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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A mimic for solid-ordered rafts based on 
saturated DMPC phospholipid has been 
created and characterized.

• The chosen lipid mixture shows a coex
istence of So and Lα domains.

• Complementary physical techniques 
assess features and structuring of the 
mimic membrane.
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A B S T R A C T

Membrane models are widely used to mimic the behaviour of native plasma membranes and to simulate in
teractions occurring at their interface. Such models can be built up with different molecular compositions, 
ranging from single phospholipids to more complex, heterogeneous mixtures of phospho- and sphingo-lipids, 
possibly enriched with cholesterol and proteins. In particular, mixing different lipids and cholesterol is instru
mental to promote the formation of phase-separated, ordered domains, which resemble the structure of lipid 
rafts, specialized functional domains of real membranes. According to the specific lipid composition, physical 
characteristics of the rafts can be tuned, such as fluidity, strongly related to membrane biological activity. Here, 
we introduce a novel three-component membrane model constituted by the mixing of a saturated phospholipid, 
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), sphingomyelin and cholesterol to mimic the presence of 
solid ordered rafts and to study their behaviour. Differential scanning calorimetry, neutron reflectometry, and 
atomic force microscopy were synergistically applied to gain information on the membrane’s transverse and 
lateral organization, as well as on its thermotropic behaviour. The membrane model benefits from the use of 
DMPC, a lipid (i) characterized by an accessible transition temperature; (ii) saturated; (iii) fluid at physiological 
temperature and (iv) commercially available in both protiated and deuterated forms. The proposed model, along 
with the wide range of biophysical techniques employed, constitutes an ideal system to study the molecular 
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mechanisms and the physical properties that govern membrane functions, such as molecular signalling and 
membrane trafficking.

1. Introduction

Complex model bilayers are required to mimic specific membrane 
portions and domains with a distinct molecular composition and dis
tribution, present in native membranes [1]. Lipid rafts, in particular, are 
an example of membrane domains of high biological significance, 
featuring a different fluidity with respect to the surrounding membrane 
(hence the name ‘rafts’) [2–7], and responsible for several physiological 
functions [7,8]. The occurrence of lipid rafts is due to the preferential co- 
localization of molecules such as cholesterol, sphingolipids and satu
rated lipids [2,4,9], forming highly ordered domains ranging in size 
from the nano- (10–200 nm) to the microscale (>300 nm) [7]. Lipid rafts 
are surrounded by a fluid-disordered matrix [7,8]. Their time persis
tence is highly variable. Rafts are formed as a consequence of liquid
–liquid separation of lipids with different acyl chain length and 
saturation level into the membrane matrix, the driving force being 
preferential lipid-lipid or lipid-protein interaction, engaging a collective 
behaviour [10]. Sterols, with their flat and rigid structure, are well 
known to play a crucial role in liquid ordered phase formation [10,11], 
with higher preference of co-localization with sphingomyelins [12]. 
Proteins might be temporarily associated to lipid rafts, acting as initial 
players of interaction, driving cell–cell communication, budding, signal 
transduction, and cell polarization among other processes [13–16]. On 
the other hand, rafts are dynamic entities: their characteristics and 
persistence are highly influenced by the environmental conditions and 
by events occurring at cell surface as cholesterol homeostasis or lipid 
oxidation [17–19]. There is still great debate on the genesis, persistence 
time and peculiarities of rafts in living cells [20,21], and this is the 
reason why model systems are of primary importance in the field, 
allowing to understand from simpler systems what are the driving forces 
ruling the complex plasma membrane collective behaviour in physio
logical environment. The creation of suitable raft-like models to assess 
the specificity of molecular interactions, while controlling the compo
sition and distribution of components both in the lateral and the cross- 
sectional directions through a wide range of complementary, biophysi
cal techniques, is therefore of utmost importance.

The detection of rafts in model system requires a good synergy of 
short-range, i.e. microscopy (optical and/or force) techniques [22–26], 
and long-range scattering and reflectivity techniques. X-rays and, 
remarkably, neutrons have been proved to be excellent tools to spot rafts 
formation and their structural/dynamical characteristics, having the big 
advantage of leaving the system unperturbed and thus providing unique 
information on unperturbed systems [27–30].

A good model for mimicking lipid rafts is a ternary lipid mixture 
consisting of two different melting temperature lipids plus cholesterol. 
Experimental and theoretical models were developed and optimized for 
investigating the origin of domains formation and the required condi
tions for phase separation [20,31,32],studying the preferential co- 
localization within the rafts [33,34], and understanding the driving 
forces regulating membrane proteins-plasma membranes interaction 
[35–37].

Among others, well-exploited supported or bulk models are based on 
the mixing of unsaturated low Tm phospholipids with the high Tm 
sphingolipid sphingomyelin (SM) and cholesterol (Chol) [38,39]. 1,2- 
dioleoyl-sn-glycero-3-phosphocholine (DOPC) phospholipids have a very 
low gel-to fluid transition temperature (Tm = -16.5 ◦C) [40], so they 
form a fluid phase at room temperature. The mixture introduced above 
therefore presents a coexistence of liquid disordered (Lα) and liquid 
ordered (Lo) domains. Among others, our group has extensively worked 
with this membrane mimic, demonstrating first the occurrence of phase- 
separated, disordered-ordered domains, and then challenging the 

system to study the localized interaction with macromolecules/vesicles, 
by means mainly of atomic force microscopy (AFM) [35,36,41].

Beside the Lo domains, solid ordered (So) domains are also gaining 
increased importance in the rationalization of the biological mem
brane’s functionality [42,43]. So domains are stable, organized struc
tures that play a relevant role in recruiting specific lipids and proteins, 
allowing for the organization/segregation of different components 
within the membrane for intracellular transport, assembly of signalling 
platforms and for the integrity of the cell [42,43]. So domains are also 
supposed to play a role in maintaining contacts between the different 
organelles, facilitating inter-organellar crosstalk and lipid transfer [43]. 
So domains crystallize and grow/decay until they reach a critical size, 
thus corresponding to the definition of the lipid rafts as laterally mobile 
associating/dissociating entities [44]. The transition of the So domains 
to the liquid phase has low occurrence probability, requiring longer time 
scales with respect to Lo domains, being thus compatible with specific 
cellular events as protein–protein transient interactions which require 
timeframes ranging from minutes to hours to occur [42,45,46]. The gel 
state of lipids in So domains provides localised membrane stiffening, 
suggesting their relevance in defence mechanisms [47,48] not assured 
by the sole Lo domains. They contribute in fact to membrane homeo
stasis by regulating the membrane’s physical properties, such as its 
fluidity and thickness, through the action of “sense-and-response” reg
ulators [43].

Therefore, we concentrated here on proposing a novel, raft-like 
membrane mimic, presenting So domains. In particular, we paid atten
tion to design our system in a way to be widely accessible to advanced 
physical techniques, merging different spatial and time scales. Towards 
this end, we introduced 1,2 dimyristoyl phosphatidylcholine (DMPC) as 
a substitute of DOPC, used in our previous Lo domains membrane model. 
DMPC shows in fact saturated fatty acid chains and is therefore char
acterized by a quite higher Tm (24 ◦C) [49], being anyway fluid at the 
physiological 37 ◦C. In addition, it has already been widely used as a 
matrix for model membranes [50–52], being its melting temperature 
accessible by a wide range of techniques such as differential scanning 
calorimetry (DSC) [53–63] and AFM [35,36,64–67]. Another important 
advantage is the commercial availability of its deuterated form, that 
makes it a good candidate to perform neutron-based studies [35,68–70]. 
In particular, we developed and characterized a complex membrane 
model composed of DMPC/SM/Chol in the form of a supported lipid 
bilayer (SLB), displaying ‘raft-like’ domains evolving with temperature. 
All the 3 molecular constituents are shown to be exposed on the outer 
surface, thus creating a peculiar interface accessible to the incoming 
macromolecules. To characterize the membrane, we exploited here 
complementary NR, DSC, and AFM techniques, profiting from the use of 
both the deuterated and protiated forms of the DMPC phospholipid, 
according to the requirements for each technique. We describe the 
membrane phase behaviour and transverse structure at different tem
peratures, while investigating the surface morphology of this lipidic 
mixture for the first time. This platform is intended to be used as a So 
raft-rich planar membrane mimic, whose structural features can be 
accessed by a variety of state-of-the-art techniques to investigate the 
molecular details of macromolecules interaction with plasma 
membranes.

2. Materials and methods

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2- 
dimyristoyl-d54-sn-glycero-3-phosphocholine (d54DMPC) were pur
chased from Avanti Polar Lipids Co. Sphingomyelin (SM) from egg ≥ 95 
%, cholesterol (Chol) ≥ 99 % and phosphate buffered saline (PBS) were 
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purchased from Sigma Aldrich. D2O ≥ 99 % purity was purchased from 
Sigma Aldrich.

2.1. Model membranes preparation

Different model membranes were obtained according to a standard 
protocol [71]. Briefly, individual powdered constituents were separately 
weighed and combined in the following molar ratios: DMPC, d54DMPC, 
d54DMPC:SM; 2:1, d54DMPC:Chol; 2:0.15, d54DMPC:SM:Chol; 2:1:0.15 
and DMPC:SM:Chol; 2:1:0.15. Once combined, powdered lipids were 
dissolved in chloroform in glass pear-shaped flasks. Thin lipid films were 
deposited on the flasks surface while evaporating the chloroform by the 
continuous rotation of the flask. Full chloroform evaporation was then 
achieved under vacuum for 120 mins. Later, the deposited lipid films 
were put under gentle stream of humidified nitrogen for 60 mins to 
untangle the multilamellar stacks. According to their application and the 
requirements for each technique, the lipid films were then processed as 
described below.

For neutron reflectometry (NR), the lipid film of the deuterated raft 
d54DMPC:SM:Chol; 2:1:0.15 membrane model -will be denoted here as 
dRaft- was hydrated with a 150 mM NaCl H2O buffer to get a stock 
concentration of 30 mg/ml which was then freezed and thawed for 5 
cycles, then extruded 51 times through double polycarbonate filters of 
80 nm porosity using a manual extruder (LiposoFast, Avestin Inc.) to 
form large unilamellar vesicles (LUVs). Samples were stored at 37 ◦C 
above the Tm to guarantee the LUVs stability and were eventually 
diluted to a final concentration of 0.5 mg/mL just before incubation in 
the NR measurement cells for the supported lipid bilayer (SLB) deposi
tion process.

For atomic force microscopy (AFM), the lipid film of the protiated 
raft DMPC:SM:Chol; 2:1:0.15 was hydrated with 100 mM NaCl buffer, 
obtaining an initial concentration of 1 mg/mL, then freezed and thawed 
for 5 cycles and extruded through polycarbonate membranes of 100 nm 
porosity using the Avanti Polar Lipids extruder, and stored at 40 ◦C. Just 
before incubation in the AFM measurement cell for depositing the SLB, 
the LUVs were further diluted in 100 mM NaCl and 10 mM CaCl2 buffers 
according to the ratios 1:1:2 respectively, obtaining a final lipid con
centration of 0.25 mg/mL.

For differential scanning calorimetry (DSC), the lipid films of 
d54DMPC, d54DMPC:SM; 2:1, d54DMPC:Chol; 2:0.15 and d54DMPC:SM: 
Chol; 2:1:0.15 were directly hydrated to 2 % concentration with PBS 
buffer (i.e. similar to the conditions used for preparing the final SLB 
deposition for NR as will be explained next) to form lamellar membrane 
structures, which were then freezed and thawed for 5 times. Another 
lipid film of DMPC:SM:Chol; 2:1:0.15 was instead hydrated in 100 mM 
NaCl (i.e. similar to the conditions used for the SLB deposition by AFM), 
forming lamellar membrane structures, then freezed and thawed for 5 
times with no further processing or extrusion.

2.2. Deposition of the supported lipid bilayer (SLB) for NR and AFM

For NR, silicon substrates were cleaned by methanol, chloroform, 
ethanol and milli-Q water (by sonication for 10 min in each solvent) and, 
just before closing the cells, UV-Ozone cleaning for 30 min. The dRaft 
LUVs prepared in NaCl H2O were injected onto the clean bare silicon 
substrate cell from which a reflectivity spectrum was previously 
measured such that the silicon oxide layer of the solid support could be 
characterised. dRaft LUVs were incubated in the presence of this clean 
surface within flow cell for 45 min at 37 ◦C [72,73]. During the LUVs 
incubation, reflectometry measurements at the 0.6◦ angle were recorded 
every 3 mins to study the kinetics of the SLB formation on the silicon 
support. After the 45 min of incubation, the excess unfused LUVs were 
flushed away by 20 mL of H2O at a rate of 1.5 mL/min and then the 
solvent was changed to H2O PBS. NR spectra were measured at 37 ◦C 
and 17 ◦C at the two incoming angles 0.6◦ and 2.3◦ for the supported 
dRaft bilayer in 3 solvent mixtures with different SLDs, namely; H2O 

PBS, SiMW (Silicon Matched Water) PBS (i.e. a mixture of H2O:D2O; 62 
%:38 % such that the scattering length density − SLD- is equal to that of 
Silicon) and D2O PBS. Decreasing the temperature from 37 ◦C to 17 ◦C 
was achieved by reducing 2 ◦C every 10 mins and NR spectra were 
recorded in D2O PBS at the intermediate temperatures of 31 ◦C, 25 ◦C, 
21 ◦C. For comparison, another deposition of the same dRaft SLB 
composition was measured in a second cell in the same 3 solvent mix
tures, only at 37 ◦C and 17 ◦C.

For AFM, the standard protocol for the vesicles fusion for obtaining a 
planar SLB was achieved by depositing 50 μL of the LUVs final con
centration on a freshly cleaved mica substrate (Nano-Tec V-1 grade, 10 
mm diameter, 0.15 − 0.21 mm thickness), incubated at 50 ◦C for 20 min, 
then slowly cooled down to 45 ◦C by 0.07 ◦C/s rate. The excess unfused 
vesicles were carefully washed away with NaCl buffer 100 mM. The SLB 
on mica was properly sealed in a temperature-controlled AFM cell, that 
was then cooled down to 17 ◦C by 0.02 ◦C/s rate, before starting im
aging. Temperature was then increased by 0.02 ◦C/s rate and a set of 
AFM images at selected temperatures were acquired during the heating 
ramp while stopping for the membrane to stabilize at the chosen tem
perature checkpoints, passing by the membrane transition temperatures 
for imaging the SLB following the formation of the gel-domains.

2.3. Neutron reflectometry (NR) measurements and data analysis

NR provides information about the buried structure of the investi
gated sample along its transverse direction. In neutron-based experi
ments, deuterated phospholipids (here DMPC) are used to enhance the 
visibility of other protiated lipids (here SM and Chol) present in the lipid 
bilayer giving an estimation of their lateral/cross distribution [30,71] in 
the membrane. The NR measurements were performed on the Offspec 
vertical reflectometer at the ISIS Neutron and Muon Source, Oxford
shire, UK, in TOF mode, utilising both a constant resolution Δqz/qz = 4 
% and projected 60 × 30 mm footprint on the sample, with incident 
wavelengths λ ranging between 1.5–14 Å, at two incoming angles θ of 
0.6◦ and 2.3◦. During the measurement, the reflectivity R(qz), which is 
the ratio between the intensities of the specular reflected and incident 
neutron beams, is measured as a function of the momentum transfer (qz) 
perpendicular to the interface. The momentum transfer qz = 4πsinθ

λ , 
where θ is the incident neutron beam angle and λ is the neutron wave
length. The information on the structural composition of the sample 
layers is thus given by the function ρ(qz) which is the Fourier transform 
of the scattering length density (SLD) profile ρ(z) that depends on the 
coherent scattering length contributions (bc) of N atoms within a mo

lecular volume Vm, as given by the equation SLD = ρ(z) =

∑N
i=1

bc

Vm
. The 

reflectivity R(qz) is therefore related to the SLD by the equation; 

R
(
qz
)
≈ 16π2

q4
z

⃒
⃒
⃒
⃒

∫ dρ(qz)
dz eiqzzdz

⃒
⃒
⃒
⃒

2
. In cases where domains smaller than in

strument’s coherence length are present on sample surface, the 
measured reflectivity represents an average of the contributions across 
the interface illuminated by the beam [74]. Here, as observed by AFM 
(see results section), domains are present, whose size is substantially 
below the neutron beam coherence length (tens of microns). Therefore, 
here, layers SLD was accounted for as laterally uniform. The NR data 
were analysed by the open-source Python script Anaklasis [75]. It allows 
the study of the specular neutron reflectivity by fitting the model NR 
curves against the experimental data sets. Therefore, it enables the 
calculation of the parameters characterizing the different layers 
constituting the model membrane, such as the thickness, SLD, roughness 
and solvent penetration. The approach used to reduce the overall model 
uncertainty, was applied by simultaneously fitting the different NR 
curves of the dRaft SLB from the solvent-contrast-variation series 
[76,77]. The NR spectra were fitted concurrently in the 3 mixtures of 
H2O and D2O with different SLD, assuming the subsequent layers to be: 
silicon oxide (SiO2), thin water layer, the SLB membrane model as (inner 
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heads/inner tails/outer tails/outer heads) and the outer bulk solvent 
layer. For the estimation of confidence intervals of the fitted model 
parameters and for identifying any potential correlations between free 
parameters, we performed a Bayesian MCMC sampling of the system as 
implement in the Anaklasis package [75]. In the SLD profile plots the 95 
% confidence intervals are depicted by lighter color shade around the 
mean curve. Preliminary analysis of NR data indicated the best fits were 
achieved with symmetric lipid distributions on each leaflet of the 
bilayer. All subsequent analysis therefore constrained the bilayer to be 
symmetric in composition to reduce the parameter space.

2.4. Differential scanning calorimetry (DSC) measurements

Differential scanning calorimetry (DSC) was performed to investi
gate the thermotropic behaviour of the different membrane models, in 
order to discriminate their different phase behaviours and the separate 
effect of each component when being mixed with the d54DMPC. DSC was 
carried out using a non-commercial double differential scanning calo
rimeter instrument (MASC) manufactured in the laboratories of the 
Istituto per i Processi Chimico-Fisici (IPCF) at the CNR of Pisa, Italy [78] 
that can access temperatures ranging from − 20 to 200 ◦C with a tem
perature sensitivity of 0.002 ◦C, and power sensitivity of ±30 µW. This 
calorimeter consists of 2 identical cells where 2 glass capillaries are 
used, one containing the sample solution and the other with the water 
reference. The specific heat capacity Cp of the sample is therefore 
measured by computing the difference between the power supplied to 
the 2 measuring cells due to a controlled change of temperature over 
time. The model membrane samples were submitted to temperature 
cycles ranging from 5 ◦C to 60 ◦C at a scan rate of 1 ◦C/3 min, in cooling 
and heating modes. At the beginning of the measurement, a 60 mins 
isotherm was set at 60 ◦C to provide the sample and the instrument 
enough time to reach the thermal equilibrium. Afterwards, isotherms of 
3600 sec were set before each cooling and heating cycles.

2.5. Atomic force microscopy (AFM) measurements

Atomic force microscopy (AFM) was performed to monitor the 
temperature-induced phase transition of the raft SLB model and to 
visualise the phase separation occurring in the membrane fluid phase. 
To prepare the raft model for the AFM imaging, protiated DMPC was 
used instead of the deuterated DMPC due to its better convenience for 
this kind of imaging experiment where the protiated lipids are 
commonly employed [64,67,79,80]. Incubation and imaging of the SLB 
was performed in a temperature-controlled cell on the AFM microscope 
(Cypher VRS1250 from Oxford instruments, Asylum Research), at 
different selected temperatures, passing through the transition temper
atures of the model membrane. For the image acquisition, micro canti
lever (BL-AC40TS-C2 from Olympus) with nominal resonant frequency 
f=110 kHz, and spring constant k=0.09 N/m was used in the AC liquid 
imaging mode. Images were acquired with 512 × 512 points & lines at 
1.45 Hz scan rate. Image analysis was performed by Gwyddion software 
V.2.58 and Origin Pro2023b.

3. Results and discussion

3.1. Transverse structure of the lipid raft mimic by neutron reflectometry 
(NR)

Creating supported lipid bilayers (SLB) models with a given lipid 
composition and leaflet asymmetry, designed to replicate specific cell 
membrane conditions, is a complex task, and requires precise structural 
and morphological characterization. In particular, it is critical to un
derstand the distribution of the model membrane’s single components 
both transversely and laterally. Towards this goal, we applied NR to 
investigate the transverse distribution of the components in the surface- 
supported dRaft model. Specifically, the membrane was made of 

d54DMPC:SM:Chol 2:1:0.15 mol, where deuterated DMPC was used to 
distinguish it from cholesterol (Chol) and sphingomyelin (SM), inside 
the phospholipid leaflets, according to their different scattering length 
density (SLD) values, as presented in Table 1.

The time necessary for the formation of a SLB from the LUVs, as well 
as the final distribution of components within the two membrane leaf
lets, is substantially dependent on the lipidic composition, lipid- 
substrate, and lipid-lipid interaction, as well as on the different lipid 
packing phases [85]. The kinetics of the dRaft SLB formation onto the Si 
substrate was found to be very fast as a high intensity neutrons reflection 
was observed already at the first NR collection, roughly 3 mins after the 
LUVs injection into the measuring cell (see Fig. S1), to indicate the 
formation of the dRaft SLB. The dRaft SLB deposition was tested by 
injecting the dRaft LUVs, suspended in 150 mM NaCl buffer and incu
bated onto the silicon (Si) face inside the measuring cell at 37 ◦C for 45 
mins, while neutrons reflected on the detector at 0.6◦ were collected 
every 3 mins, to follow the LUVs’ fusion process. The reflected intensity 
at 0.6◦ has remained stable during the full incubation time and after 
flushing any excess of unfused liposomes. Consequently, this indicates 
the highly efficient and rapid fusion of the current dRaft LUVs to form 
SLB, in comparison to another previously studied GM1-loaded mimic 
where the full interval of 45 mins was necessary for the LUVs to fully 
fuse on the Si support forming the SLB [71].

After fusion, full reflectivity curves were collected from the depos
ited membranes at varying temperatures in the 3 H2O-D2O mixtures 
with different SLDs. The experiment was repeated twice, to check for 
reproducibility and it was found that both SLB depositions had a very 
high coverage (97 % in one case, and 95 % for the second membrane 
deposited).

Detailed fit of the reflectivity spectra of the dRaft SLB at 37 ◦C and 17 
◦C, respectively, by anaklasis software and the corresponding SLD pro
files in the 3 H2O-D2O mixtures are shown in Fig. 1. Best fit parameters 
are reported in Table 2 (for the 1st SLB deposition) and in the SI, Table 
S1 (for the 2nd SLB deposition, respectively).

Data analysis unveils that the membrane SLD and thickness are 
symmetric with respect to membrane centre, indicating that Chol and 
SM symmetrically arrange within the two d54DMPC leaflets matrix. 
Specifically, hydrophobic portion was found to be 4.25⋅10− 6 Å− 2 at 37 
◦C and 4.57⋅10− 6 Å− 2 at 17 ◦C, in full agreement with the theoretical 
SLD of the used lipid mixture. We then followed membrane stability and 
transverse structure at varying temperatures. Between the two deposited 
membranes, we selected the first dRaft SLB (the one having a better 
support coverage deposition) to collect reflectivity at the intermediate 
temperatures of 31 ◦C, 25 ◦C, and 21 ◦C. Since in this temperature range 
the membrane undergoes the melting phase transition and is therefore 
expected to be unstable, reflectivity spectra were collected in one sol
vent only, namely D2O, to have a better contrast from the protiated 
components (lipid heads, SM and Chol). The corresponding spectra are 
reported in Figs. S2 and S3, together with their best fits.

The SLD profiles obtained from the best fittings lines at all investi
gated temperatures are shown in Fig. 2a. Moreover Fig. 2b highlights 
the correspondence between the SLB heads and tails regions on the SLD 
profiles as derived from the data fitting and serves as a guide for data 
interpretation. The corresponding best fit parameters for the dRaft SLB 
layers’ thicknesses, SLDs and solvent penetration values at the different 
temperatures are reported in Table 2.

As appears from Table 2, upon lowering the temperature, the overall 
thickness of the SLB increased, as expected, mainly due to the thickening 
of the hydrophobic alkyl chains. In particular, the full bilayer thickened 
from 43 Å to 50 Å upon decreasing the temperature from 37 ◦C to 17 ◦C. 
In the same temperature interval, the hydrophobic chains contribution 
went from 27 Å to 34 Å. The SLD of the alkyl chains, inversely pro
portional to the chains molecular volume VTails, changed accordingly 
from 4.25 ± 0.01 e-6 Å− 2 to 4.57 ± 0.02 e-6 Å− 2. This is in agreement 
with a transition to the gel phase, which has been already reported also 
in the presence of low concentrations of cholesterol [81]. According to 
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extensive literature [86], as the lipid polar portions are fully hydrated, 
they are assumed to have a constant volume VHead in the whole tem
perature range investigated. Upon lowering the temperature, the 
membrane layers’ solvent penetration was also found to increase by 
roughly 12 %, in total volume. Such an increase is intended to be 
associated to reduced volume per lipid, with thicker chains and smaller 
area per headgroup, going from the fluid to the gel phase, which causes a 
lateral contraction of the area occupied by the lipids, leaving more 
volume free to water penetration. The rising of similar defects will be 
seen by AFM images after the first jump to low temperature (see Fig. 6a 
below).

As already mentioned, the dRaft SLB deposition experiment was 
performed in duplicate, to test for reproducibility, where both mem
branes have been found to present a symmetric deposition of compo
nents between the two leaflets. The NR spectra relative to the second 
deposition in the 3 H2O-D2O mixtures at 37 ◦C and 17 ◦C presented very 
similar results to the first deposition, as shown in Fig. S5, together with 
best fitting parameters presented in Table S1. Again, data analysis has 
showed a symmetrical distribution of the SLB components with similar 
SLD profiles, and an increase in the total SLB thickness from 44 Å at 37 
◦C to 52 Å at 17 ◦C.

We would like to remind the relevance of tracking the components 
transverse distribution within SLB. In many biological/medical appli
cations, where cells are exposed to drugs, nanovesicles, or interacting 

macromolecules, it is in fact extremely important to determine the exact 
composition of the leaflet exposed to the outside bulk water, facing the 
incoming interacting molecules. The different lipid species are expected 
to cooperatively tune the interactions with the incoming molecules [35]. 
In the current case, we witnessed a symmetrical distribution of the dRaft 
SLB components, which is in contrast with former neutron reflectometry 
measurements performed on bilayers of different composition [87,88]. 
For example, the presence of the GM1 ganglioside, asymmetrically ar
ranged in the membrane, induced a “non-spontaneous”, asymmetric 
distribution of cholesterol between the bilayer leaflets [87], as a 
consequence of the direct, specific molecular interactions between 
cholesterol and GM1 itself.

3.2. Phase behaviour of the lipid raft mimic by differential scanning 
calorimetry (DSC)

The thermodynamics and thermotropic behaviour of the 4 mem
brane sub-models in the multilamellar state were investigated by per
forming DSC. Single component, double and ternary lipid mixtures, 
namely d54DMPC, d54DMPC:SM 2:1, d54DMPC:Chol 2:0.15 and 
d54DMPC:SM:Chol 2:1:0.15, − where proportions are expressed in terms 
of molar ratios- were identified in order to go from simple systems to the 
final complex dRaft model studied in the NR experiments. The DSC 
cooling thermograms of the 4 model membranes in PBS buffer are shown 

Table 1 
Partial molecular volumes and SLDs of the model membrane’s single components at temperatures high above their transition temperatures (TH), and low below their 
transition temperatures (TL), respectively, as calculated from literature data [81–84].

Component Chemical formula VL (x = 0) (Å3) xc VL (x < xc) (Å3) VC (x < xc) (Å3) VHead, VTail (Å3) SLDHead, SLDTail (e-6 Å− 2)

d54DMPC (TH) Head: C10H18NO8P Tail: C26D54 1099.4 0.240 1099.6 ​ 319, 780.4 1.88, 6.83
d54DMPC (TL) 1045 ​ ​ ​ 319, 726 1.88, 7.34
SM (TH) Head: C8H19N2O6P Tail: C31H62 ​ 0.269 1233.1 ​ 324, 909.1 1.37, − 0.28
SM (TL) 1175.6 0.200 1175.6 ​ 324, 851.6 1.37, − 0.30
Chol (TH) C27H46O ​ ​ ​ 575.2 ​ 0.23
Chol (TL) ​ ​ ​ 621.8 ​ 0.21

VL is the partial molecular volume of the lipid alone or when mixed with cholesterol, VHead is the partial molecular volume of the lipid head group, VTail is the partial 
molecular volume of the lipid tail and VC is the partial molecular volume of cholesterol, xc is the mole fraction of cholesterol. SLDHead is the scattering length density of 
the lipid head, SLDTail is the scattering length density of the lipid tail, while the volume and SLD for cholesterol are calculated for the molecule as a whole.

Fig. 1. Best fittings for the NR spectra of the main dRaft SLB at 37 ◦C and 17 ◦C. Best fit (lines) for the NR spectra (dots) of the dRaft SLB at 37 ◦C (a) and 17 ◦C (b) in 
the 3 water solvents (D2O in black, SiMW in blue and H2O in green). The H2O and SiMW reflectivity curves are shifted down on the vertical axis, with respect to D2O 
reflectivity, each by a factor 10− 3, for the sake of clarity. Solvent penetration percentage is shown in yellow (right axis) together with the respective SLD profiles (left 
axis) at 17 ◦C (c) and 37 ◦C (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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in Fig. 3. Indeed, the dRaft model demonstrated a complex behaviour 
during its broad transition. To allow easier thermograms comparison, 
data are reported as ΔCp, that is the excess Cp registered during the 
phase transitions, with respect to the systems’ Cp before and after the 
phase transition.

The main phospholipid used in this dRaft model is d54DMPC which is 
known to have a Tm around 19 ◦C, about 4 ◦C lower than the protiated 
DMPC [89,90]. It is also noteworthy to mention that the calorimetric 
data on deuterated d54DMPC based systems are actually scarce in the 
literature. The main transition of d54DMPC in PBS buffer (Fig. 3 black 
thermogram) appeared indeed to be in very good agreement with values 
stated for the lamellar phase of deuterated DMPC in literature [89], with 
a very sharp transition peak (full width at half maximum, FWHM = 0.3) 
at Tm = 18.9 ± 0.1 ◦C, with a transition enthalpy ΔH = 35 ± 1 J/g and a 
maximum heat capacity ΔCpmax = 94 ± 1 J/gK. Regarding the phase 
behaviour of this single component d54DMPC model, there should be 
two main phases depending on the Tm: the gel phase designated as tilted 
gel or ripple gel phase (Pβ or Pβ’), below the stated Tm, and the liquid 
crystalline (Lα) phase above the Tm [91].

Regarding the effect of adding sphingomyelin (SM) to d54DMPC, 
previous studies have shown that the SM bilayers alone exhibit a main 
transition centred around Tm = 38 ◦C with a peak broadness of 4 ◦C. This 
broadening is expected due to the variation in chain lengths found in the 
naturally extracted egg SM [92]. Earlier research has also showed that, 
due to their similar hydrogen bonding properties, SM can almost ideally 
mix with DMPC [33]. Here the thermogram of d54DMPC:SM 2:1 model 
(Fig. 3 green), shows a broad enthalpic peak with a Tm centred at 26 ◦C 
(FWHM = 4.2 ◦C) with ΔCp max reduced to 6.2 ± 0.1 J/gK. The tail with 
associated low enthalpy observed at higher temperature possibly points 
to a coexisting minor contribution of SM enriched domains, as supported 
by previous observation on binary lipid mixtures [93]. Considering the 
melting temperature of the main peak, shifted by 7 ◦C from the very 
sharp transition at 18.9 ± 0.1 ◦C observed for the pure d54DMPC and by 
about 12 ◦C from Tm of egg SM, a very good agreement is found with the 
estimated average temperature obtained for highly mixed DMPC:SM 
2:1. Moreover, the measured ΔH of 34 ± 1 J/g (total lipid) is in good 
agreement with a theoretical weighted average enthalpy for the 
d54DMPC:SM 2:1 model, pure SM having an enthalpy of transition ΔH, 
of 30 J/g [94], that yields ΔH of 33.3 J/g.

Then, regarding the cholesterol (Chol) effect, the extensive literature 
on the phase diagrams of binary mixtures consisting of a pure DMPC and 
Chol between about 5 mol% and 30 mol% [95–97], indicates the 
coexistence of two phases. Above Tm, a liquid-ordered (Lo) phase and a 

Table 2 
Best fit parameters for the NR curves of the dRaft model membrane collected in 1 to 3 contrast waters at different temperatures of 37, 31, 25, 21 and 17 ◦C, respectively, 
while cooling. Fig. S4 shows the confidence intervals for the fitting’s parameters.

Temperature (◦C) dRaft SLB layers Thickness (Å) Full Thickness (Å) SLD (10− 6 Å− 2) Solvent penetration (% vol) Roughness with previous layer (Å)

37 Heads inner 8 ± 1 43 1.70 ± 0.1 15 ± 1 5 ± 1
Tails inner 13 ± 1 4.25 ± 0.1 2 ± 2 5 ± 1
Tails outer 14 ± 1 4.25 ± 0.1 4 ± 1 5 ± 1
Heads outer 8 ± 1 1.70 ± 0.1 20 ± 3 5 ± 1

31 Heads inner 8 ± 1 44 1.70 ± 0.4 16 ± 4 5 ± 1
Tails inner 14 ± 1 4.32 ± 0.4 5 ± 3 5 ± 1
Tails outer 14 ± 1 4.32 ± 0.3 10 ± 2 5 ± 1
Heads outer 8 ± 1 1.70 ± 0.3 24 ± 3 5 ± 1

25 Heads inner 8 ± 1 46 1.70 ± 0.3 18 ± 5 5 ± 1
Tails inner 15 ± 1 4.44 ± 0.4 9 ± 6 5 ± 1
Tails outer 15 ± 1 4.44 ± 0.4 14 ± 6 5 ± 1
Heads outer 8 ± 1 1.70 ± 0.3 27 ± 4 5 ± 1

21 Heads inner 8 ± 1 48 1.70 ± 0.3 19 ± 5 5 ± 1
Tails inner 16 ± 1 4.51 ± 0.3 11 ± 5 5 ± 1
Tails outer 16 ± 1 4.51 ± 0.3 19 ± 5 5 ± 1
Heads outer 8 ± 1 1.70 ± 0.3 29 ± 3 5 ± 1

17 Heads inner 8 ± 1 50 1.70 ± 0.3 22 ± 4 6 ± 1
Tails inner 17 ± 1 4.57 ± 0.1 14 ± 5 6 ± 1
Tails outer 17 ± 1 4.57 ± 0.2 21 ± 4 6 ± 1
Heads outer 8 ± 1 1.70 ± 0.3 31 ± 2 6 ± 1

Fig. 2. SLD profiles of the main dRaft SLB at all measured temperatures in D2O. 
The SLD profiles of the dRaft SLB show (a) SLD profiles of the dRaft membrane 
at 37 ◦C in red, 31 ◦C in orange, 25 ◦C in yellow, 21 ◦C in green, and 17 ◦C in 
blue. (b) Graphic sketch to guide the eye in assessing the correspondence be
tween hydrophilic head and hydrophobic tail regions of the SLB and its SLD 
profile. These analyses indicate that the deposition of such a complex bio
mimetic membrane model is feasible, allowing the fabrication of a single sup
ported bilayer which is symmetric in composition across the tested 
temperatures, and shows a thinning with increased temperature. Note that 
while three bulk solution contrasts were measured at 37℃ and 17℃ and in
termediate temperatures were measured only D2O, only D2O data are shown for 
clarity. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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liquid-disordered (Lα) fluid phase are found to coexist, while upon 
decreasing the temperature below the Tm, a rigid gel phase (also indi
cated as solid ordered So) is found still coexisting with the Lo phase 

[95,97]. It was also previously verified that upon mixing cholesterol 
with a pure phosphatidylcholine phospholipid, cholesterol slightly re
duces the main Tm of the pure phospholipid system and largely reduces 

Fig. 3. DSC thermograms of lamellar systems of the dRaft model membrane and its separate components. d54DMPC (black), d54DMPC:SM; 2:1 (green), d54DMPC: 
Chol; 2:0.15 (red) and d54DMPC:SM:Chol; 2:1:0.15 (blue). Data were collected at a scan rate of 1 ◦C/3 min, in cooling mode. The insert shows the full spectra shifted 
on the y-axis for better visualisation. Data are reported as ΔCp, that is the excess Cp registered during the phase transitions, with respect to the systems’ Cp before and 
after the phase transition. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Deconvolution of the DSC thermogram of the dRaft model membrane. Data were collected with a scan rate of 1 ◦C/3 min, in cooling mode. Overlaid points 
correspond to the SLB thicknesses observed by NR upon decreasing temperatures. Blue circles show the full bilayer thickness, green squares show the hydrophobic 
bilayer thickness measured by NR while cooling at temperatures of 37, 31, 25, 21, 17 ◦C. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)
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the ΔH in an amount dependent fashion [98–100]. The ΔH of the 
currently investigated d54DMPC:Chol 2:0.15 mixture (Fig. 3 red ther
mogram), has indeed reduced to 22 ± 1 J/g. The shape of the enthalpic 
peak was also no longer symmetric in presence of cholesterol, indicating 
a phase inhomogeneity. Specifically, the peak seemed to be the 
composition of two peaks, indicating that lipids in different states were 
undergoing the transition at different temperatures. A sharp transition of 
low-cholesterol Ld domains appeared at a temperature of 18.7 ± 0.1 ◦C, 
slightly lower than that of the pure phospholipid, in addition to another 
broad transition peak centred at higher temperature of 19.4 ± 0.1 ◦C, 
involving higher-cholesterol contents domains. The sharper peak 
occurring at lower temperature very similar to the pure d54DMPC Tm 
(18.9 ± 0.1 ◦C) is therefore assumed to be associated to the phospholipid 
domains containing very low molar fractions of cholesterol.

The ternary mixture of the dRaft lamellae d54DMPC:SM:Chol 
2:1:0.15, has exhibited a rather complex phase behaviour, with a ther
mogram, reported in Fig. 3 (blue thermogram), showing a main 
enthalpic peak centred around 24 ◦C, followed by a very broad peak 
extending until 40 ◦C. It is rather clear that this mixture exhibits a large 
enthalpic peak area. This indicates the tendency of components to 
separate, at high temperatures, into more-rigid domains, plausibly 
enriched in sphingomyelin and cholesterol, while the phospholipids 
enriched regions contribute mainly to the less rigid domains [101], 
where cholesterol is the agent causing the phase separation. The total 
transition enthalpy (ΔH) of the dRaft lamellae was found to be 38 ± 1 J/ 
g, as close to the theoretical weighted average contribution of the main 
components.

To evaluate the contribution of the two phases, peaks deconvolution 
into 2 distinct Lorentzian curves was performed as shown in Fig. 4. The 
sharp main first transition peak at 24 ◦C was associated to a deconvo
luted peak with FWHM = 1.7 ◦C. The increase in Tm and width broad
ening of this peak compared to the pure d54DMPC could be attributed to 
the presence of SM, as for the binary mixture, though in low proportion. 
On the other hand, the bigger broadness of the second contribution peak 
centred at around 28 ◦C with FWHM = 7.5 ◦C suggested the multiform 
molar composition DMPC/SM/Chol of the more ordered/gel fraction of 
the system. The shift of the melting event to a temperature higher than 
that of the d54DMPC/SM binary mixture, accredits domains that could 
be highly enriched with SM above the 2:1 ratio. According to phase 
diagrams of other related ternary mixtures [102], the current raft 
composition could be assumed to have a coexistence of a liquid- 
disordered Lα phase with a rigid-ordered gel So phase.

It could be observed that the effect of cholesterol addition, even in 
low proportion, has caused the dropping of the ideal mixing of the 
d54DMPC/SM binary mixture to a phase separated mixture. The 
conserved ΔH with respect to the binary mixture denotes that the Lo 
phase is not present (differently than in the investigated d54DMPC:Chol 
2:0.15 system). All lipid chains undergo phase change from gel to fluid 
states but pertaining to two different domains, enriched, or depleted in 
SM, as the transition occurs in two steps. Consequently, above the first 
(24 ◦C) melting, the thermogram has showed a large temperature in
terval of gel-fluid coexistence (from about 25 to 35 ◦C), while at 40 ◦C 
the system has entirely transitioned to a fluid phase. The colocalization 
of cholesterol in the SM enriched/depleted domains or at the domains 
border is un-demonstrated here, however speculation from the literature 
would suggest the preferential cholesterol co-localization with sphin
gomyelin (SM) even in the presence of a phospholipid with an equal acyl 
chain order [103].

Significant comparisons between thermodynamical and structural 
insights on the bilayer allow understanding the ternary mixture features. 
Fig. 4 also shows the correlation between the changes in the bilayer 
thicknesses and the thermogram of the dRaft model. The full and hy
drophobic bilayer thicknesses obtained from the NR measurements at 
the investigated temperatures of 37 ◦C, 31 ◦C, 25 ◦C, 21 ◦C and 17 ◦C, 
represent the thickening of the bilayer upon reducing the temperature 
along the fluid-to-gel chains phase transition. NR effectively measures 

the weighted average thicknesses of any coexisting regions across a 
phase transition. Therefore, rather than observing a step decrease in 
thickness as the temperature increases across a sharp Tm, a more gradual 
thinning is observed across the whole of the transition as a greater 
proportion of the bilayer exists in a fully fluid phase, showing excellent 
agreement between structural and thermodynamic data.

3.3. Morphology and domains organisation in the lipid raft mimic by 
atomic force microscopy (AFM)

AFM is a unique technique to visualize the lateral morphology of flat 
systems as supported membranes, and to detect the formation of phase 
separated domains with different nanometric thicknesses [104–107]. 
We have applied the technique to the protiated raft mimic SLB system in 
an attempt to visualise the temperature induced phase transition of the 
raft model and to verify the features and the evolution of the phase- 
separated, coexisting fluid and gel domains described by DSC. Addi
tionally, for the sake of comparison, a DSC analysis of this raft model 
DMPC:SM:Chol 2:1:0.15 in molar ratios, in 100 mM NaCl buffer, (i.e. as 
in the same conditions of AFM measurements), was performed and is 
reported in Fig. S6. The measured thermogram had very similar shape to 
that referred to the deuterated model, but transition temperatures were 
slightly increased, by 1.5 ◦C, in agreement with the higher Tm of the 
DMPC compared to d54DMPC.

Fig. 5 shows a series of 1.5 μm × 1.5 μm field size AFM images of the 
raft SLB while increasing the temperature at a rate of 0.02 ◦C/s, with 5 
mins equilibrium time at each selected temperature step. As discussed in 
the SLB deposition process, it was first deposited at high temperature 
(40 ◦C), in the fluid phase; subsequently,the temperature was decreased 
down to 17 ◦C. At 17 ◦C in Fig. 5a, the SLB was almost complete with the 
presence of scattered pores, visible as dark spots. Zones of uncovered 
mica at 17 ◦C are consistent with the specific volume decrease and 
membrane thickening upon decreasing the SLB temperature from 40 ◦C. 
This is also in accordance with the reported NR analysis, where a higher 
solvent penetration was witnessed at 17 ◦C. Membrane pores deepness 
was exploited to evaluate the thickness of the raft in its gel phase 
[79,80,105,107]. A proper mask for all the pores in the SLB topographic 
map at 17 ◦C (Fig. 5a) was applied by Gwyddion software, obtaining an 
average SLB thickness equal to 51 ± 6 Å, in perfect agreement with the 
values of the 50 ± 1 Å and 52 ± 1 Å obtained from NR data analysis. The 
larger uncertainty, compared to NR data, can be likely attributed to the 
starting process of phase separation marked by the formation of small 
grooves, with typical depths around 2 Å, as shown in Fig. 6a,b.

Fig. 6a represents a zoom-in of 0.8 μm × 0.8 μm of the image Fig. 5a, 
aiming at highlighting the morphological details of the intricate network 
of extended, dark grooves delimiting islands of lighter color. Grooves 
appear as deep as about 2 Å, with respect to the broader islands, as 
shown from the line profile in Fig. 6b. Similar islands were observed in 
previous studies of SLB by AFM [79,105,107,108], and interpreted as 
lipids in the gel phase, in contrast with the darker grooves formed by 
lipids in the fluid phase.

By increasing the temperature of the SLB from 21 ◦C up to 25 ◦C 
(Fig. 5b-d), the grooves appeared to persist while the membrane pore 
defects were seen to shrink as the bilayer was laterally expanding on the 
mica. The grooves became more evident as deep as about 2.5 Å, upon 
increasing the SLB temperature to 25 ◦C, a value in the proximity of the 
melting of the less ordered phase, as observed by DSC. An increased 
value of Tm measured by AFM, is consistent with the different lipid 
conditions, i.e. solid-supported in AFM vs. bulk state in DSC: the pres
ence of a solid interface is in fact stabilizing the phospholipid gel phase 
more than in bulk [104,107]. After melting, the system manifested the 
phase separation of the more-ordered gel-like SM/Chol enriched do
mains within the more fluid melted regions less enriched with SM/Chol. 
The broad melting process of the ordered gel domains, seen by DSC to 
occur up to 31 ◦C, is also confirmed by AFM for the surface-supported 
membrane. Details of the ordered gel domain height profile can be 
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Fig. 5. AFM images of the formation of domains in the protiated raft SLB mimic. The membrane mimic presented here made of DMPC:SM:Chol; 2:1:0.15 M ratio, 
deposited on mica following the formation of the more ordered gel domains within the disordered phase, upon increasing the temperature: (a) 17 ◦C, (b) 21 ◦C, (c) 23 
◦C, (d) 25 ◦C, (e) 27 ◦C, (f) 27.5 ◦C, (g) 28 ◦C, (h) 28.5 ◦C, (i) 29 ◦C, (j) 29.5 ◦C, (k) 30 ◦C, (l) 31 ◦C, field size = 1.5x1.5 μm, scale bar: 0.5 μm. Detailed line profiles are 
shown in Fig. S7.

S. Helmy et al.                                                                                                                                                                                                                                   Journal of Colloid And Interface Science 690 (2025) 137333 

9 



further seen in Fig. 6c which shows a topographic AFM image of the 
ordered domains at 29 ◦C and a corresponding domain line profile 
Fig. 6d, where the ordered gel domain is shown to have an average 
excess height of 6 ± 1Å.

Previous AFM imaging of supported DMPC bilayers [64] showed the 
formation of coexisting phases at varying temperatures during the phase 
transition. In our case, the ternary SLB mixture undergoes a two-step 
transition as seen by DSC, where the first sharp event is followed by 
an extended temperature range of coexisting fluid and gel phases per
taining to SM-depleted (less enriched) and SM-enriched domains, 
respectively. In our AFM experiments, the raft SLB temperature above 
27 ◦C was changed in steps of 0.5 ◦C to monitor the subtle changes of the 
SLB morphology in this region.

Fig. 7 shows a superposition of the raft model thermogram obtained 
by the DSC measurement at the same conditions used for the AFM im
aging, with the number and size of ordered domains observed by AFM 
along the melting phase transition. The full transition of DMPC into its 
liquid crystalline disordered phase was very broad, starting from 17 ◦C 
until 27 ◦C, and the ordered gel domains mainly rich in SM, only started 
to appear as thicker domains after the transition of the DMPC rich do
mains was concluded. Then, at increasing temperature, the ordered 
domains, less prone to melt, possibly move through the melted lipids 
and coalesce into larger regions, decreasing in number.

In the current raft model, the transition temperature of the DMPC 
region with the SM/Chol low enriched regions, measured by AFM, and 
the one in the MLV system, investigated by DSC, were only slightly 
shifted one with respect to the other. On the contrary, previous studies 
on the phase transition of pure DMPC showed that the melting of MLVs 
was not reproduced for supported membrane with a large shift of Tm to 
higher value, where a loss of cooperativity was suggested for the 

Fig. 6. AFM topography of the raft SLB at 17 ◦C (upper panels) and 29 ◦C (lower panels). Upper panel: scale bar: 0.2 μm, showing: (a) The appearance of grooves on 
the SLB surface, (b) The line profile of a groove. Lower panel: field size of 2x2 μm, scale bar: 0.5 μm showing: (c) The topography of the rafts ordered domains, (d) The 
line profile of a raft domain.

Fig. 7. DSC thermogram of the raft model made of DMPC:SM:Chol; 2:1:0.15 in 
molar ratio, in heating cycle, in comparison to the number and mean size of the 
ordered domains forming up in the SLB imaged by AFM while heating from 27 
◦C to 30 ◦C. The mean size of the ordered domains shown in green triangles and 
presented on the right Y-axis. The number of the ordered domains shown in 
yellow bars and presented on the yellow left Y-axis. The DSC thermogram in 
black solid line and presented on the black left Y-axis, while the dash line and 
the dot-dash line represent the peaks deconvolution of the thermogram into 2 
peaks as discussed for the dRaft model in Fig. 4. The plot on the upper right side 
is a zooming into the mean size (green triangles) and number of ordered do
mains (yellow bars) at the selected temperatures from 27 ◦C to 30 ◦C presented 
in Fig. 5. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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supported system [105,107]. However, here the use of lipid ternary 
mixtures including cholesterol (raft SLB) makes the process more com
plex. Possibly, the creation of grooves that delimitate areas may enhance 
transition cooperativity within domains, alike in MLV raft. The use of 
lipid mixtures and ternary mixtures including cholesterol can indeed 
make the investigation of such phase shift behaviour more complex, 
since it depends on different parameters as the percentage of cholesterol 
used, the pH, or the rate of temperature change [107].

Further analysis of the AFM data is presented in Fig. 8, showing the 
difference between the area’s percentages occupied by the ordered solid 
gel domains compared to the surrounding disordered liquid-crystalline 
phase upon increasing the temperature from 27 ◦C to 30 ◦C. The dif
ference in area is represented in relation to the evolution of the excess 
difference in height of the ordered domains, with respect to the sur
rounding fluid phase thickness, which decreases at increasing temper
atures. Area and number of the ordered gel domains have reduced 
significantly upon increasing the temperature of the SLB above its main 
transition. For instance, at 27 ◦C the SLB had around 53 % of its surface 
area arranged as ordered domains and this percentage decreased to only 
6 % at 30 ◦C. SLB has fully melted into its liquid-crystalline disordered 
phase at 31 ◦C, acquiring a bilayer thickness of 44 Å as shown in Fig. S7 
compared to the higher SLB thickness of 51 Å at 17 ◦C, in very good 
agreement with the reported NR results at the same temperatures.

4. Conclusions

In summary, we proposed and characterized here a solid raft mem
brane model composed of DMPC:SM:Chol in molar ratio 2:1:0.15, as a 
novel mimic to investigate the mechanism of uptake of vesicle/macro
molecules. The chosen lipid mixture shows a coexistence of So and Lα 
phase-separated domains, the first ones being particularly relevant for 
intracellular transport, inter-organellar crosstalk and lipid transfer, 
among others. By analysing the system by means of complementary 
physical techniques, we gained a thorough understanding of its features 
and organisation.

In particular, DMPC allowed the use of neutron-based techniques due 
to its availability in deuterated form, and of DSC and AFM, thanks to its 
accessible Tm. SM, characterized by a higher Tm and longer acyl chains, 
giving rise to a broader melting in DMPC, into the ternary mixture gets 
preferentially packed with cholesterol, which is considered an essential 
driver of lipid raft formation. The low cholesterol ratio chosen here was 
found to be enough to achieve the required phase separation and confer 
the essential stability to the lipid domains, providing the required 
contrast between the coexisting phases, as observed by AFM. We imaged 
for the first time, the real-time formation of the lipid raft So domains in 
the ternary mixture upon temperature increase, showing the distinct 
morphological structure of our SLB below and above the Tm. These SLB 
showed a confirmed reproducibility with a very fast deposition kinetics 
on solid supports, and a high symmetry between the two leaflets, as 
shown by NR. SM increased the overall transition temperature and the 
broadness of the phase transition process of the binary and ternary 
mixtures, as shown by DSC, while cholesterol has driven the required 
phase separation, as observed by the appearance of a new peak in the 
DMPC/Chol binary and DMPC/SM/Chol ternary mixtures thermograms. 
AFM investigation of membrane morphology through the phase transi
tion, revealed the intricate structure of the raft SLB in the gel phase, 
where grooves and indentations were witnessed as starting lines 
directing the assembly of the So domains within the surrounding 
disordered fluid phase.

This study thus positively impacts the field of membrane models and 
lipid rafts research by opening to the opportunity of mimicking So do
mains and exploring their functionality in addition to the usual studies 
already performed on the Lo domains.
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[103] M. Lönnfors, J.P.F. Doux, J.A. Killian, T.K.M. Nyholm, J.P. Slotte, Sterols have 
higher affinity for sphingomyelin than for phosphatidylcholine bilayers even at 
equal acyl-chain order, Biophys. J . 100 (2011) 2633–2641, https://doi.org/ 
10.1016/j.bpj.2011.03.066.

[104] R.S. Gunderson, A.R. Honerkamp-Smith, Liquid-liquid phase transition 
temperatures increase when lipid bilayers are supported on glass, Biochim. 
Biophys. Acta (BBA)-Biomembr. 1860 (2018) 1965–1971, https://doi.org/ 
10.1016/j.bbamem.2018.05.001.

[105] A. Charrier, F. Thibaudau, Main phase transitions in supported lipid single- 
bilayer, Biophys. J . 89 (2005) 1094–1101, https://doi.org/10.1529/ 
biophysj.105.062463.

[106] S.D. Connell, D.A. Smith, The atomic force microscope as a tool for studying 
phase separation in lipid membranes, Mol. Membr. Biol. 23 (2006) 17–28, 
https://doi.org/10.1080/09687860500501158.

[107] A. Alessandrini, P. Facci, Phase transitions in supported lipid bilayers studied by 
AFM, Soft Matter 10 (2014) 7145–7164, https://doi.org/10.1039/C4SM01104J.

[108] M.-C. Giocondi, C. Le Grimellec, Temperature dependence of the surface 
topography in dimyristoylphosphatidylcholine/distearoylphosphatidylcholine 
multibilayers, Biophys. J. 86 (2004) 2218–2230, https://doi.org/10.1016/S0006- 
3495(04)74280-0.

S. Helmy et al.                                                                                                                                                                                                                                   Journal of Colloid And Interface Science 690 (2025) 137333 

14 

https://doi.org/10.1021/bi00144a013
https://doi.org/10.1021/bi00144a013
https://doi.org/10.1371/journal.pone.0066162
https://doi.org/10.1371/journal.pone.0066162
https://doi.org/10.1016/S0006-3495(00)76590-8
https://doi.org/10.1021/bi00603a029
https://doi.org/10.1007/s002490050041
https://doi.org/10.1007/s002490050041
https://doi.org/10.1016/0005-2736(94)00266-R
https://doi.org/10.1016/j.chemphyslip.2005.02.013
https://doi.org/10.1016/j.bbamem.2008.08.014
https://doi.org/10.1016/j.bbamem.2008.08.014
https://doi.org/10.1016/j.bpj.2011.03.066
https://doi.org/10.1016/j.bpj.2011.03.066
https://doi.org/10.1016/j.bbamem.2018.05.001
https://doi.org/10.1016/j.bbamem.2018.05.001
https://doi.org/10.1529/biophysj.105.062463
https://doi.org/10.1529/biophysj.105.062463
https://doi.org/10.1080/09687860500501158
https://doi.org/10.1039/C4SM01104J
https://doi.org/10.1016/S0006-3495(04)74280-0
https://doi.org/10.1016/S0006-3495(04)74280-0

	A supported lipid bilayer to model solid-ordered membrane domains
	1 Introduction
	2 Materials and methods
	2.1 Model membranes preparation
	2.2 Deposition of the supported lipid bilayer (SLB) for NR and AFM
	2.3 Neutron reflectometry (NR) measurements and data analysis
	2.4 Differential scanning calorimetry (DSC) measurements
	2.5 Atomic force microscopy (AFM) measurements

	3 Results and discussion
	3.1 Transverse structure of the lipid raft mimic by neutron reflectometry (NR)
	3.2 Phase behaviour of the lipid raft mimic by differential scanning calorimetry (DSC)
	3.3 Morphology and domains organisation in the lipid raft mimic by atomic force microscopy (AFM)

	4 Conclusions
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


