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A B S T R A C T

The biological membrane surrounding milk fat globules (MFGM) exhibits lateral phase separation of lipids,
interpreted as gel or liquid-ordered phase sphingomyelin-rich (milk SM) domains dispersed in a fluid continuous
lipid phase. The objective of this study was to investigate whether changes in the phase state of milk SM-rich
domains induced by temperature (T < Tm or T > Tm) or cholesterol affected the Young modulus of the lipid
membrane. Supported lipid bilayers composed of MFGM polar lipids, milk SM or milk SM/cholesterol
(50:50mol) were investigated at 20 °C and 50 °C using atomic force microscopy (AFM) and force spectroscopy.
At 20 °C, gel-phase SM-rich domains and the surrounding fluid phase of the MFGM polar lipids exhibited Young
modulus values of 10–20MPa and 4–6MPa, respectively. Upon heating at 50 °C, the milk SM-rich domains in
MFGM bilayers as well as pure milk SM bilayers melted, leading to the formation of a homogeneous membrane
with similar Young modulus values to that of a fluid phase (0–5MPa). Upon addition of cholesterol to the milk
SM to reach 50:50mol%, membranes in the liquid-ordered phase exhibited Young modulus values of a few MPa,
at either 20 or 50 °C. This indicated that the presence of cholesterol fluidized milk SM membranes and that the
Young modulus was weakly affected by the temperature. These results open perspectives for the development of
milk polar lipid based vesicles with modulated mechanical properties.

1. Introduction

Biological membranes are complex systems composed of a wide
spectrum of lipid molecules (e.g. glycerophospholipids, sphingolipids,
cholesterol) and proteins. Depending on their chemical structure, polar
lipids can be organized in different phase states as a function of tem-
perature. Moreover, lipid-lipid driven interactions occurring in the
plane of the membrane can lead to phase separation and the formation
of domains [1–4]. The main lipids involved in the formation of these
domains exhibit higher phase transition temperature Tm than ambient
temperatures, e.g. the saturated dipalmitoylphosphatidylcholine
(DPPC; Tm=41 °C, [5]) and natural sphingomyelins (Tm close to
physiological temperature; [6]). Cholesterol is also known to be in-
volved in the formation of liquid-ordered (Lo) phase domains with the
high Tm lipids [7].

The biological membrane surrounding fat globules in milk, called
the milk fat globule membrane (MFGM), is of special interest since it
represents 160m2 per liter of milk and is involved in unique functional
and biological properties, especially towards the newborn [8]. The

MFGM is the interface between the triacylglycerol core of the milk fat
globules and the aqueous environment of milk. It is therefore involved
in many mechanisms occurring at the interface, e.g. presentation of
signaling proteins or adsorption of enzymes, bacteria, viruses, that are
important for the digestion of milk lipids and protection of the gas-
trointestinal tract. This membrane is also essential to ensure the phy-
sical stability of milk fat globules. The structure of the MFGM results
from the multi-step secretion of fat globules from the epithelial cells of
the mammary cells and corresponds to a trilayer of polar lipids and
proteins, i.e., an inner monolayer, and an outer bilayer originating from
the apical plasma membrane [9,10]. Due to its cellular origin, the
MFGM contains mainly glycerophospholipids (PE, PC, PI, PS), sphin-
golipids, proteins, and cholesterol [11,12]. The milk sphingomyelin
(milk SM) is the main sphingolipid found in the MFGM. It represents 20
to 35 wt% of the total polar lipids and exhibits specific physical prop-
erties with a gel to fluid phase transition temperature Tm=34.3 °C
[13,14]. MFGM polar lipids exhibit a gel to fluid phase transition
temperature Tm=36.4 °C [13], due to the presence of saturated polar
lipids, mainly milk SM. Meanwhile, the cholesterol represents
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3–6 g kg−1 of the total fat in milk (among the mono-, di-, triglycerides,
free fatty acids, polar lipids etc. – [15,16]). It is mainly located in the
MFGM [17] with a cholesterol:polar lipid mass ratio of ~1:3. In the last
decade, lipid domains of micron size have been observed in situ in the
MFGM surrounding fat globules in milk using confocal microscopy. In
analogy with cellular “rafts” [18], these microdomains were interpreted
as the lateral segregation of high Tm polar lipids, notably milk SM,
dispersed in a continuous fluid phase matrix of unsaturated PE, PS, PI,
and PC [19–21]. Individual milk SM-rich domains are expected to be in
the gel or in the liquid-ordered phase in the absence or presence of
cholesterol, respectively [15]. Therefore, the gel, liquid-ordered and
fluid phases are expected to coexist in the MFGM, making it a most
complex colloidal system in native milk. Studies showed that the MFGM
is indeed a dynamic system in which the organization of polar lipids
[22–24] and the lipid domains are highly sensitive to temperature
variations and time [15,25]. Increasing knowledge about the structure
of the MFGM and its physical properties is therefore of primary interest
to better control storage of human milk or to design bio-inspired lipid
droplets e.g. in infant milk formulas. Among other physical properties,
the resistance of MFGM to deformation is a key parameter to evaluate
the stability of the milk fat globules towards mechanical stress, such as
during dairy processes. In particular, the coupled influence of shear and
heat is encountered in all stabilization operations, e.g. pasteurization or

homogenization.
To do this, the calculation of the Young modulus out of force-in-

dentation atomic force microscopy (AFM) spectroscopy experiments
has proven an interesting approach to deal with as soft samples as
biomembranes. Less invasive than the measurement of the yield force
(or breakthrough force) of membranes, which successfully discriminate
the gel, liquid-ordered and fluid phases of model supported lipid bi-
layers [26,27], calculation of the Young modulus also has the ad-
vantage to allow comparison with other techniques or with non-sup-
ported membrane objects [28]. In recent years, AFM determination of
the Young modulus has for instance yielded values in the tens to hun-
dreds of kPa range for the heterogeneous structure of fibroblasts [29] or
other eukaryote cell membranes [30], for the decreased stiffness of
cancer cells [31,32] or for the elasticity of bacterial cell wall [33].
Meanwhile, model supported lipid bilayers yield Young modulus values
in the tens to hundreds MPa range [27,28,34,35]. In milk, only Bala-
suriya et al. [36] have reported that the Young modulus of the MFGM of
entire milk fat globules varied with the various fractionation or
homogenization treatment applied. Unfortunately, the complexity of
the milk fat globule surface did not allow direct recognition of the lipid
phases within the MFGM.

Therefore, the objective of the present work was to evaluate the
Young modulus values of the different lipid phases found in bilayers

Fig. 1. (A) Composition, in % weight of the total polar lipids, of the milk fat globule membrane (MFGM) extract in polar lipids PE (phosphatidylethanolamine), PI
(phosphatidylinositol), PS (phosphatidylserine), PC (phosphatidylcholine) and MSM (milk sphingomyelin); (B) Composition, in % weight, of the fatty acids present in
the polar lipids of the MFGM extract (in orange) and in the milk sphingomyelin as a reference (in grey).
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made of MFGM polar lipids, as a protein-free model for the native
MFGM [37], using AFM imaging and force spectroscopy. The behavior
of the gel, fluid and liquid-ordered phases have been scrutinized with
respect to temperature variation from 20 to 50 °C, and in presence of
cholesterol in order to unravel its possible role in stabilizing structures
against environmental change. These temperatures were chosen as to
stand respectively below and above the melting temperatures of MFGM
polar lipids and of the milk SM. Hence, saturated polar lipids of the
MFGM, and namely the milk SM, were in the gel phase at 20 °C and in
the fluid liquid disordered (Ld) phase at 50 °C [13]. Meanwhile, a milk
SM/chol ratio of 50:50mol% has been shown to turn milk SM bilayers
into liquid ordered phase [36], a phase state that does not show any
transition as a function of temperature [14,38,39].

2. Experimental methods

2.1. Materials

Sphingomyelin from bovine milk (milk SM; purity > 99wt%) and
cholesterol (chol; from ovine wool, purity > 98wt%) were purchased
from Avanti Polar Lipids (Alabaster, AL, USA). The MFGM polar lipid
extract used in this study was the same as in Murthy et al. [13,37]. It
contained polar lipids with the following relative weight percentages:
38.7% milk SM, 31.6% PC, 23.5% PE, 3.4% PI and 2.8% PS, as de-
termined by high-performance liquid chromatography coupled with
evaporative light scattering detection [40]. Most of the long-chain sa-
turated fatty acids were due to the high amount of milk SM, which
contains ~20wt% of C16:0, C22:0 and C24:0; as well as ~30wt% of
C23:0 and minor amounts of other chains, especially the unsaturated
C24:1 (Fig. 1). Meanwhile, a majority of the long chain base of milk SM
is the C18:1 sphingosine.

PIPES buffer (1,4-piperazinediethanesulfonic acid) was prepared as
follows: PIPES 10mM (purity≥ 99wt%; Sigma-Aldrich, Milwaukee,
WI, USA), NaCl 50mM (purity≥ 99wt%; Sigma-Aldrich), and CaCl2
0–5mM as indicated in the text (purity≥ 99wt%; Sigma-Aldrich) were
dissolved in Milli-Q water and adjusted to pH 6.7 using NaOH 5M.

2.2. Methods

2.2.1. Preparation of small unilamellar vesicles
First, each lipid powder was weighted into glass vials and dissolved

using chloroform/methanol (4:1 v/v) to make mother solutions of the
MFGM polar lipids, milk SM or cholesterol (chol). Dried lipid films were
then produced by placing or mixing the appropriate amounts of the
mother solutions into glass vials, followed by evaporation of the solvent
at 40 °C under a gentle stream of dry nitrogen. The dried lipid films
were hydrated with PIPES buffer at 60 °C to reach a final concentration
of 1mgmL−1 for the MFGM polar lipids, or 0.1mgmL−1 for the milk
SM and milk SM/chol 50:50mol%, then thoroughly vortexed. PIPES-
NaCl buffer without calcium was used for the MFGM polar lipids, and
PIPES-NaCl with 5mM CaCl2 was used for milk SM and milk SM/chol
preparations [13,41]. Then, small unilamellar vesicles (SUV) were
produced by sonication at 60 °C using a Q700 equipment (Q-sonica,
Newtown, CT, USA) and a micro tip operating at 50% amplitude
(~400W) for 30–60min. Noteworthy, the absence of calcium was re-
quired for the MFGM vesicles in order to ensure their stability. Those
vesicles bear electronegative charge at pH 6.7 due to the presence of PI
and PS, which is neutralized in presence of calcium, thus inducing ag-
gregation [42,43]. Conversely, milk SM and milk SM/chol vesicles are
electrically neutral in water due to the zwitterionic nature of the polar
head group. The presence of calcium (and sodium, to a much lesser
extent) shields the electronegative phosphate group, which results in
increasing electropositivity with calcium addition, thus stabilizing the
vesicle via electrostatic repulsion [43,44]. Furthermore, the presence of
cholesterol favored fusion between vesicles. For that reason, increased
dilution and sonication time were used to produce stable milk SM/chol

vesicle suspensions.

2.2.2. Dynamic light scattering
The hydrodynamic diameter Dh of the SUVs was measured at 20 °C

and in PIPES buffer using a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK) operating at a scattering angle of 173° and a wa-
velength of 633 nm. The mean Dh (± 5 nm) was calculated from the
intensity distribution using the Stokes-Einstein relation and assuming
that SUV had a spherical shape. The viscosity of the buffer was
η=1.003mPa·s at 20 °C. The refractive index of the buffer was taken as
1.33. The mean diameter of SUV of MFGM polar lipids, measured in
PIPES-NaCl without calcium, was 67 ± 22 nm. Meanwhile, the mean
diameter of SUV of milk SM and milk SM/chol, measured in PIPES-NaCl
with 5mM of calcium, were 119 ± 58 nm and 111 ± 33 nm, respec-
tively.

2.2.3. Atomic force microscopy (AFM) imaging and force spectroscopy
AFM imaging and force spectroscopy experiments were performed

on supported lipid bilayers (SLB) in hydrated conditions. To form the
planar SLB of MFGM polar lipids, 2.7 mL of PIPES-NaCl with 2mM
CaCl2 buffer were pre-heated at 60 °C using a temperature-controlled
Bioheater open liquid cell (Asylum Research, Oxford Instruments, Santa
Barbara, CA, USA) mounted with 1×1 cm2 freshly cleaved mica. Then,
300 μL of the hot SUV suspension were injected into the liquid cell, to
reach 0.1mgmL−1 of lipids. Introduction of calcium ions promoted
vesicule fusion onto the mica, with no effect onto the suspension sta-
bility for the time of incubation [37]. The samples were then incubated
at 60 °C for 1 h using an IPP programmed incubator (Memmert, Bü-
chenbach, Germany) and saturated humidity chambers to prevent
evaporation. The liquid cells were then slowly cooled down to 20 °C at a
linear cooling rate of 18 °C per hour (~0.3 °Cmin−1). For the saturated
milk SM or the milk SM/chol samples, a small drop of the hot SUV
suspension (~600 μL at 0.1mgmL−1 lipids) was directly deposited
onto a 7mm-diameter disk of freshly cleaved mica glued on a stainless
steel substrate. The smaller surface of bilayer prepared that way limited
the formation of defects and cracks due to the reduction in molecular
area upon the fluid/gel phase transition upon cooling milk SM samples.
The sample was then incubated at 60 °C for 1 h and cooled down to
20 °C at a linear cooling rate of 35 °C per hour (~0.6 °Cmin−1). Finally,
the sample was carefully immobilized onto the temperature-controlled
magnetic Peltier stage of a Cooler-Heater open liquid cell set at 20 °C
(Asylum Research, Oxford Instruments, Santa Barbara, CA, USA).

Once equilibrated at 20 °C, the SLB composed of the MFGM polar
lipids, milk SM or milk SM/cholesterol were carefully and extensively
rinsed with the same PIPES buffer as during incubation onto mica, i.e.
including 2 or 5mM CaCl2 for the MFGM or for the milk SM and milk
SM/chol samples, respectively. The SLB were then characterized by
AFM at 20 °C and at 50 °C after their heating using the temperature
controlled cells, at a rate of 0.5 °Cmin−1.

Imaging of the SLBs was performed in contact mode using an
Asylum Research MFP-3D Bio AFM (Oxford Instrument, Santa Barbara,
CA, USA) and MLCT probes (nominal spring constant k~0.03 N·m−1,
Bruker Nano Surfaces, Santa Barbara, CA, USA). Individual probes were
calibrated extemporaneously at 20 °C then 50 °C using the thermal noise
method. The sensitivity was taken on the deflection curves beyond the
breakthrough point of the SLB, i.e. when the tip was pressed against
mica. The typical scan rate was 1 Hz for 512× 512 pixels images. Up to
8 images with different scan sizes varying from 20×20 μm2 to
2×2 μm2 were recorded at various locations, on three different bi-
layers. The height difference between the lipid domains and the con-
tinuous phase was measured using cross sections of different images.

Force mapping was performed on the same imaged area and using
the same probe as for AFM imaging. Typically, an applied load of up to
200 pN and a piezo speed of 2 μm·s−1 were used. Then, the bilayers
Young modulus E was calculated by fitting the force curves using the
classical Hertz model:
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Fig. 2. (A) AFM topography images and the corresponding Young modulus (E) map and histogram of supported milk fat globule membrane (MFGM) polar lipid
bilayers. In the orange and green inserts, we show the E histograms obtained after batch analysis of the individual force curves separately recorded upon separated
mapping onto the fluid phase or gel phase, respectively. (B) Typical AFM topography images, with different scan sizes, of supported lipid bilayers of mixtures of
MFGM polar lipids (left column), the corresponding Young modulus (E) mapping experiments (center column), and the resulting E histograms obtained after batch
analysis of the individual force curves (right column). The white arrows indicate sub-domains. The white and dark grey colors of the square symbols refer to the maps'
color scale, showing the existence of bimodal distributions. All images and force mapping experiments were performed in PIPES-NaCl-CaCl2 buffer, pH 6.7, at 20 °C.
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where F: force, Rtip: tip radius (20 nm), δ: the indentation distance and ν
the Poisson ratio, taken as 0.5 [45].

Analysis of variance was performed using the General Linear Model
procedure of Statgraphics Plus version 5 (Statistical Graphics Corp.,
Englewood Cliffs, NJ). Differences were regarded significant for
p < 0.05.

3. Results & discussion

3.1. Topography and Young modulus of the MFGM polar lipid bilayers
investigated as a function of temperature T

3.1.1. T= 20 °C < Tm of the MFGM polar lipids
Fig. 2 shows the topography of MFGM polar lipid bilayers and the

corresponding Young modulus maps (E map) and histograms (E histo-
gram). The topography images showed the coexistence of micrometer-
wide domains (lighter zones) and a continuous phase (darker matrix).
Cross section analysis of the AFM images showed that the height dif-
ference H between the domains (8 domains from 6 different images)
and the surrounding matrix was H~0.77 ± 0.07 nm (Fig. 2A). These
AFM images are in agreement with previous observations of hydrated
SLB of MFGM polar lipids [13,46]. They are also in accordance with
AFM images of binary systems composed of saturated SM in the gel
phase and the unsaturated phospholipid dioleoylphosphatidylcholine
(DOPC) as the fluid phase, i.e. milk SM/DOPC [41,46] or egg SM/DOPC
[47].

The thick domains were interpreted as the lateral segregation of
saturated polar lipids in the gel phase at 20 °C, i.e. mainly milk SM but
also DPPC. The continuous phase is composed of unsaturated polar li-
pids that assume a thinner fluid phase organization at T > Tm. AFM
force mapping experiment are delicate to handle on SLB, and there are
many sources of experimental variation. Fig. 2B shows two other
samples of AFM images of SLB composed of MFGM polar lipids to il-
lustrate representativity. Subdomains were sometimes observed within
the gel phase, exceeding the domains' surface by about 0.3 nm (Fig. 2B,
second image). In MFGM polar lipid extract bilayers, subdomains have
been interpreted as two laterally separated gel phases due to distinct
forms of interdigitated packing of the milk SM molecules [46].

The E maps recorded at 20 °C clearly showed a correlation between
the structural heterogeneity of the bilayers (topography by AFM ima-
ging) and their local Young modulus values (E maps – Fig. 2A and B,
center column). The E histograms prepared from the E maps showed a
broad range of Young modulus values, with bimodal distribution. To
further investigate the Young modulus values of the polar lipids in re-
lation to their phase state, E maps and the corresponding histograms
have been recorded separately in the continuous fluid phase or in the
gel phase domains. The Young modulus of the fluid phase, rich in un-
saturated polar lipids, exhibited a mean value Efluid= 6 ± 1MPa with
a narrow distribution ranging from 4 to 16MPa (Fig. 2A, in orange). In
contrast, the mean Young modulus of the SM-rich gel phase domain was
Egel = 10 ± 4MPa with a distribution ranging from 4 to 32MPa
(Fig. 2A, in green). This allowed us to interpret the bimodal distribution
of Young modulus values obtained over the biphasic system (Fig. 2A).
The sum of events for each mode corresponds to the total number of
pixels for each phase in a force map. Noteworthy, since the Young
modulus values of the gel phase are more scattered and not enough
higher than those of the fluid phase to form a separate peak, the E
distribution of the gel phase is less visible than that of the fluid phase,
even when gel phase is well represented. This is illustrated in Fig. 2A
where the Gauss distributions of Efluid= 6 ± 1MPa (in orange) and
Egel = 10 ± 4MPa (in green) are shown next to the E distribution of
the biphasic system. Because the probe's geometry will affect calcula-
tion of the Young modulus, and because different probes were used to

map individual bilayers, absolute values of E have to be taken with
care. By comparing different experiments (Fig. 2A and B), it could be
calculated that the average difference between the coupled Young
modulus values of the gel and the fluid phases in individual images (i.e.
the same probe is used) was ΔE=Egel− Efluid= 4.6 ± 0.9MPa
(N=5). In conclusion, bilayers composed of the MFGM polar lipids
exhibited significantly higher Young modulus values in the gel phase
domains than in the fluid phase. These results are in agreement with
Picas et al. [34] who reported Young modulus values of 19 and 28MPa,
respectively, for the fluid and gel phase of a DOPC/DPPC bilayer. As the
Young modulus E and the breakthrough force of lipid membrane sys-
tems can be somewhat compared [28,35], the present results also agree
with previous findings showing that the gel phase domains of MFGM
polar lipids bilayers ruptured at higher force compared to the sur-
rounding continuous fluid phase [48]. This is also in line with break-
through force measurements on a large range of simple systems [49].
However, correspondence between the membrane's behavior in the
linear regime (the Young modulus) and upon yield (the breakthrough
force) also depends on other factors e.g. compressibility and possibility
the internal crystalline gel structure [50]. For these reasons, Young
modulus E and breakthrough force data may not always compare.

3.1.2. T= 50 °C > Tm of the MFGM polar lipids
In this set of experiments, changes in the topography and Young

modulus of the MFGM polar lipid bilayers due to phase transition of the
high-Tm polar lipids were investigated. Fig. 3A shows a typical example
of AFM topography images and the corresponding Young modulus map
(same area) of a MFGM polar lipid bilayer, recorded at 20 °C (T < Tm)
then at 50 °C (T > Tm) after slow heating at 0.5 °Cmin−1. The thick
gel phase milk SM-rich domain, visible in the bilayer at 20 °C (Fig. 3A),
completely disappeared after heating at 50 °C, leading to a homo-
geneous and flat membrane, in agreement with the melting of high Tm
polar lipids [51–53]. Fig. 3B shows examples of the force curves re-
corded on each of the observed phase at 20 or 50 °C.

Furthermore, the bimodal and broad distribution of E values
showing the contrast between the domain and the continuous phase at
20 °C evolved towards lower and homogeneous Young modulus values
of E50°C= 4 ± 2MPa upon heating (Fig. 3A), which were significantly
lower to those of the continuous fluid phase at 20 °C
(Efluid= 6 ± 1MPa; Fig. 2A; p < 0.05). These results show that the
physical state of the polar lipids, which evolves as a function of tem-
perature, governs the lateral packing, phase separation and local stiff-
ness of membranes. This is coherent with previous studies reporting low
and homogeneous breakthrough force values in bilayers of MFGM polar
lipids at 40 °C, compared to 26 °C [48]. Changes in the mechanical
properties of the membrane with their phase state is a direct con-
sequence of the order parameter of lateral lipid packing [54]. In gel
phase, a tightly packed lateral organization results in an increase of the
order parameter and to an enhancement of rigidity of the milk SM-rich
domains within membranes of the milk polar lipids. An increase in
temperature results in greater membrane fluidity as van der Waals in-
teractions are disrupted and broken. Using the non-invasive measure-
ment of the Young modulus of bilayers of a naturally complex mixture
of polar lipids such as MFGM polar lipids, this confirmed previous re-
ports obtained through the perforation approach on pure lipid mixtures.
The breakthrough force of dilaureoyl-, dimyristoyl-, and dipalmitoyl-
phosphastidylcholine (DLPC, DMPC, DPPC), but not that of palmitoy-
loleoylphosphatidylethanolamine (POPE; [55,56]), decreased sharply
upon heating, as temperature crosses their respective Tm values
[51,52]. The presented results were also in line with the sharp decrease
of the bending modulus of phosphatidylcholine vesicles as they un-
dertake gel➔ fluid phase transition [57–59]. Furthermore, the decrease
in Young modulus (or in breakthrough force - [48]) of the fluid phase
with temperature is likely due to the increased molecular agitation and
increased molecular distance between lipids upon heating of the bilayer
[60]. Another reason could be that the melting of the high-Tm polar
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lipids modifies the composition of the fluid phase, thereby increasing
the complexity for optimal lateral packing of the molecules.

3.2. Role of phase state on the Young modulus of milk-SM bilayers

In the native MFGM, cholesterol may be involved in the formation
of liquid-ordered (Lo) phase domains that have been observed at as
elevated temperature as 60 °C, e.g. above the Tm of the MFGM polar

20°C

50°C

Fluid phase

Gel phase

Fluid phase

Gel phase 
domain

Fluid
phase

Fluid
phase

Fig. 3. (A) Effect of heating on the lateral organization and the mechanical properties of MFGM polar lipids supported bilayers investigated by atomic force
microscopy (AFM). AFM images and the corresponding Young modulus mapping and histograms were recorded at 20 °C and 50 °C in PIPES-NaCl-CaCl2 buffer,
pH 6.7. (B) Typical force-distance curve recorded onto the gel or fluid phases at 20 °C or onto the fluid phase at 50 °C.
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lipids or of the milk SM [15]. The Young modulus values of these Lo
phase domains, mainly composed of milk-SM and cholesterol, need
further investigation to provide information useful in a biological
context. Previous reports showed that the addition of 25–30mol%
cholesterol in binary 50:50mol% SM/DOPC bilayers induced disper-
sion or inversion of the domain phase [47,61–63]. Specifically, a pro-
portion of 33mol% cholesterol is required to fully convert milk SM
bilayers in the Lo phase [14]. Equally, the addition of cholesterol to the
MFGM polar lipid extract bilayers, to reach a milk SM/chol ratio of
50:50mol%, induced the almost complete dispersion of the Lo phase
milk SM-rich domains into the fluid phase [13,37]. Therefore, resolu-
tion of the Young modulus mapping was expected to be too low to
properly image such systems. For these reasons, it was decided to
prepare milk SM and milk SM/cholesterol bilayers, as models of the
ordered-phase domains of the MFGM. In this part of the study, we
therefore examined the Young modulus values of milk SM bilayers as a
function of their phase state, i.e. in the gel phase (T=20 °C < Tm;
[13,64]), in the fluid phase (T=50 °C > Tm; [13,64]), and in the Lo
phase (with 50mol% of cholesterol in the bilayer, T= 20 and 50 °C;
[37]).

Topography images at 20 and 50 °C (Fig. 4B, D, G, I) showed that
both the milk SM and the milk SM/chol hydrated bilayers were
homogeneously flat, thereby indicating that the composition and phase
state of the milk SM/chol bilayers were evenly distributed. In parti-
cular, no gel/Lo phase coexistence could be suspected in the milk SM/
chol bilayers at 20 °C. At that temperature, the Young modulus values of
milk SM in the gel phase ranged from 2 to 50MPa with a mean value of
EmilkSM-gel = 18 ± 6MPa. These values are slightly higher than those
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of the gel phase domains in MFGM polar lipids (p < 0.05). This may be
explained by differences in the polar lipid compositions, where domains
in the MFGM polar lipid extract may also contain other saturated mo-
lecules than the milk SM (e.g. DPPC), thereby increasing the complexity
and decreasing order. Furthermore, the increased molarity in calcium
in the buffer may increase molecular order and the membrane rigidity
[44,65]. At 50 °C, all Young modulus values of milk SM membranes in
the fluid phase were lower than 10MPa, with a mean value of EmilkSM-

fluid= 4.3 ± 1.3MPa (Figs. 4A and C; 5). This result showed that the
melting of the gel phase of milk SM into the fluid phase, induced by
heating the samples from 20 to 50 °C, significantly decreased the Young
modulus values E of the milk SM membranes. This is in agreement with
the results obtained with the MFGM polar lipids (Fig. 2), where the milk
SM-rich domains are also expected to be in the gel phase at 20 °C.

Fig. 5 furthermore shows a comparison between the Young modulus
values recorded on the same milk SM and milk SM/chol (50:50mol%)
bilayers at 20 °C then 50 °C. In the presence of cholesterol, the Young
modulus values of the milk SM bilayers in the Lo phase were EmilkSM-Lo-

20°C= 1.9 ± 0.5MPa and EmilkSM-Lo-50°C= 1 ± 0.2MPa at 20 °C and
50 °C, respectively. Therefore, the Young modulus value of milk SM in
the gel phase was higher than that of the same lipid in the Lo phase.
This in accordance with the described fluidizing effect of cholesterol
onto gel-phase polar lipid packing of sphingomyelins [3,4,7,66–69] or
of DPPC [70]. By intercalating between lipid acyl tails, cholesterol
prevents ordered packing of lipids, thus increasing their freedom of
motion [66]. In the same line, cholesterol has also been shown to de-
crease the bending rigidity of gel-phase sphingomyelin in vesicle
membranes [58,71]. The fluidizing effect of cholesterol was also in-
directly observed in domains of MFGM polar lipids membranes,
through the decrease of the height mismatch H and of the breakthrough
force values measured onto the domains with cholesterol addition
[13,37].

When comparing the different compositions (i.e. different bilayers),
it appeared that the Young modulus values of the milk SM/chol were
somewhat lower than those of the fluid phase of pure milk SM at 50 °C
(Figs. 4C, H and J, 5). This was unexpected as order of the Lo phase is
normally greater than that of the fluid phase [4], thanks to the con-
densing effect of cholesterol that reduces molecular area of the (flui-
dized) saturated polar lipids in the domains [72]. Tighter lipid packing
is expected to increase interactions between adjacent molecules and
hence, mechanical resistance. In melted DPPC bilayers (T >
Tm=41 °C) or in dilaureoylphosphatidylcholine bilayers, Redondo-
Morata et al. [52] or Garcia-Manyes et al. [49] measured greater
breakthrough force values in the presence (Lo phase) than in absence of
cholesterol (fluid phase). Similarly, Liang et al. [73] showed that Egg
PC bilayers (T > Tm=−15 °C) exhibited higher Young modulus
when cholesterol was added (i.e., in Lo phase rather than fluid phase).
From the analysis of liposomes of several compositions with both
fluorescence and AFM force spectroscopy, Takechi-Haraya et al. [74]
calculated increasing bending rigidities in the order fluid < Lo < gel
phase. On the other hand, interfacial elasticity has been shown to be
lowest for the Lo phase, when compared to that of liquid-condensed
(~gel) or liquid-expansed (~fluid) phases of sphingomyelin mono-
layers [75]. In bilayers made of red blood cell lipid extract, García-
Arribas et al. [76] measured as low breakthrough forces as those of a
fluid phase, even though the bilayers were expected to be in Lo phase
due to their cholesterol content.

Finally, it could be noticed that milk SM in the Lo phase at 20 °C
exhibited lower Young modulus values (2MPa) than the fluid phase of
the MFGM at the same temperature (~6MPa). Chiantia et al. [77] or
Sullan et al. [63] however reported that the force needed to puncture Lo
SM-rich domains were significantly higher than for a fluid DOPC-rich
phase, but this essentially holds true for amounts of cholesterol <
25mol%. For higher amounts, both fluid and Lo phases of a biphasic
saturated SM/unsaturated polar lipids bilayers merge into similar
breakthrough force values [37].

Overall, we conclude that milk SM bilayers exhibited dramatically
higher Young modulus values (tens of MPa order or magnitude), hence
stiffness, when in the gel phase, as compared with the fluid or Lo phases
(MPa order of magnitude). The latter phases showed close Young
modulus values of a few MPa, but the Lo phase was unexpectedly less
stiff than the fluid phase [74].

These results show that cholesterol plays an important role in
modulating the stiffness or softness of biological membranes, by flui-
dizing the gel phase state into Lo molecular packing. Moreover, cho-
lesterol in equimolar amount to the milk SM counterpart is capable of
maintaining the membrane phase into a stable Lo phase structure, with
slightly decreasing Young modulus values with increasing temperature
(p < 0.05). In cells, and most importantly in SM-rich cellular “rafts”,
cholesterol is likely to be implicated in the regulation of membrane
curvature, which is important for many cellular events such as mem-
brane fusion, budding, etc. [74,78–81].

In the MFGM, the cholesterol content is in the order of 1mol of chol
for ~2mol of polar lipids, i.e. over 1 to 1 molecule with respect to the
milk SM only. Meanwhile, the human erythrocyte membrane contains
up to 45mol% of cholesterol [82,83]. Even though the distribution and
fluxes of cholesterol in cells are complex [84], this indicates that gel
phase is probably inhibited in many biologically relevant situations,
even though indirect observations pointed to some gel phase domains
in the MFGM [15], not to mention the role of other compounds like
ceramides [76]. The high amounts of cholesterol in plasmatic mem-
branes, compared to those used in model vesicle or supported mem-
branes, may account for the lower Young modulus values generally
found when directly probing cells or milk fat globules. Phase diagrams
[85] or nanomechanical data [76] point to the complex, and sometimes
unexpected, behavior of polar lipid mixtures with biological composi-
tion. In the same line, milk SM vesicles are significantly less stiff that
vesicles of the single sphingomyelins, probably as a result of disorder in
the packing of milk SM [86]. Research is still necessary to more closely
investigate structures of the lipid phases actually existing in biological
membranes and their role in the modulation of some of the cells
functional properties [82,87]. In the case of the milk fat globule, these
research open perspectives for a better understanding of its reactivity
towards mechanical or heat stresses, and hence for a better control of its
maneuverability during dairy operations. Noteworthy, phase diagrams
for detailed knowledge on the demixing behavior of milk polar lipids
with composition and temperature is still missing, knowing that milk
SM has a particularly complex composition. Finally, better knowledge
of the MFGM and its physical properties will help the design of bio-
mimetic milk fat globules or of milk-lipid based vesicles with designed
mechanical properties.

4. Conclusion

Combination of AFM imaging and the non-invasive mapping of the
Young modulus values of MFGM, milk SM and milk SM/chol bilayers
has evidenced direct correlation between the lipid phases and their
elastic property. Among all phases, the gel phase formed in milk SM
rich domains at T < Tm exhibited largest Young modulus values of the
tens of MPa order of magnitude. Meanwhile, liquid-disordered and li-
quid-ordered phases exhibited Young moduli of a few MPa. The fact
that the Young modulus value of the Lo phase was almost invariant
with temperature adds to the multiple actions of cholesterol towards
polar lipid bilayers [88]. This is new evidence that the finely tuned and
complex sterol/polar lipid composition of biological membranes such
as the MFGM is in the core of the membranes' biological functions.

Transparency document

The Transparency document associated with this article can be
found, in online version.

O. Et-Thakafy, et al. BBA - Biomembranes 1861 (2019) 1523–1532

1530

http://dx.doi.org/10.1016/j.bbamem.2019.07.005


Acknowledgements

The doctoral fellowship of author Et-Thakafy was funded by CEPIA,
INRA and Région Bretagne (France) under the grant ARED 8806.
Author Christelle Lopez wishes to thank Joëlle Léonil for scientific
discussions, advice and support. The Asylum Research MFP 3D-BIO
atomic force microscope was funded by the European Union (FEDER),
the French Ministry of Education and Research, INRA, Conseil Général
35 and Rennes Métropole.

References

[1] S.L. Veatch, S.L. Keller, Separation of liquid phases in giant vesicles of ternary
mixtures of phospholipids and cholesterol, Biophys. J. 85 (2003) 3074–3083,
https://doi.org/10.1016/S0006-3495(03)74726-2.

[2] T. Baumgart, S.T. Hess, W.W. Webb, Imaging coexisting fluid domains in bio-
membrane models coupling curvature and line tension, Nature. 425 (2003)
821–824, https://doi.org/10.1038/nature02013.

[3] R.F.M. de Almeida, A. Fedorov, M. Prieto, Sphingomyelin/phosphatidylcholine/
cholesterol phase diagram: boundaries and composition of lipid rafts, Biophys. J. 85
(2003) 2406–2416, https://doi.org/10.1016/S0006-3495(03)74664-5.

[4] G.W. Feigenson, Phase diagrams and lipid domains in multicomponent lipid bilayer
mixtures, Biochim. Biophys. Acta Biomembr. 1788 (2009) 47–52, https://doi.org/
10.1016/j.bbamem.2008.08.014.

[5] M.G.K. Benesch, R.N. McElhaney, A comparative calorimetric study of the effects of
cholesterol and the plant sterols campesterol and brassicasterol on the thermotropic
phase behavior of dipalmitoylphosphatidylcholine bilayer membranes, Biochim.
Biophys. Acta Biomembr. 1838 (2014) 1941–1949, https://doi.org/10.1016/j.
bbamem.2014.03.019.

[6] A. Filippov, B. Munavirov, G. Gröbner, M. Rudakova, Lateral diffusion in equimolar
mixtures of natural sphingomyelins with dioleoylphosphatidylcholine, Magn.
Reson. Imaging 30 (2012) 413–421, https://doi.org/10.1016/j.mri.2011.12.010.

[7] K. Simons, W.L.C. Vaz, Model systems, lipid rafts, and cell membranes, Annu. Rev.
Biophys. Biomol. Struct. 33 (2004) 269–295, https://doi.org/10.1146/annurev.
biophys.32.110601.141803.

[8] C. Lopez, Milk fat globules enveloped by their biological membrane: unique col-
loidal assemblies with a specific composition and structure, Curr. Opin. Colloid
Interface Sci. 16 (2011) 391–404, https://doi.org/10.1016/j.cocis.2011.05.007.

[9] H.W. Heid, T.W. Keenan, Intracellular origin and secretion of milk fat globules, Eur.
J. Cell Biol. 84 (2005) 245–258, https://doi.org/10.1016/j.ejcb.2004.12.002.

[10] T.W. Keenan, D.J. Morré, D.E. Olson, W.N. Yunghans, S. Patton, Biochemical and
morphological comparison of plasma membrane and milk fat globule membrane
from bovine mammary gland, J. Cell Biol. 44 (1970) 80–93.

[11] B.Y. Fong, C.S. Norris, A.K. MacGibbon, Protein and lipid composition of bovine
milk fat globule membrane, Int. Dairy J. 17 (2007) 275–288.

[12] T.W. Keenan, S. Patton, The structure of milk: implications for sampling and sto-
rage, in: R.G. Jensen (Ed.), Handb. Milk Compos, Academic Press, Cambridge,
Massachusetts, USA, 1995, pp. 5–50.

[13] A.V.R. Murthy, F. Guyomarc’h, G. Paboeuf, V. Vié, C. Lopez, Cholesterol strongly
affects the organization of lipid monolayers studied as models of the milk fat glo-
bule membrane: condensing effect and change in the lipid domain morphology,
Biochim. Biophys. Acta Biomembr. 1848 (2015) 2308–2316, https://doi.org/10.
1016/j.bbamem.2015.06.014.

[14] C. Lopez, K. Cheng, J. Perez, Thermotropic phase behavior of milk sphingomyelin
and role of cholesterol in the formation of the liquid ordered phase examined using
SR-XRD and DSC, Chem. Phys. Lipids 215 (2018) 46–55, https://doi.org/10.1016/j.
chemphyslip.2018.07.008.

[15] O. Et-Thakafy, F. Guyomarc’h, C. Lopez, Lipid domains in the milk fat globule
membrane: dynamics investigated in situ in milk in relation to temperature and
time, Food Chem. 220 (2017) 352–361, https://doi.org/10.1016/j.foodchem.2016.
10.017.

[16] R.G. Jensen, The composition of bovine milk lipids: January 1995 to December
2000, J. Dairy Sci. 85 (2002) 295–350, https://doi.org/10.3168/jds.S0022-
0302(02)74079-4.

[17] R.G. Jensen, D.S. Newburg, Bovine milk lipids, in: R.G. Jensen (Ed.), Handb. Milk
Compos, Academic Press, Cambridge, Massachusetts, USA, 1995, pp. 543–575.

[18] K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature. 387 (1997)
569–572, https://doi.org/10.1038/42408.

[19] S. Gallier, D. Gragson, R. Jiménez-Flores, D. Everett, Using confocal laser scanning
microscopy to probe the milk fat globule membrane and associated proteins, J.
Agric. Food Chem. 58 (2010) 4250–4257, https://doi.org/10.1021/jf9032409.

[20] C. Lopez, M.-N. Madec, R. Jimenez-Flores, Lipid rafts in the bovine milk fat globule
membrane revealed by the lateral segregation of phospholipids and heterogeneous
distribution of glycoproteins, Food Chem. 120 (2010) 22–33, https://doi.org/10.
1016/j.foodchem.2009.09.065.

[21] X. Zou, Z. Guo, Q. Jin, J. Huang, L. Cheong, X. Xu, X. Wang, Composition and
microstructure of colostrum and mature bovine milk fat globule membrane, Food
Chem. 185 (2015) 362–370, https://doi.org/10.1016/j.foodchem.2015.03.145.

[22] C.R. Baumrucker, T.W. Keenan, Membranes of mammary gland. VII. Stability of
milk fat globule membrane in secreted milk, J. Dairy Sci. 56 (1973) 1092–1094.

[23] A. Jukkola, O.J. Rojas, Milk fat globules and associated membranes: colloidal
properties and processing effects, Adv. Colloid Interf. Sci. 245 (2017) 92–101,

https://doi.org/10.1016/j.cis.2017.04.010.
[24] S. Patton, C. Long, T. Sooka, Effect of storing milk on cholesterol and phospholipid

of skim milk, J. Dairy Sci. 63 (1980) 697–700, https://doi.org/10.3168/jds.S0022-
0302(80)82995-X.

[25] H.T.H. Nguyen, M.-N. Madec, L. Ong, S.E. Kentish, S.L. Gras, C. Lopez, The dy-
namics of the biological membrane surrounding the buffalo milk fat globule in-
vestigated as a function of temperature, Food Chem. 204 (2016) 343–351, https://
doi.org/10.1016/j.foodchem.2016.02.141.

[26] S. Garcia-Manyes, F. Sanz, Nanomechanics of lipid bilayers by force spectroscopy
with AFM: a perspective, Biochim. Biophys. Acta Biomembr. 1798 (2010) 741–749,
https://doi.org/10.1016/j.bbamem.2009.12.019.

[27] J.K. Li, R.M.A. Sullan, S. Zou, Atomic force microscopy force mapping in the study
of supported lipid bilayers, Langmuir. 27 (2011) 1308–1313, https://doi.org/10.
1021/la103927a.

[28] O. Et-Thakafy, N. Delorme, C. Gaillard, C. Mériadec, F. Artzner, C. Lopez,
F. Guyomarc’h, Mechanical properties of membranes composed of gel-phase or
fluid-phase phospholipids probed on liposomes by atomic force spectroscopy,
Langmuir 33 (2017) 5117–5126, https://doi.org/10.1021/acs.langmuir.7b00363.

[29] C. Rotsch, M. Radmacher, Drug-induced changes of cytoskeletal structure and
mechanics in fibroblasts: an atomic force microscopy study, Biophys. J. 78 (2000)
520–535, https://doi.org/10.1016/S0006-3495(00)76614-8.

[30] N. Guz, M. Dokukin, V. Kalaparthi, I. Sokolov, If cell mechanics can be described by
elastic modulus: study of different models and probes used in indentation experi-
ments, Biophys. J. 107 (2014) 564–575, https://doi.org/10.1016/j.bpj.2014.06.
033.

[31] S.E. Cross, Y.-S. Jin, J. Rao, J.K. Gimzewski, Nanomechanical analysis of cells from
cancer patients, Nat. Nanotechnol. 2 (2007) 780–783, https://doi.org/10.1038/
nnano.2007.388.

[32] Q. Luo, D. Kuang, B. Zhang, G. Song, Cell stiffness determined by atomic force
microscopy and its correlation with cell motility, Biochim. Biophys. Acta Gen. Subj.
1860 (2016) 1953–1960, https://doi.org/10.1016/j.bbagen.2016.06.010.

[33] G. Francius, B. Tesson, E. Dague, V. Martin-Jézéquel, Y.F. Dufrêne, Nanostructure
and nanomechanics of live Phaeodactylum tricornutum morphotypes, Environ.
Microbiol. 10 (2008) 1344–1356, https://doi.org/10.1111/j.1462-2920.2007.
01551.x.

[34] L. Picas, F. Rico, S. Scheuring, Direct measurement of the mechanical properties of
lipid phases in supported bilayers, Biophys. J. 102 (2012) L01–L03, https://doi.
org/10.1016/j.bpj.2011.11.4001.

[35] R.M.A. Sullan, J.K. Li, S. Zou, Direct correlation of structures and nanomechanical
properties of multicomponent lipid bilayers, Langmuir. 25 (2009) 7471–7477,
https://doi.org/10.1021/la900395w.

[36] T.S. Balasuriya, L. Ong, S.L. Gras, R.R. Dagastine, Changes in morphological and
nano-mechanical properties of the milk fat globule membrane during processing,
RSC Adv. 2 (2012) 2384, https://doi.org/10.1039/c2ra00844k.

[37] A.V.R. Murthy, F. Guyomarc’h, C. Lopez, Cholesterol decreases the size and the
mechanical resistance to rupture of sphingomyelin rich domains, in lipid bilayers
studied as a model of the milk fat globule membrane, Langmuir 32 (2016)
6757–6765, https://doi.org/10.1021/acs.langmuir.6b01040.

[38] P.R. Maulik, G.G. Shipley, N-palmitoyl sphingomyelin bilayers: structure and in-
teractions with cholesterol and dipalmitoylphosphatidylcholine, Biochemistry. 35
(1996) 8025–8034, https://doi.org/10.1021/bi9528356.

[39] L. Redondo-Morata, M.I. Giannotti, F. Sanz, AFM-based force-clamp monitors lipid
bilayer failure kinetics, Langmuir. 28 (2012) 6403–6410, https://doi.org/10.1021/
la3005147.

[40] C. Lopez, V. Briard-Bion, O. Ménard, Polar lipids, sphingomyelin and long-chain
unsaturated fatty acids from the milk fat globule membrane are increased in milks
produced by cows fed fresh pasture based diet during spring, Food Res. Int. 58
(2014) 59–68, https://doi.org/10.1016/j.foodres.2014.01.049.

[41] F. Guyomarc’h, S. Zou, M. Chen, P.-E. Milhiet, C. Godefroy, V. Vié, C. Lopez, Milk
sphingomyelin domains in biomimetic membranes and the role of cholesterol:
morphology and nanomechanical properties investigated using AFM and force
spectroscopy, Langmuir 30 (2014) 6516–6524, https://doi.org/10.1021/
la501640y.

[42] M. Mirza, Y. Guo, K. Arnold, C.J. van Oss, S. Ohki, Hydrophobizing effect of cations
on acidic phospholipid membranes, J. Dispers. Sci. Technol. 19 (1998) 951–962,
https://doi.org/10.1080/01932699808913225.

[43] C.G. Sinn, M. Antonietti, R. Dimova, Binding of calcium to phosphatidylcholine–-
phosphatidylserine membranes, Colloids Surf. Physicochem. Eng. Asp. 282–283
(2006) 410–419, https://doi.org/10.1016/j.colsurfa.2005.10.014.

[44] L. Redondo-Morata, M.I. Giannotti, F. Sanz, Structural impact of cations on lipid
bilayer models: nanomechanical properties by AFM-force spectroscopy, Mol.
Membr. Biol. 31 (2014) 17–28, https://doi.org/10.3109/09687688.2013.868940.

[45] D. Marsh, Elastic curvature constants of lipid monolayers and bilayers, Chem. Phys.
Lipids 144 (2006) 146–159, https://doi.org/10.1016/j.chemphyslip.2006.08.004.

[46] F. Guyomarc’h, M. Chen, O. Et-Thakafy, S. Zou, C. Lopez, Gel-gel phase separation
within milk sphingomyelin domains revealed at the nanoscale using atomic force
microscopy, Biochim. Biophys. Acta Biomembr. 1859 (2017) 949–958, https://doi.
org/10.1016/j.bbamem.2017.02.010.

[47] H.A. Rinia, M.M.E. Snel, J.P.J.M. van der Eerden, B. de Kruijff, Visualizing de-
tergent resistant domains in model membranes with atomic force microscopy, FEBS
Lett. 501 (2001) 92–96, https://doi.org/10.1016/S0014-5793(01)02636-9.

[48] A.V.R. Murthy, F. Guyomarc’h, C. Lopez, The temperature-dependent physical state
of polar lipids and their miscibility impact the topography and mechanical prop-
erties of bilayer models of the milk fat globule membrane, Biochim. Biophys. Acta
Biomembr. 1858 (2016) 2181–2190, https://doi.org/10.1016/j.bbamem.2016.06.
020.

O. Et-Thakafy, et al. BBA - Biomembranes 1861 (2019) 1523–1532

1531

https://doi.org/10.1016/S0006-3495(03)74726-2
https://doi.org/10.1038/nature02013
https://doi.org/10.1016/S0006-3495(03)74664-5
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.bbamem.2014.03.019
https://doi.org/10.1016/j.bbamem.2014.03.019
https://doi.org/10.1016/j.mri.2011.12.010
https://doi.org/10.1146/annurev.biophys.32.110601.141803
https://doi.org/10.1146/annurev.biophys.32.110601.141803
https://doi.org/10.1016/j.cocis.2011.05.007
https://doi.org/10.1016/j.ejcb.2004.12.002
http://refhub.elsevier.com/S0005-2736(19)30155-5/rf0050
http://refhub.elsevier.com/S0005-2736(19)30155-5/rf0050
http://refhub.elsevier.com/S0005-2736(19)30155-5/rf0050
http://refhub.elsevier.com/S0005-2736(19)30155-5/rf0055
http://refhub.elsevier.com/S0005-2736(19)30155-5/rf0055
http://refhub.elsevier.com/S0005-2736(19)30155-5/rf0060
http://refhub.elsevier.com/S0005-2736(19)30155-5/rf0060
http://refhub.elsevier.com/S0005-2736(19)30155-5/rf0060
https://doi.org/10.1016/j.bbamem.2015.06.014
https://doi.org/10.1016/j.bbamem.2015.06.014
https://doi.org/10.1016/j.chemphyslip.2018.07.008
https://doi.org/10.1016/j.chemphyslip.2018.07.008
https://doi.org/10.1016/j.foodchem.2016.10.017
https://doi.org/10.1016/j.foodchem.2016.10.017
https://doi.org/10.3168/jds.S0022-0302(02)74079-4
https://doi.org/10.3168/jds.S0022-0302(02)74079-4
http://refhub.elsevier.com/S0005-2736(19)30155-5/rf0085
http://refhub.elsevier.com/S0005-2736(19)30155-5/rf0085
https://doi.org/10.1038/42408
https://doi.org/10.1021/jf9032409
https://doi.org/10.1016/j.foodchem.2009.09.065
https://doi.org/10.1016/j.foodchem.2009.09.065
https://doi.org/10.1016/j.foodchem.2015.03.145
http://refhub.elsevier.com/S0005-2736(19)30155-5/rf0110
http://refhub.elsevier.com/S0005-2736(19)30155-5/rf0110
https://doi.org/10.1016/j.cis.2017.04.010
https://doi.org/10.3168/jds.S0022-0302(80)82995-X
https://doi.org/10.3168/jds.S0022-0302(80)82995-X
https://doi.org/10.1016/j.foodchem.2016.02.141
https://doi.org/10.1016/j.foodchem.2016.02.141
https://doi.org/10.1016/j.bbamem.2009.12.019
https://doi.org/10.1021/la103927a
https://doi.org/10.1021/la103927a
https://doi.org/10.1021/acs.langmuir.7b00363
https://doi.org/10.1016/S0006-3495(00)76614-8
https://doi.org/10.1016/j.bpj.2014.06.033
https://doi.org/10.1016/j.bpj.2014.06.033
https://doi.org/10.1038/nnano.2007.388
https://doi.org/10.1038/nnano.2007.388
https://doi.org/10.1016/j.bbagen.2016.06.010
https://doi.org/10.1111/j.1462-2920.2007.01551.x
https://doi.org/10.1111/j.1462-2920.2007.01551.x
https://doi.org/10.1016/j.bpj.2011.11.4001
https://doi.org/10.1016/j.bpj.2011.11.4001
https://doi.org/10.1021/la900395w
https://doi.org/10.1039/c2ra00844k
https://doi.org/10.1021/acs.langmuir.6b01040
https://doi.org/10.1021/bi9528356
https://doi.org/10.1021/la3005147
https://doi.org/10.1021/la3005147
https://doi.org/10.1016/j.foodres.2014.01.049
https://doi.org/10.1021/la501640y
https://doi.org/10.1021/la501640y
https://doi.org/10.1080/01932699808913225
https://doi.org/10.1016/j.colsurfa.2005.10.014
https://doi.org/10.3109/09687688.2013.868940
https://doi.org/10.1016/j.chemphyslip.2006.08.004
https://doi.org/10.1016/j.bbamem.2017.02.010
https://doi.org/10.1016/j.bbamem.2017.02.010
https://doi.org/10.1016/S0014-5793(01)02636-9
https://doi.org/10.1016/j.bbamem.2016.06.020
https://doi.org/10.1016/j.bbamem.2016.06.020


[49] S. Garcia-Manyes, L. Redondo-Morata, G. Oncins, F. Sanz, Nanomechanics of lipid
bilayers: heads or tails? J. Am. Chem. Soc. 132 (2010) 12874–12886, https://doi.
org/10.1021/ja1002185.

[50] A. Aufderhorst-Roberts, U. Chandra, S.D. Connell, Three-phase coexistence in lipid
membranes, Biophys. J. 112 (2017) 313–324, https://doi.org/10.1016/j.bpj.2016.
12.025.

[51] S. Garcia-Manyes, G. Oncins, F. Sanz, Effect of temperature on the nanomechanics
of lipid bilayers studied by force spectroscopy, Biophys. J. 89 (2005) 4261–4274,
https://doi.org/10.1529/biophysj.105.065581.

[52] L. Redondo-Morata, M.I. Giannotti, F. Sanz, Influence of cholesterol on the phase
transition of lipid bilayers: a temperature-controlled force spectroscopy study,
Langmuir 28 (2012) 12851–12860, https://doi.org/10.1021/la302620t.

[53] H.M. Seeger, A.D. Cerbo, A. Alessandrini, P. Facci, supported lipid bilayers on mica
and silicon oxide: comparison of the main phase transition behavior, J. Phys. Chem.
B. 114 (2010) 8926–8933. doi:https://doi.org/10.1021/jp1026477.

[54] 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.

[55] A. Alessandrini, H.M. Seeger, A. Di Cerbo, T. Caramaschi, P. Facci, What do we
really measure in AFM punch-through experiments on supported lipid bilayers? Soft
Matter 7 (2011) 7054, https://doi.org/10.1039/c1sm05453h.

[56] L. Picas, M.T. Montero, A. Morros, G. Oncins, J. Hernández-Borrell, Phase changes
in supported planar bilayers of 1-palmitoyl-2-oleoyl-sn -glycero-3-phosphoethano-
lamine, J. Phys. Chem. B 112 (2008) 10181–10187, https://doi.org/10.1021/
jp8037522.

[57] J. Daillant, E. Bellet-Amalric, A. Braslau, T. Charitat, G. Fragneto, F. Graner,
S. Mora, F. Rieutord, B. Stidder, Structure and fluctuations of a single floating lipid
bilayer, Proc. Natl. Acad. Sci. 102 (2005) 11639–11644, https://doi.org/10.1073/
pnas.0504588102.

[58] R. Dimova, Recent developments in the field of bending rigidity measurements on
membranes, Adv. Colloid Interf. Sci. 208 (2014) 225–234, https://doi.org/10.
1016/j.cis.2014.03.003.

[59] C.-H. Lee, W.-C. Lin, J. Wang, All-optical measurements of the bending rigidity of
lipid-vesicle membranes across structural phase transitions, Phys. Rev. E. 64 (2001).
doi:https://doi.org/10.1103/PhysRevE.64.020901.

[60] P. Szekely, T. Dvir, R. Asor, R. Resh, A. Steiner, O. Szekely, A. Ginsburg,
J. Mosenkis, V. Guralnick, Y. Dan, T. Wolf, C. Tamburu, U. Raviv, Effect of tem-
perature on the structure of charged membranes, J. Phys. Chem. B 115 (2011)
14501–14506, https://doi.org/10.1021/jp207566n.

[61] J.C. Lawrence, D.E. Saslowsky, J. Michael Edwardson, R.M. Henderson, Real-time
analysis of the effects of cholesterol on lipid raft behavior using atomic force mi-
croscopy, Biophys. J. 84 (2003) 1827–1832, https://doi.org/10.1016/S0006-
3495(03)74990-X.

[62] T.P.W. McMullen, R.N.A.H. Lewis, R.N. McElhaney, Differential scanning calori-
metric study of the effect of cholesterol on the thermotropic phase behavior of a
homologous series of linear saturated phosphatidylcholines, Biochemistry. 32
(1993) 516–522, https://doi.org/10.1021/bi00053a016.

[63] R.M.A. Sullan, J.K. Li, C. Hao, G.C. Walker, S. Zou, Cholesterol-dependent nano-
mechanical stability of phase-segregated multicomponent lipid bilayers, Biophys. J.
99 (2010) 507–516, https://doi.org/10.1016/j.bpj.2010.04.044.

[64] K. Cheng, M.-H. Ropers, C. Lopez, The miscibility of milk sphingomyelin and
cholesterol is affected by temperature and surface pressure in mixed Langmuir
monolayers, Food Chem. 224 (2017) 114–123, https://doi.org/10.1016/j.
foodchem.2016.12.035.

[65] G. Pabst, A. Hodzic, J. Štrancar, S. Danner, M. Rappolt, P. Laggner, Rigidification of
neutral lipid bilayers in the presence of salts, Biophys. J. 93 (2007) 2688–2696,
https://doi.org/10.1529/biophysj.107.112615.

[66] T.P. McMullen, R.N. McElhaney, Physical studies of cholesterol-phospholipid in-
teractions, Curr. Opin. Colloid Interface Sci. 1 (1996) 83–90, https://doi.org/10.
1016/S1359-0294(96)80048-3.

[67] T. Mills, J. Huang, G. Feigenson, J. Nagle, Effects of cholesterol and unsaturated
DOPC lipid on chain packing of saturated gel-phase DPPC bilayers, Gen. Physiol.
Biophys. 28 (2009) 126–139, https://doi.org/10.4149/gpb_2009_02_126.

[68] T. Róg, M. Pasenkiewicz-Gierula, I. Vattulainen, M. Karttunen, Ordering effects of
cholesterol and its analogues, Biochim. Biophys. Acta Biomembr. 1788 (2009)

97–121, https://doi.org/10.1016/j.bbamem.2008.08.022.
[69] M.B. Sankaram, T.E. Thompson, Interaction of cholesterol with various glycer-

ophospholipids and sphingomyelin, Biochemistry. 29 (1990) 10670–10675,
https://doi.org/10.1021/bi00499a014.

[70] P. Uppamoochikkal, S. Tristram-Nagle, J.F. Nagle, Orientation of tie-lines in the
phase diagram of DOPC/DPPC/cholesterol model biomembranes, Langmuir. 26
(2010) 17363–17368, https://doi.org/10.1021/la103024f.

[71] R.S. Gracià, N. Bezlyepkina, R.L. Knorr, R. Lipowsky, R. Dimova, Effect of choles-
terol on the rigidity of saturated and unsaturated membranes: fluctuation and
electrodeformation analysis of giant vesicles, Soft Matter 6 (2010) 1472, https://
doi.org/10.1039/b920629a.

[72] J.M. Smaby, M. Momsen, V.S. Kulkarni, R.E. Brown, Cholesterol-induced interfacial
area condensations of galactosylceramides and sphingomyelins with identical acyl
chains, Biochemistry. 35 (1996) 5696–5704, https://doi.org/10.1021/bi953057k.

[73] X. Liang, G. Mao, K.Y.S. Ng, Mechanical properties and stability measurement of
cholesterol-containing liposome on mica by atomic force microscopy, J. Colloid
Interface Sci. 278 (2004) 53–62, https://doi.org/10.1016/j.jcis.2004.05.042.

[74] Y. Takechi-Haraya, K. Sakai-Kato, Y. Abe, T. Kawanishi, H. Okuda, Y. Goda, Atomic
force microscopic analysis of the effect of lipid composition on liposome membrane
rigidity, Langmuir. 32 (2016) 6074–6082, https://doi.org/10.1021/acs.langmuir.
6b00741.

[75] X.-M. Li, M.M. Momsen, J.M. Smaby, H.L. Brockman, R.E. Brown, Cholesterol de-
creases the interfacial elasticity and detergent solubility of sphingomyelins,
Biochemistry. 40 (2001) 5954–5963, https://doi.org/10.1021/bi002791n.

[76] A.B. García-Arribas, H. Ahyayauch, J. Sot, P.L. López-González, A. Alonso,
F.M. Goñi, Ceramide-induced lamellar gel phases in fluid cell lipid extracts,
Langmuir. 32 (2016) 9053–9063, https://doi.org/10.1021/acs.langmuir.6b01579.

[77] S. Chiantia, J. Ries, N. Kahya, P. Schwille, Combined AFM and two-focus SFCS study
of raft-exhibiting model membranes, ChemPhysChem. 7 (2006) 2409–2418,
https://doi.org/10.1002/cphc.200600464.

[78] S. Barman, D.P. Nayak, Lipid raft disruption by cholesterol depletion enhances
influenza a virus budding from MDCK cells, J. Virol. 81 (2007) 12169–12178,
https://doi.org/10.1128/JVI.00835-07.

[79] Y. Deng, Z.A. Almsherqi, M.M.L. Ng, S.D. Kohlwein, Do viruses subvert cholesterol
homeostasis to induce host cubic membranes? Trends Cell Biol. 20 (2010) 371–379,
https://doi.org/10.1016/j.tcb.2010.04.001.

[80] A.K. Saha, S.F. Dallo, A.L. Detmar, P. Osmulski, M. Gaczynska, T.H.-M. Huang,
A.K. Ramasubramanian, Cellular cholesterol regulates monocyte deformation, J.
Biomech. 52 (2017) 83–88, https://doi.org/10.1016/j.jbiomech.2016.12.033.

[81] S.-T. Yang, A.J.B. Kreutzberger, J. Lee, V. Kiessling, L.K. Tamm, The role of cho-
lesterol in membrane fusion, Chem. Phys. Lipids 199 (2016) 136–143, https://doi.
org/10.1016/j.chemphyslip.2016.05.003.

[82] R.A. Cooper, Influence of increased membrane cholesterol on membrane fluidity
and cell function in human red blood cells, J. Supramol. Struct. 8 (1978) 413–430,
https://doi.org/10.1002/jss.400080404.

[83] R.A. Cooper, M.H. Leslie, S. Fischkoff, M. Shinitzky, S.J. Shattil, Factors influencing
the lipid composition and fluidity of red cell membranes in vitro: production of red
cells possessing more than two cholesterols per phospholipid, Biochemistry. 17
(1978) 327–331, https://doi.org/10.1021/bi00595a021.

[84] K. Simons, How cells handle cholesterol, Science. 290 (2000) 1721–1726, https://
doi.org/10.1126/science.290.5497.1721.

[85] A. Filippov, G. Orädd, G. Lindblom, Sphingomyelin structure influences the lateral
diffusion and raft formation in lipid bilayers, Biophys. J. 90 (2006) 2086–2092,
https://doi.org/10.1529/biophysj.105.075150.

[86] O. Et-Thakafy, N. Delorme, F. Guyomarc’h, C. Lopez, Mechanical properties of milk
sphingomyelin bilayer membranes in the gel phase: effects of naturally complex
heterogeneity, saturation and acyl chain length investigated on liposomes using
AFM, Chem. Phys. Lipids 210 (2018) 47–59, https://doi.org/10.1016/j.
chemphyslip.2017.11.014.

[87] D. Lingwood, K. Simons, Lipid rafts as a membrane-organizing principle, Science.
327 (2010) 46–50, https://doi.org/10.1126/science.1174621.

[88] T. Róg, I. Vattulainen, Cholesterol, sphingolipids, and glycolipids: what do we know
about their role in raft-like membranes? Chem. Phys. Lipids 184 (2014) 82–104,
https://doi.org/10.1016/j.chemphyslip.2014.10.004.

O. Et-Thakafy, et al. BBA - Biomembranes 1861 (2019) 1523–1532

1532

https://doi.org/10.1021/ja1002185
https://doi.org/10.1021/ja1002185
https://doi.org/10.1016/j.bpj.2016.12.025
https://doi.org/10.1016/j.bpj.2016.12.025
https://doi.org/10.1529/biophysj.105.065581
https://doi.org/10.1021/la302620t
https://doi.org/10.1021/jp1026477
https://doi.org/10.1039/C4SM01104J
https://doi.org/10.1039/c1sm05453h
https://doi.org/10.1021/jp8037522
https://doi.org/10.1021/jp8037522
https://doi.org/10.1073/pnas.0504588102
https://doi.org/10.1073/pnas.0504588102
https://doi.org/10.1016/j.cis.2014.03.003
https://doi.org/10.1016/j.cis.2014.03.003
https://doi.org/10.1103/PhysRevE.64.020901
https://doi.org/10.1021/jp207566n
https://doi.org/10.1016/S0006-3495(03)74990-X
https://doi.org/10.1016/S0006-3495(03)74990-X
https://doi.org/10.1021/bi00053a016
https://doi.org/10.1016/j.bpj.2010.04.044
https://doi.org/10.1016/j.foodchem.2016.12.035
https://doi.org/10.1016/j.foodchem.2016.12.035
https://doi.org/10.1529/biophysj.107.112615
https://doi.org/10.1016/S1359-0294(96)80048-3
https://doi.org/10.1016/S1359-0294(96)80048-3
https://doi.org/10.4149/gpb_2009_02_126
https://doi.org/10.1016/j.bbamem.2008.08.022
https://doi.org/10.1021/bi00499a014
https://doi.org/10.1021/la103024f
https://doi.org/10.1039/b920629a
https://doi.org/10.1039/b920629a
https://doi.org/10.1021/bi953057k
https://doi.org/10.1016/j.jcis.2004.05.042
https://doi.org/10.1021/acs.langmuir.6b00741
https://doi.org/10.1021/acs.langmuir.6b00741
https://doi.org/10.1021/bi002791n
https://doi.org/10.1021/acs.langmuir.6b01579
https://doi.org/10.1002/cphc.200600464
https://doi.org/10.1128/JVI.00835-07
https://doi.org/10.1016/j.tcb.2010.04.001
https://doi.org/10.1016/j.jbiomech.2016.12.033
https://doi.org/10.1016/j.chemphyslip.2016.05.003
https://doi.org/10.1016/j.chemphyslip.2016.05.003
https://doi.org/10.1002/jss.400080404
https://doi.org/10.1021/bi00595a021
https://doi.org/10.1126/science.290.5497.1721
https://doi.org/10.1126/science.290.5497.1721
https://doi.org/10.1529/biophysj.105.075150
https://doi.org/10.1016/j.chemphyslip.2017.11.014
https://doi.org/10.1016/j.chemphyslip.2017.11.014
https://doi.org/10.1126/science.1174621
https://doi.org/10.1016/j.chemphyslip.2014.10.004

	Young modulus of supported lipid membranes containing milk sphingomyelin in the gel, fluid or liquid-ordered phase, determined using AFM force spectroscopy
	Introduction
	Experimental methods
	Materials
	Methods
	Preparation of small unilamellar vesicles
	Dynamic light scattering
	Atomic force microscopy (AFM) imaging and force spectroscopy


	Results &#x200B;&&#x200B; discussion
	Topography and Young modulus of the MFGM polar lipid bilayers investigated as a function of temperature T
	T = 20 °C < Tm of the MFGM polar lipids
	T = 50 °C > Tm of the MFGM polar lipids

	Role of phase state on the Young modulus of milk-SM bilayers

	Conclusion
	Transparency document
	Acknowledgements
	References




