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~ 1 protein per 50 lipids

Physical properties of phospholipids
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Cholesterol molecules have several functions in the membrane
• They immobilize the first few hydrocarbon groups of the phospholipid molecules. This makes the
lipid bilayer less deformable and decreases its permeability to small water-soluble molecules.
Without cholesterol a membrane would be a cell wall (like in bacteria).
•

Cholesterol prevents crystallization of hydrocarbons and phase shifts in the membrane.

Thickness

Curvature

Inverted hexagonal (II) phase

~ 1 protein per 50 lipids

Lateral Diffusion of Lipids
D lipid model membrane
1 à 10 !m"/s (fluid phase)
D lipid plasma membrane
0.1 à 1 !m"/s

1-10 !m2/s

1-100 MHz

10-1000 MHz
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Membrane Reconstituted systems

“Forming planar membranes suitable for AFM analysis”
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Lateral pressure in biological membranes = 30 mN/m

Supported lipid bilayer
using Langmuir balance

- Advantages
- Asymetric bilayers
- Poor sensitivity to the buffer
- Monolayers

- Drawbacks
-

Dewetting problem (difficult to produce
homogeneous films covering a large surface)
- Freezing of the leaflet facing the substrate

Supported lipid bilayer by vesicle fusion

Multilamellar vesicle (MLV)

Extrusion
Sonication

Aqueous
environment
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Supported lipid bilayer by vesicle fusion
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Figure 2. Methods used to assemble lipid membranes on sensor substrates. (a) Vesicle fusion (i) Self-assembly through vesicle fusion is
unilamellar lipid vesicles rupture upon contact with a surface and form a supported lipid membrane covering the interface [55–57]. Vesicle fu
some hydrophilic substrates (e.g. silicon oxide and silicon nitride) to form planar bilayers [55,58]. (ii) On hydrophobic surfaces (e.g. pre-forme
!"#"$"%&'%"(%)*++,-%."'/0&%1234%5,56552
monolayers are formed instead of bilayers from lipid vesicles [9]. (iii) More complex tethers providing additional aqueous space under the self
hydrophilic spacers with covalently bound lipids (see Figure 1b) can be used to drive liposome fusion similar to (ii) [11]. (b) Langmuir-Blodge
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cDICE: continuous droplet interface crossing encapsulation
Abkarian et al (2011) Soft Matter, in press

5-100 g

LOS: Lipid in Oil Solution
DAS: Dispersing Aqueous Solution
EAS: Encapsulating Aqueous Solution

77 ± 13,5 µm

Protocol
Glucose buffer
Sucrose

4 mM CaCl2 buffer

H 2O

∂h = 4,2 nm

AFM imaging in 10 mM Tris (pH 7.4), 150 mM KCl, 5 MgCl2

et al, PNAS
(2003)(12). Once the
preservation of thePautot
outer monolayer
composition
interface had equilibrated, 100 !l of the inverted emulsion was
poured over the interface phase. The silicone oil (specific density
1.05) makes the intermediate phase slightly denser than the
emulsion so that it is possible to assemble two distinct oil layers;
it also modifies the chemical potential of the intermediate phase,
slowing the intermixing of the two lipids to preserve their
separation and allowing the engineering of asymmetric vesicles.
Then the sample was centrifuged at 120 ! g for 10 min to transfer
the water droplets through the oil!water interface and into the
lower aqueous phase.
After centrifugation, the vesicles were collected using a 5-ml

Hybrid vesicles were prepared using a diblock copolymer,
polystyrene-polyacrylic-acid (Rhodia, Cranbury, NJ), composed
of a hydrophobic polystyrene block and a hydrophilic polyacrylic-acid block, both of molecular weight 8,000 g!mol for the
inner leaflet and egg-PC containing 1 mol% of rhodaminephosphatidylethanolamine lipids for the outer leaflet. Because
dodecane is a poor solvent for the polystyrene block, we used
decalin as the continuous phase for the preparation of the
inverted emulsion. The polymer was first dissolved in a 100 mM
sodium chloride, 5 mM Tris buffer at pH 7.4 and a concentration
of 1 wt %. The emulsion was produced by sonicating 0.5% by
volume of the aqueous solution in decalin. The emulsion droplets

Problem: presence of organic solvent or oil in the membrane?

BIOPHYSICS

Fig. 1. Schematic illustration of the technique used to engineer asymmetric
vesicles. The sample is composed of three parts: an inverted emulsion where
water droplets in lipid-saturated oil are stabilized by lipid molecules destined
for the inner leaflet; an intermediate phase of lipid-saturated oil heavier than
the inverted emulsion phase, and whose lipids form a monolayer at the
oil!water interface; and the bottom aqueous phase, which receives the final
asymmetric vesicles. The lipids in the intermediate phase are completely
different from those in the inverted emulsion and form the outer leaflet of the
bilayer; the final structure is an asymmetric vesicle.

Fig. 2. The fluorescence intensity of vesicles engineered with a POPS inner
leaflet and a POPC outer leaflet. The addition of sodium hydrosulfite is
signaled by arrow 1, and the addition of Triton X-100 reduced is signaled by
arrow 2. (a) NBD-PS is added to the inner leaflet and is protected by the bilayer,
because "80% of the fluorescence intensity remains on addition of the
quencher. (b) NBD-PC is added to the outer leaflet, and the fluorescence
intensity is reduced by 95% on addition of the quencher. These data confirm
the production of asymmetric vesicles. The filled symbols are data taken 1 h
after formation of the vesicles; the open symbols are data taken 24 h later; the
equivalence of the data reflects the stability of these asymmetric vesicles.

Supported lipid bilayer by spin coating

Lipids in organic solvant

http://www.brewerscience.com/products/cee/technical/spintheory/
Cohen-Simonsen, Langmuir 2004
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Substrate - lipid polar heads interaction

Bilayer with two components
Lateral segregation
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E.I. Goksu et al. Biochimica et Biophysica Acta (2008)

Substrate - lipid polar heads interaction
Temperature-controlled AFM
DMPC
Tm = 23°C

Simultaneous melting of the two leaflets

Tokumasu et al., Ultramicroscopy 97 (2003) 217-227

Main Phase Transition of SLB

Substrate - lipid polar heads interaction
Temperature-controlled AFM
DMPC
Tm = 23°C

Differential melting of the two leaflets
Seeger et al., Biophys. J. (2009) 97, 1067-1076

Substrate - lipid polar heads interaction

Bilayer with two components
Lateral segregation
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Probing visco-elastic properties using tapping mode
Tapping

Peak Force Tapping

Lateral heterogeneity of membrane components
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AFM imaging of model raft microdomains

DOPC

Tc=- 20°C

SM Tc=20°-45°C
Cholesterol
Ganglioside
POPC

Tc=-2°C

Ceramide

AFM imaging of model raft microdomains
GM1 partitioning in DOPC/DPPC bilayers
dioleoylPC(C18:1, DOPC)/dipalmitoylPC (C16:0, DPPC)

AFM imaging of model raft microdomains
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Lheto, 2002

DOPC/SM

10x10 !m

2.5x2.5 !m

!h, 2 à 5 nm
Ø, 15 à 50 nm

AFM imaging of model raft microdomains
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Lheto, 2002

DOPC/SM/Chl (1:1:0.35)

10 x 10 !m

10 x 10 !m

2.5 x 2.5 !m

2.5x2.5 !m

EMBO Reports (2002) 3, 485-490

AFM imaging of model raft microdomains
POPC/SM/Chl (1:1:0.35)

12,5 !m x 12,5 !m

12,5 !m x 12,5 !m

Pflugers Arch. – Eur J Physiol, (2008) 456(1):179-88.

Force-displacement curves on membranes
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- the shape of the tip
- the model used to fit the data
- the velocity of the approach
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Force curves on planar bilayers
Towards nanomechanics of biomembranes

Force versus z-piezo displacement plot
for a DMPC bilayer
2.76 ± 0.11 nN
(N = 396)

150 mM NaCl
20 mM MgCl2

6.04 ± 0.04 nN
(N = 568)

distilled
water

7.98 ± 0.13 nN
(N = 872)

14.93 ± 0.09 nN
(N = 427)

Yield threshold is denoted by black arrows at 15
nN (a) and 2.1 nN (b). The width of the jump,
4.5 nm, corresponds well with the bilayer height
measured using contact mode AFM.
Garcia-Manyes, Sergi; Oncins, Gerard; Sanz, Fausto. Biophysical J. 89, (2005), 4261-4274.

Effect of the tail length

Effect of the headgroup
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Effect of cholesterol

Different phases have
different nanomechanical
properties
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ments, which were run in contact mode. In order to prevent
moisture, dry nitrogen was flushed inside scanners specially
modified for sub-ambient temperature operation under liquid
(molecular imaging). Unless mentioned, the scanning force was
adjusted to below 0.1–0.2 nN and readjusted for drift during
image acquisition [16]. The scan rate was adjusted between 1 and
2 Hz, according to the scan size. For TMAFM, cantilevers with 0.03
or 0.05 N/m nominal spring constant were used in most of the

Contact and tapping are the two principal modes used for
imaging soft material under liquid. The choice for one or the other
mode most often depends on the cell type under investigation
[19]. To investigate the possibility of imaging the surface of living
cells as a function of temperature, CV1-cell cultures were selected
because of their prior characterization at room temperature using
contact [16] and tapping modes [17].

AFM imaging of biological membranes

Living cells
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Fig. 1. Imaging conditions for contact mode. Height images of living CV1 cells in growth medium at 37 1C, at low (A—trace image and B—retrace image) and intermediate
(D—trace
image and E—retrace image) magnification. Scanning force and gains were adjusted to get a good correspondence between trace (black) and retrace (yellow)
Q1
signals at low (C) and high (F) magnification.

Membrane stiffness ! 1 mN/m
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CV-1 cells
80 !m scan
contact mode
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Giocondi et al (2003) Med/Sci
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AFM imaging of biological membranes
Living cells

Lateral diffusion of membrane
Components (~0.01-10 !m2/sec)

CV-1 cells
80 !m scan
contact mode

AFM imaging of biological membranes
Fixed intact cells

Amplitude

Height

CHO cells
40x40 !m scan
Tapping

AFM imaging of biological membranes

Cochlear outer hair cells
Z scale = 140 nm

Le Grimellec et al., 2002 J. Comp. Neurol.
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Recognition of Membrane Components

Pancreatic cells

AFM and immunoAFM micrographs of the fusion pore
Biophysical J. 2003, 84: 1337-1343].
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Recognition of Membrane Components
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c

the attached molecules on the surface, whereas the first determines
100 pN
only the total number density. Using standard amine-functionalization procedures as described above, values between 200 and 500
molecules/µm2 were usually obtained with all three protocols. For a
typical AFM tip radius of 20–50 nm, this value corresponds to about
one molecule per effective tip area, which appears to be suited for
single-molecule experiments. AFM topographic imaging in aqueous
solution is also very useful to assess the quality of the functionalized
surfaces as it allows determination of whether the modified sur0 pN
faces are homogenous and devoid of aggregates14,25. Furthermore,
scanning small areas at large forces results in the removal of the
biomolecular layers and thereby allows direct determination of their
thickness.
Figure
5 |techniques
Mappinghave
molecular
sites on living cells. Topographic
Notably,
several
also been recognition
developed to attach
cells directly
onto
AFM
cantilevers
(Fig.
2d),
allowing
researchers
image (left) showing two living mycobacteria on a polymer support and
to probe
cell-cell orforce
cell-support
interactions.
Strategies
creatHinterdorfer
and
Dufrene,
Methods
(2006), 3, 347-355
adhesion
map (right)
recorded
onfor
a Nature
single cell
with a heparin-modified
ing cell-probes involve the use of specific receptor-ligand interactip.
In localized
regions,
the
map
reveals
adhesion
events (clear pixels)
39, glue
40 or
41.
tions13,38
, electrostatic
interactions
chemical
fixation
Depending
on to
the the
application,
best of
results
may be obtained
using
owing
presence
adhesion
proteins
referred to as heparin-binding

emethods

b

a

then, this
various typ
endothelia
force map
it is limite
record a m
tion param
dynamic p
Dynam
imaging74
dynamic f
carrying li
while bein

Recognition of Membrane Components
Coupling Fluorescence and AFM

ChemPhysChem 7: 2409-2418 (2006); FEBS Lett. 2004 May 7;565(1-3):53-8

Recognition of Membrane Components
Coupling Fluorescence and AFM

Super resolution microscopy
C. Zimmer, Pasteur Paris
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Published in final edited form as:
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Recognition of Membrane Components
3D-STORM, PALM, STED,
Structured illumination...

Huang et al.

Page 8
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Fig. 3.

Author Manuscript

Three-dimensional STORM imaging of clathrin-coated pits in a cell. (A) Conventional direct
AFM and Fluorescence
Microscopies
resolution
inScience.
theAuthor
same
range
manuscript;
available in PMC 2009 January
immunofluorescence image
of clathrin in a region of a BS-C-1
cell. (B) The 2D STORM
image

NIH-PA A

of the same area with all localizations at different z positions included. (C) A x-y cross-section
Published in final edited form as:
(50 nm thick in z) of the same area showing the ring-like structure of the periphery of theScience.
CCPs 2008 February 8; 319(5864): 810–813. doi:10.1126/scien
at the plasma membrane. (D, E) Magnified view of two nearby CCPs in 2D STORM (D) and
their 100 nm thick x-y cross-section in the 3D image (E). (F - H) Serial x-y cross-sections (each
50 nm thick in z) (F) and x-z cross-sections (each 50 nm thick in y) (G) of a CCP, and an x-y

Scanning Near-Field Optical Microscopy
SNOM

Biochimica et Biophysica Acta (BBA) - Biomembranes
Volume 1798, Issue 4, April 2010, Pages 777-787

Scanning Near-Field Optical Microscopy
optical methodologies (25), NSOM guarantees simultaneous
SNOM
A
dual-color detection with equal spatial resolution, sensitivity and

B

position accuracy for both colors. Here we used combined
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Atomic Force Microscopy

Scan rate < 6Hz (contact), 85 s/image
“!
< 2 Hz (tapping), 4.2 min/image

High-speed AFM
Cantilevers with high resonant frequency and low spring constant
EBD tip

Resonance Frequency
Water: 1.2 MHz
Spring Constant: 200
pN/nm

L=7 µm, w=2 µm, thickness=90 nm

High scanning rate scanner

120 kHz in Z, 4 kHz in X&Y

Highly efficient feedback
to minimize the tip-sample interaction force

High-speed AFM prototype

1 µm scan at video rate
Sample stage: 1.5 mm

High-speed AFM with SLBs
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2 and obtained a mean height and standard deviation of 0.29

ABSTRACT The interactions between water and biological molecules have the potential to influence the structure, dynamics,
and 0.06
respectively.
and function of biological systems, hence the importance of nm
revealing
the nm,
nature
of these interactions in relation to the local
Due
to
the
small
distance
(0.30 6 0.04
nm) between the two
biochemical environment. We have investigated the structuring of water at the interface
of supported
dipalmitoylphosphatidylchoobserved
protrusions
and
their
well-ordered
arrangement,
we We
line bilayers in the gel phase in phosphate buffer solution using frequency modulation atomic force microscopy
(FM-AFM).
attribute
them
to
the
choline
and
phosphate
subgroups
that
present experimental results supporting the existence of intrinsic (i.e., surface-induced) hydration layers adjacent to the bilayer.
up AFM
the headgroup.
The heights
ofprofiles
the spontaneous
jumps
The force versus distance curves measured between the bilayermake
and the
tip show oscillatory
force
with a peak
spacing
of 0.28 nm, indicative of the existence of up to two hydration layers
thenm)
membrane
surface.
oscillatory
force
profiles
(0.29next
6 to
0.06
agree well
withThese
the size
of a water
molereveal the molecular-scale origin of the hydration force that hascule
been(9)
observed
two apposing
bilayers.force
Furthermore,
and thebetween
peak distance
of the lipid
oscillatory
proFM-AFM imaging at the water/lipid interface visualizes individual
hydration
layers
three
dimensions,
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file (0.28
6 0.05
nm).inThis
confirms
that the
tipmolecular-scale
is jumping
corrugations corresponding to the lipid headgroups. The results between
demonstrate
thatlayers
the intrinsic
hydration
layers
are stable
enough to
water
and the
individual
layers
are imaged
present multiple energy barriers to approaching nanoscale objects, such as proteins and solvated ions, and are expected to affect
with molecular-scale corrugations of the lipid headgroups.
membrane permeability and transport.

Although we have assumed that the observed spontaneous
jumps are due to the transitions between the force branches
shown in Fig. 1 A, it is also possible to explain these jumps
INTRODUCTION
as transitions between the different force profiles shown in
cannot exist due to the disruptive effect of thermally induced
Water molecules adjacent to biological membranes could poFig. 1, B–D. In that case, the observed jumps should represent
molecular-scale protrusions of lipid headgroups and that, altentially play a key role in many important biological prothe formation of the first and second hydration layers. This

2 and obtained a mean height and standa
nm and 0.06 nm, respectively.
Due to the small distance (0.30 6 0.04
observed protrusions and their well-orde
attribute them to the choline and phosp
make up the headgroup. The heights of th
(0.29 6 0.06 nm) agree well with the s
cule (9) and the peak distance of the o
file (0.28 6 0.05 nm). This confirms th
between water layers and the individua
with molecular-scale corrugations of th
Although we have assumed that the ob
jumps are due to the transitions betwee
shown in Fig. 1 A, it is also possible to
as transitions between the different forc
Fig. 1, B–D. In that case, the observed jum
the formation of the first and second hy
point is discussed in more detail below.

DISCUSSION
Tip geometry

To obtain true (i.e., nonaveraged) Ångst
in FM-AFM, the short-range (,1 nm)
tween the tip front atom and the subnan
structure must predominantly influence D
situation to be realized, the tip end mu
protrusion having an atomically sharp a
images in Fig. 2, B and D, show nonperi
features as well as well-ordered structur
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A 24 month postdoctoral position is available in Montpellier to study the interaction
between biological membranes and peptide-based nanoparticles used as drug or
biosensor carriers. The project aims to characterize the shape and mechanical properties
of the nanoparticles as well as their interaction with mica-supported artificial membranes.
Dynamics of the interaction will be probed with high-speed AFM available in the Single
Molecule Biophysics group. Applicants are expected to have a training and research
experience in physical chemistry, artificial membrane fabrication and AFM. Some expertise
in electron microscopy is also welcome.
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The position is funded by the ANR (French Science Fundation) and the project will
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Please contact Pierre-Emmanuel Milhiet (pem@cbs.cnrs.fr) and visit our website for
further details about the “single Molecule Biophysics” group: http://www.cbs.cnrs.fr/
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