SLD profiles obtained for the
sample measured with the fast scan are reported in Figure 2.
These profiles were calculated assuming only two free pa-
rameters, namely p;,, and p;, . i.e. the SLD values of the
tail region for proximal and distal leaflet respectively. They
can be therefore used to better evaluate temperature and time
dependence of the LFF process. The values of these param-
eters, obtained from the modeling of the TTR-NR data (fast
scan), are reported in Figure 3. The temperature evolution of
the two parameters was not biased by any link between them
and the symmetric trend confirmed that the changes reported
for the SLD profiles were actually originated by the progres-
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Fig. 1 Time- and temperature evolution of the reflectivity curves
R(Q) collected during the slow temperature scan displayed as a
function of the wave-vector Q and of the time. Clear changes of
intensity and shape are visible throughout the entire time window.

Fig. 2 Scattering length density profiles obtained from the analysis
of TTR-NR data collected according ot the fast temperature scan.
The profile related to the lower temperature (asymmetric
composition) is shown in blue and the profile of the final mixed SLB
is plotted in red. Intermediate colors correspond to intermediate
temperatures. A sketch of an asymmetric SLB on a silicon substrate
is shown in the figure to improve the readability of the figure
(different colors indicate differences in the local SLD (or p) values).

p, (x10°° A?)

Fig. 3 Temperature dependence for py,,, (proximal leaflet, blue
symbols) and py,,, (distal leaflet, red symbols) obtained from the
analysis of the fast TTR-NR measurements.

sion of the LFF process. Because of this symmetric behaviour
(confirmed for all samples) all the further analysis are reported
for the p;,,,,, parameter only. As already mentioned, the initial
composition of the samples was not fully asymmetric because
of a pre-mixing taking place during sample preparation. This
explain why the low-temperature p; values did not correspond
to those of pure DPPC or d75sDPPC tail regions. The varia-
tion in SLD indicated that the original asymmetry was kept
when both leaflets are in the gel phase while LFF starts above
40°C, in combination with the appearance of the SLB phase
transition3!. The mixing was completed when the tempera-
ture reached approximately 55°C. The same temperature de-
pendence was found for the p, parameters obtained from the
analysis of the TTR-NR data measured according to the the
slow temperature ramp. As mentioned already, because of the
arbitrary degree of initial mixing I'y between the samples, the
p: do not overlap exactly between different samples. For this
reason, the mixing data compared in terms of Iy, (T) — o,
i.e. in terms of the amount of deuterated molecules in the
proximal leaflet (Equation 3), in Figure 4. The original p;,,,
data are reported in the ESI material. The temperature evo-
lution of I',, was, for both scans, the same within the ex-
perimental accuracy. It is worth noting that the measurements
were performed independently and on two different samples,
confirming thus the high confidence in the results obtained.
For comparison purposes, I'px (¢,T), was obtained also from
a Monte Carlo simulation in which, an originally asymmet-
ric system was able to mix following the assumption made
for our experimental model. In brief, the system was popu-
lated initially by molecules in the gel phase; is a molecule was
in the gel phase it was not allowed to move to the opposite
layer. As temperature increased, the number of molecules in
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Fig. 4 Temperature dependence of I, —I'g obtained from the
analysis of TTR-NR data for the fast (blue circles) and slow (green
dots) temperature scans. The temperature evolution of the I'p oy
parameter obtained from a Monte Carlo simulation for the LFF in an
asymmetric SLB is plotted with gray squares for comparison
purposes. Since the slow scan included constant temperature steps,
the average value of I —I'g is reported for each temperature. For
all datasets, to account for initial compositional differences, I'y
(initial level of mixing) was subtracted from I'),;,.

the fluid phase increased as described from Equations 1. In
this case the molecules were allowed to undergo random flip-
flop events. More information are given in the ESI. To repro-
duce the experimental conditions, for each temperature step
the evolution of the system was observed for different times.
Only in case of very short observation times, the system did
not evolve into a fully mixed state. The time-averaged Iy
obtained from the MC simulation is overlapping with the ex-
perimental data. Minor differences are present at low temper-
ature, where flip-flop events were observed in the simulation
but not in the data. This might be related to the goodness of
Equations 1 in describing the real system at the boundaries
of its evolution. The surprising result is that, independently
from the scan rate, the time-average evolution of the LFF is
the same. This might indicate that temperature changes play a
more important role than time in determining the LFF kinetics.
In particular, it is worth recalling that between approx. 42 °C
and 55 °C, DPPC SLBs are characterised by a gel-fluid phase
coexistence. It was already pointed out?>2 that in presence of
phase coexistence, enhanced structural fluctuations might ac-
celerate the LFF not only in bi-dimensional bilayers but also
in vesicles. Here we report a consistent result for which, the
growth of fluid-in-gel domains accelerate instantaneously the
LFF. As reported for symmetric bilayers, growth of fluid do-
mains is extremely fast so that, for a given temperature, their
size, once increased, stays constant with time3! as indicated
by the thermotropic nature of the main phase transition. In the

case of the asymmetric bilayers investigated in this work, the
variation in I'p,, induced by thermal effects is predominant.
However, once temperature is equilibrated, the LFF is clearly
visible through slower changes in the I, (¢, T = const.) (or
Pty (t, T = const.)) parameter. To investigate the possible
interplay between time and temperature the LFF progression
was monitored according to the slow temperature scan. All the
P, Values obtained according to the slow scan are shown, as
a function of time, in Figure 5, and colors indicate the differ-
ent temperatures. The time dependence of the p;,, is clearly

70 T T T T
6.5}
6.0
<€ 55}
©
5.0
45l

t (x10% s)

Fig. 5 Time evolution of the p;,,,, parameter obtained from the
analysis of the TTR-NR data measured according to the constant
temperature steps profile. Values obtained at different temperatures
are labelled with different colors in the graph. The model of the
time-dependent kinetic evolution (equation 5) is plotted as full line
for the temperature range analysed.

visible that above a certain temperature, the LFF process, if
observed on a timescale slow enough, appears as a continu-
ous process. however, since temperature changes, the kinetic
of the system can not be described by a single exponential
process. If fact, by assuming an Arrhenius-like behaviour (as-
sumption based on the results present in literature !8:19:2223),
the rate constant of the LFF has to changes as temperature
changes. The data shown in Figure 5 were therefore anal-
ysed by using Equations 5 and 6 in which this temperature
dependence was directly accounted for. The model could be
applied only to a restricted temperature range, i.e. from ap-
prox. 42 °C up to ~54 °C. The low temperature could not
be analysed since the system did not show any kinetics, while
for the high-temperature regime, data resulted to be too scat-
tered. The model shows a good agreement with the experi-
mental data. The global activation energy resulted £, =50+5
kJ/mol corresponding to a half-time ranging from #;, ~ 60
min in the low temperature regime (green part of the curve)
up to 71/, ~ 30 min for the high temperature regime (orange
region). Some deviations are however present at short time
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and a model with a double activation energy could describe
the data with better accuracy. However, on the basis of our
experimental data, we could not justify the presence of two
different activation energies. The corresponding values for
the temperature-dependent rate constant are reported in Figure
6, together with the values for the same constant obtained by
Liu?® (SLBs) and by Marquardt?? (vesicles). By comparing
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B B, =920413 kJmol™!
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Fig. 6 LFF rate constants ky obtained in the present work
(asymmetric DPPC SLB, blue triangles), from Liu and Conboy 23
(asymmetric DPPC SLB, black squares) and from Marquardt and
coworkers 22 (asymmetric DPPC vesicles in fluid phase, red solid
circles, and in gel-fluid coexistence, red open circle). Values of
activation energy reported for the three samples are also indicated.
Dashed lines are guides for the eye.

the present results to those reported in literature, it is possible
to state that for the SLBs we investigated, LFF was not ob-
served if samples were kept in the gel phase. This statement is
surely valid for a timescale reaching 24 hours. Because of the
limited amount of time available for neutron scattering experi-
ments, a longer timescale could not be investigated. The initial
level of mixing observed remained constant during these 24h,
allowing us to conclude that it was induced during the sam-
ple preparation and not by real LFF events as already reported
for other asymmetric systems for which flip-flop was strongly
hindered*3. In our opinion, this observation rules out a ma-
jor role of defects (always present to a certain extent in LB-
LS samples) in rendering the flip-flop in the gel phase as fast
as detected in SFGVS experiments>>%3. On the other hand,
defects might have an impact on the flip-flop rate during the
phase transition. In fact, the values for activation energy found
in the present work and, more importantly, the values of the
rate constant k¢, suggested that LFF in SLBs is faster than in
vesicles. One justification might be the unavoidable presence
of defects and the second one the presence of a broader tem-
perature interval characterised by phase coexistence. Faster
flip-flop was also reported in defect-free bilayers coating silica

nanoparticles** and this was explained in terms of increased
disorder in the bilayer structure as induced by the presence of
the supporting silica surface. However, the measure of this
enhanced disorder was indeed a broader phase transition pro-
file (compared to the one of free standing vesicles). A broad
phase transition was also reported in the case of asymmetric
vesicles?2, and it was related to the coexistence of fluid and gel
phase lipids. In this last case, the activation energy was on the
order of 120 kJ/mol, i.e. greater of a factor 2.4 with respect to
the one we found for SLBs. A larger discrepancy affected the
values of k¢, being them different by almost two order of mag-
nitude (Figure 6). Because of these differences also the half
time for the LFF in SLBs resulted much slower than those re-
ported for vesicles at similar temperatures. It is therefore clear
that, because of the intrinsic nature of the phase transition of
SLBs, there is a strong role of temperature changes that can
accelerate, or better tune, the LFF progression. In fact, while
the time-dependence of the LFF is slow, changes in tempera-
ture and therefore changes in the number of lipids in the fluid
phase produce larger changes on the mixing. Enhanced fluc-
tuations at the phase transition might be the mechanism at the
origin of this effect, and it could explain the large discrepan-
cies observed so far in studies performed at interfaces and in
solution '3,

4 Conclusions

Time and temperature resolved neutron reflectometry allowed
us to investigate the lipid flip-flop mechanism in solid sup-
ported lipid bilayers. An intrinsic interplay between the phase
transition profile and the progression of the LFF has been
described. In particular, temperature effects resulted to be
the main driving force for the definition of the LFF time-
scale. Measurements performed during the phase transition
from the gel to the fluid phase, but a constant temperature,
allowed us to determine that the LFF is indeed a relatively
slow process also in SLBs, in partial agreement with several
results obtained from bilayers in solution and already pub-
lished '8:192244  However, because of the intrinsic coupling
between phase transition and LFF timescale present for solid-
supported bilayers, we demonstrated that the same system, at
a solid interface or in bulk did not behave in the exactly same
way. In fact, the time scale of LFF in solution resulted to be
much longer than the one observed for SLBs. However, the
difference in the observed flip-flop rates might be also a re-
sult of the presence of a small and limited amount of defects,
almost unavoidable in SLBs. As demonstrated by Marquardt
and co-workers??, a small amount of defects might have large
consequences on the LFF process. Even if our data indicate
that this effect is indeed smaller than the one the authors re-
ported, we cannot exclude that the measured timescale might
be affected, to some extents, by a limited number of defects
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present in the SLBs studied in the present work. A conclusive
answer to this point might require an extensive investigation
of LFF in SLBs with a controlled number of defects. On the
other hand, we demonstrated that it is indeed possible to mea-
sure the lipid flip-flop in SLBs above their melting tempera-
ture and that asymmetric samples could be prepared and kept
unaltered in the gel phase. Our results provided a clarification
of the discrepancies reported in literature between the lipid
flip-flop features determined in solution and at interfaces, sug-
gesting that planar systems are intrinsically different for those
obtained with the same molecules in solution.
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