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Time- and temperature-resolved neutron reflectometry allowed us to perform the real-time characteri-
zation of the structural changes taking place across phase transitions in solid supported-lipid bilayers
(SLBs). We identified the presence of an isothermal phase transition, characterized by a symmetrical
rearrangement of lipid molecules in both bilayer leaflets, followed by the main thermotropic phase
transition, and characterized by an independent melting of the two leaflets. We demonstrated that the
presence of a substrate increases the enthalpy of melting by the same amount for both SLB leaflets with
respect to the values reported for freestanding bilayers. These results are highly relevant for the further
understanding of cooperative structural dynamics in SLBs and for the investigation of thermally activated
processes such as the transmembrane lipid translocation (flip flop).
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Lipid bilayers are thin films made of two layers of lipid
molecules. Solid-supported lipid bilayers (SLBs) are
widely used tools in biological and technological studies
for the investigation of interactions and molecular proc-
esses involved in cell function [1,2], disease [3], and for
sensing applications [4,5]. Coexistence of ordered and
disordered domains, structural and dynamic coupling
between leaflets, and the structural responses to changes
in the environmental parameters, such as temperature, are
of fundamental interest in all of the above mentioned fields.
Moreover, SLBs are one of the prototypes of natural self-
assembling systems.

Phase transitions in lipid bilayers have been widely
studied in solution aggregates, such as vesicles [6-9], or in
solid-supported stacks of hundreds of bilayers in controlled
humidity environments [10]. However, a lack of informa-
tion still exists for systems with low-dimensionality such as
SLBs, where the effects of supporting interfaces, finite size,
and planarity might play important roles.

Phase transitions in single SLBs have been addressed
mainly by means of AFM (atomic force microscopy)
[11-14], SFG-VS (sum-frequency generation vibrational
spectroscopy) [14], MD (molecular dynamics) simulations
[15], and calorimetry [16]. The main common result is a
substantial broadening of the gel-to-fluid phase transition
(PT) with respect to that observed in freestanding bilayers
in solution. In some cases, AFM and calorimetry
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measurements have shown a decoupling between the PT
behavior of the portion of the SLB facing the solid substrate
(proximal leaflet) and the one closer to the water subphase
(distal leaflet) [13,14,16]. In particular, Xie and co-workers
[11] reported that the gel-to-fluid PT in a single DMPC
(1,2-dimyristoyl-sn-glycero-3-phosphocholine) SLB is
characterized by the formation and subsequent growth of
fluid domains as the temperature is increased; coexistence
between gel and fluid phases was observed in the central
part of the PT, until the growing domains entirely replaced
the starting phase. Based on this observation on the SLB
surface morphology, they concluded that this behavior was
linked to structural changes in the vertical direction normal
to the bilayer surface. Wu and co-workers [14] were able to
further characterize the structural changes taking place
between 20 and 60°C in a DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine) SLB by means of AFM. They
confirmed that the melting process is mediated by the
growth of nanosized domains. Moreover, by evaluating the
changes in bilayer thickness, they hypothesized the sub-
sequent and individual melting of the proximal and distal
leaflets. They concluded that the PT of the distal leaflet
occurred in the 20 to 40 °C temperature interval while that
of the proximal leaflet started at 40°C to be completed at
60 °C. However, information on the internal structure of the
bilayers was not directly accessible. The drawback of AFM
techniques is in fact the limited sensitivity to the internal
structure of a sample. Moreover, AFM measurements are
characterized by a long measuring time and by a very high
spatial resolution. However, it is restricted to small portions
of the sample, typically on the order of 100 ym?.

This Letter describes how time- and temperature-
resolved (TTR) neutron reflectometry (NR) can provide
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a real-time direct characterization of the internal structural
changes taking place in SLBs across their phase transitions.
We demonstrate how this method can be used to obtain
direct information on the melting behavior of the proximal
and distal leaflets in SLBs. Time-resolved neutron scatter-
ing techniques have been proven to be optimal tools for
the real-time characterization of structural processes in
lipid assemblies [17]. Their combination to temperature-
resolved measurements has the great advantage of provid-
ing thermodynamic and kinetic information on broad time
and temperature intervals for a single sample. Indeed,
sample reproducibility represents a big drawback in soft
matter and biophysics and it is a limiting factor for the
investigation of SLBs [18]. In the present case, the use of a
single sample allowed us to probe more thermodynamic
conditions than those typically probed with the approaches
used so far [19].

For this Letter, we used DPPC and its partially deuter-
ated homolog d;sDPPC (1,2-dipalmitoyl-d62-sn-glycero-
3-phosphocholine-1,1,2,2-d4-N,N,N-trimethyl-d9) as rep-
resentative phospholipid molecules. These phospholipids
are widely used in physical and biophysical studies [20,21]
as well as in the previously reported AFM and SFG-VS
experiments [12,14]. In solution, DPPC vesicles exhibit
distinct, well-defined phases such as the crystal
(L., for T < 14°C), gel (Lg, for 14 < T < 35°C), ripple
(Pg, for 35 < T <41°C), and fluid (L,, for T > 41°C)
phases [22]. In the gel phase, phospholipid molecules are
highly ordered and packed in a regular lattice; the hydro-
phobic acyl chains of the molecules are stretched, increas-
ing the bilayer thickness. In the fluid phase, bilayers are
characterized by an irregular packing, lower thickness and
larger average molecular area [23,24]. The intermediate
ripple phase, generally observed in multibilayer structures,
is characterized by the appearance of a periodic undulated
bilayer structure [25]. The enthalpy of the gel-to-ripple
transition is very small compared to that of the ripple-to-
fluid transition and the appearance of the ripple phase
depends on the thermal history of the sample. For these
reasons, the main transition is usually given as the gel-to-
fluid transition. The NR measurements reported in the
present Letter were performed on the D17 neutron reflec-
tometer [26] (Institut Laue-Langevin, Grenoble) using a
divergent beam configuration [27] in a temperature range
from 25 to 60 °C, i.e., for the temperature intervals in which
Ly — Py and Py — L, phase transitions were expected.
Two angular configurations (0 = 0.8° and 6 = 3.0°) were
used for the characterization of the sample before (25 °C)
and after (60°C) the main phase transition, while an
intermediate configuration (@ = 2.0°) was used during
TTR-NR measurements. For all these configurations, the
neutron beam illuminated the interface through the solid
substrate with a constant footprint, covering the 50% of the
sample surface. For details about the experimental con-
ditions see the Supplemental Material [28]. DPPC and

d-,sDPPC SLBs were deposited on polished silicon crystals
(8 x 5 cm? surface, 1.5 cm thick) by Langmuir-Blodgett
and Langmuir-Schaefer deposition techniques [29] from
monolayers prepared at the air-water interface at a high
surface pressure (7 =50 mN/m). The initial and final
structure of the bilayers was characterized using the
contrast variation method [30] at 25 and 60°C in the gel
and fluid phases, respectively. In order to apply the contrast
variation method, the H,O:D,O ratio in the subphase was
changed systematically between D,O, H,O and a 38:62
H,0:D,0 mixture. Datasets collected for DPPC and
d-,sDPPC bilayers at the same temperature were modeled
using a common set of structural parameters (global fit)
while applying molecular constraints for the conservation
of the molecular area as described in literature [31]. This
allowed us to accurately determine two sets of parameters
describing the initial and final states of the bilayer, which
resulted to be in agreement with already published data
[32,33]. A sketch of a SLB is given in Fig. 1 (for more
details about the modeling, see the Supplemental Material
[28]). An important parameter obtained from these analysis
is the amount of water in the hydrophobic region of the
bilayer. This parameter is a measure the amount of defects
in the SLB films; the result was for it to be reduced to a
negligible amount, i.e., lower than 1% by volume (see
Table S1 and Fig. S2 in the Supplemental Material [28]).
This is a crucial feature since defects have been shown to
impact the structural dynamics in SLBs: for example, they
make transbilayer migration of lipid material faster [34,35]
and they can also affect the phase transition behavior.
TTR-NR data were collected for DPPC and d;5DPPC
samples in D,O. In this case, the analysis has been
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FIG. 1. Selected SLD profiles (view enlargement on the bilayer

region) describing the structure of the d,sDPPC bilayer at
different stages of evolution. The temperatures corresponding
to the curves are indicated in the legend (temperature increases
top to bottom). The decrease in the SLD of the hydrophobic
region (centered at z =~ 40 A) at constant temperature is visible by
comparing the profiles obtained at 35°C. For higher temper-
atures, the early melting of the distal leaflet is clearly visible.
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performed on the individual datasets. The NR signal is
dominated by the difference in scattering length density
[30] (SLD or p) between regions of the sample and the
surrounding bulk phases, D,O and silicon in the present
case. The SLD of hydrogenated phospholipids tails is
close to zero, and therefore its relative variation upon PT
is minimal. For this reason, the highest sensitivity to
temperature-induced changes was achieved by using
d7sDPPC. During TTR-NR measurements, the temperature
was changed stepwise, with 5°C steps every 22 minutes
from 25 to 40 °C and with 1 °C steps every 15 minutes from
40 to 60°C. Thermal equilibrium (within +0.1°C) was
reached in less than 2 minutes for every step and reflectivity
data corresponding to nonequilibrated states were not
included in the analysis. The temperature-time curve used
is shown in the Supplemental Material [28]. It is important
to remark that the difference in the scanning rate between
the two intervals was a consequence of the fact that the
experiment was designed to focus on the main PT. During
TTR-NR measurements, reflectivity data were recorded
with 30 second frames. This duration was judged sufficient
to provide data with sufficient statistics for the structural
analysis (see Supplemental Material for examples of TTR-
NR data [28]). Each frame was analyzed using two
approaches: once assuming a symmetric bilayer structure
and once assuming an asymmetric structure with different
properties for the two leaflets. As suggested by AFM
measurements, during the main PT (P; — L, in the present
Letter) the coexistence of domains of the two phases is
expected, either across the bilayer [11] or for every leaflet
independently [14]. As demonstrated by AFM domains in
DPPC, SLBs are expected to be nanosized, and are there-
fore much smaller than the ~10 um? coherence area of the
neutron beam [36] used for the experiments reported in this
letter. NR experiments were not conclusive on the presence
of nanosized gel or fluid domains and the possibility that
the bilayer would undergo a continuous and uniform
transformation [37] was taken into account. In both cases,
the mathematical descriptions of the SLB structure, as seen
by NR, are equivalent. In fact, in the presence of domains
much smaller than the coherence length, the total specular
reflectivity is equal to the reflectivity of a uniform sample
averaged over the illuminated area. Such a reflectivity was
computed from a set of average parameters defined
according to the generalized formula

X;=(1-@; )X} + @, X, (1)

where X is a stand-in parameter for the tail thicknesses (7,
and t,,), the water volume fraction in the headgroups (f%!,
12y and tails (f!, f/2) and the SLD of the headgroups
(Pn1» Pr2) and tails (p,;, pp). The suffixes i and f in Eq. (1)
indicate the values of a given parameter before and after the
transition. In the case of the gel-to-fluid PT the correspond-

ing values of reference are given in Table S1 in the

Supplemental Material [28]. ®;; in Eq. (1) can be
interpreted as the amount of domains of the final phase
present in the SLB at the nanoscale or, equivalently, as a
parameter describing the extent of a continuous transition.
Among fit parameters, the SLD of the tail regions p,; and
pp turned out to be the most sensitive to the changes
induced by the phase transitions. For this reason, values of
®, ; were actually obtained as

P =P
D= (2)
Pt — Pr

Through Egs. (1) and (2), an average reflectivity, to be
fitted to experimental data, was calculated. This led to the
optimization of the ®; ; parameters. For examples of TTR
fits, see the Supplemental Material [28]. Selected SLD
profiles obtained by the analysis of TTR-NR data are
shown in Fig. 1. The full set of SLD profiles are shown as a
color map in the Supplemental Material [28]. It is worth
recalling that SLD profiles are directly related to the
distribution of the different molecular species within the
SLB, and they therefore represent a structural description of
the bilayer. In the initial (+ < 5000 s, T < 40 °C) and final
(t > 15000 s, T > 55 °C) regimes, i.e., at the beginning and
end of the kinetics, the SLD profiles turned out to be
completely symmetric. While in the final regime, once the
bilayer melting was completed, the structure of the bilayer
was symmetric and did not evolve further, between 30 and
40°C it changed continuously as a function of both time
and temperature, while maintaining its symmetry. This
continuous changes are visible in Fig. 1, where three SLD
profiles measured at different times but at a constant
temperature (35°C) are compared. Such a behavior is
compatible with an isothermal PT that maintains the
symmetry of the bilayer. This clear time-evolution at a
constant temperature is also reported in Fig. 2(a). Here, the
transition extent parameter was named @y ; because the
observed transformation took place in a temperature
interval corresponding to that of the Ly — Py transition
observed for DPPC bilayers [25,38]. The current data
cannot be conclusive on the origin of such a process never
previously observed in a single SLB. However, it is worth
noting that this transition takes place in the same exact
temperature interval reported by Wu and co-workers for the
individual melting of the distal leaflets [14]. The melting
model described in Ref. [14] was tested against our data
and its likelihood turned out to be extremely low, sug-
gesting that we could discard this scenario with high
confidence. We could therefore identify an unexpected
isothermal transition that can be probably related to the gel-
to-ripple PT that was never observed in single SLBs.
Further experiments are necessary to better characterize
this process and to clarify its origin. For temperatures close
to that of the main PT in solution (assumed here to be
Py — L,), the time-dependence observed in the pretransi-
tion disappears: ®; , remained constant for both leaflets at
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FIG. 2. Time-evolution of the parameters describing the extent of the Ly — Py [®4 4, T = 35°C, panel (a)] and of the Py — L, [®p,,
T = 48°C, panel (b)] transitions. @y ; was calculated from a symmetric model while @, values were obtained assuming decoupled
leaflets [proximal leaflet, black symbols (blue); distal leaflet: gray symbols (red)].

a given temperature, as expected for a thermotropic
transition [Fig. 2(b)]. However, @, exhibited a marked
temperature dependence, which was different for the
proximal and distal leaflets: the structure of the bilayer
was clearly asymmetric between 41 and 52°C. In this
regime, the proximal leaflet experienced a delayed melting,
characterized by a +4 °C shift with respect to the melting
curve of the distal leaflet. This feature is visible in the inset
in Fig. 3 where the temperature evolution of ®;, for the
two leaflets is compared. Each point represents the average
value resulting from the analysis of 25 NR curves measured
as a function of time while keeping the temperature
constant. The main thermotropic transition was analyzed
in detail using a classical van ’t Hoff approach, also used for
the interpretation of AFM and SFG-VS data [11,13,14].
Two equilibrium constants, kq; and kg, for the proximal
and distal leaflets were defined as

AH, =266 + 8 kJ/mol

3.1x10° 3.1x10° 3.2x10° 3.2x10°
1T (K7

FIG. 3. Van 't Hoff plot describing the extent of the Py — L,
transition for proximal (black symbols) and distal (gray symbols)
leaflets. The enthalpy values obtained from the linear fits are
shown in the graph. The dashed line indicates the midpoint of the
transition. Inset: temperature dependence plot for @ , (proximal
leaflet, black symbols; distal leaflet: gray symbols).

ko = 1- (Dﬁ,a — o(=AH/RT)+(AS/R) (3)

q q)ﬂ,a

The transition enthalpy, calculated from the linear fit of
In(keq) vs 1/T according to Eq. (3), resulted AH, = 261 +
7 kJ/mol and AH, =266 £ 8 kJ/mol for the proximal
and distal leaflets respectively (the corresponding
entropy values were AS; = 814 +24 Jmol™'K~! and
AS, = 840 425 Jmol~! K=!). These enthalpy values are
larger than those commonly reported for large uni- and
multilamellar vesicles of DPPC (AH ~ 36 kJ/mol [6],
AH ~ 30 kJ/mol [39]) and this can be interpreted as an
effect of the interaction with the substrates. Similar values
were found for the distal leaflet in DPPC SLBs by AFM
measurements [13,14]. On the other hand, the enthalpy
values found in the present Letter for the proximal leaflet
are substantially lower than those resulting from the
interpretation of AFM images (AH; ~ 800-1000 kJ/mol
in Refs. [13,14]). More importantly, we did not observe any
substantial difference in the melting transition enthalpy of
the two leaflets. The only trace of structural asymmetry
induced by the substrate between the two leaflets is the
+4°C shift between the melting curves of proximal and
distal leaflets. In conclusion, the newly developed TTR-NR
method allowed us to simultaneously investigate the time-
and temperature-dependence of the structural changes
taking place in SLBs undergoing a phase transition.
Contrary to other approaches used for this type of char-
acterization, TTR-NR measurements can probe directly the
internal structure of SLBs and obtain therefore direct
information about the changes taking place in both leaflets.
Indeed, this method allowed us to distinguish two different
phase transitions that, without looking at constant temper-
ature data, would appear as a single one because of their
broadening and consecutive overlap. The first isothermal
transition was completely unexpected and further inves-
tigations will be necessary for a more detailed characteri-
zation. AFM and SFG-VS measurements showed already
the presence of a structural rearrangement process in the
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same temperature interval but, because of the lack of
information on the internal SLB structure, this process
was interpreted as the independent melting of the distal
leaflet. We have demonstrated that this transition differs
from the melting one and that takes place simultaneously in
both SLB leaflets. The main transition to the fluid phase
was broader than the one observed in freestanding bilayers
in agreement with AFM and SFG-VS results. During this
transition, the bilayer structure was characterized by a
minor, but not negligible, degree of asymmetry induced by
the presence of a solid substrate. The energy required to
melt the two leaflets was larger than that required to melt
DPPC vesicles in solution, but it did not vary between
proximal and distal leaflets, indicating a minor effect of the
solid substrate. These results are essential to better under-
stand the structural behavior in systems at low dimension-
ality, such as SLBs, and to tackle new, challenging
problems related to their structural dynamics as, e.g., the
lipid flip flop.
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