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A versatile model system to study membrane–membrane interactions in great detail is introduced. Based on
colloidal probe microscopy with membrane covered spherical probes attached to tip-less cantilevers the
interaction forces and adhesion energies are quantified down to single molecule resolution. Two opposing
membranes equipped with ligands on one side and receptors on the other side were brought in contact at a
defined load and pulled apart at constant velocity. Ni-NTA functionalized lipids served as receptors on the
probe, while lipopeptides displaying short His-tags (CGGH6 or CGWH6) were incorporated in the planar
supporting membrane on a silicon substrate. The rather intricate force distance curves were scrutinized in
terms of breakthrough events upon contact of the probe with the surface, the overall work of adhesion,
maximum adhesion force, as well as formation frequency, lifetime, and force of membrane tethers
suggesting that hemifusion of the two opposing bilayers takes place.
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1. Introduction

The mechanics and dynamics of plasma membranes play a crucial
role in many cellular events such as adhesion, motility, membrane
fusion, as well as exo- and endocytosis of mammalian cells.
Particularly, membrane–membrane interactions display great versa-
tility since molecular recognition, deformation, adhesion, pore
formation, and fusion of lipid bilayers might occur depending on an
intricate interplay between proteins, lipids, and forces. Among the
considerable spectrum of processes involving membrane–membrane
interactions, the understanding of cell–cell contacts [1], and mem-
brane fusion is of particular interest. Membrane fusion occurs when
two separate lipid membranes merge into a single continuous bilayer
and plays a crucial role in embryogenesis, neurophysiology as well as
viral infection [2–5]. Regardless of the process, the sequence of events,
which is driven by subtle changes in free energy [3,4], requires almost
without exception an initial specific recognition that triggers the
subsequent dynamic response of the bilayer. This specific recognition
between ligands on one membrane and the receptor displayed by the
corresponding counterpart produces the initial molecular connection
between twomembranes, which eventually determines the fate of the
membrane–membrane assembly, i.e. aggregation, hemifusion or full
fusion [2–4].

Model systems of cellular membranes such as liposomes or
supported membranes provide an excellent resource to investigate
these processes in a quantitative manner under controlled condi-
tions and defined composition. Investigation of membrane–mem-
brane interactions in solution, however, bears the inevitable
problem of aggregate formation due to cross-linked liposomes. As
a consequence, precipitation and increased light scattering perturb
or prevent a quantitative spectroscopic analysis.

Fusion is modulated by a number of external stimuli which
control the crucial distance of the two membranes from each other
and the hydration of the membranes such as force, calcium
content, pH or other means that draw water from the contact
zone such as polyethylene glycol [3,4]. When bilayers are separated
below 1 nm, the energy of repulsion due to the pervasion of the
hydration shell is assumed to drive fusion. It is widely accepted
that formation of a fusion stalk and its expansion into a hemifusion
diaphragm relaxes the hydration energy and hence provides the
necessary driving force. Forces and, as a consequence, distances
between two membranes can either be tuned by changing the
interaction potential using charged lipids or varying the electrolyte
or more directly using force probes such as optical/magnetic
tweezers [6,7], the atomic force microscope [8] or the surface force
apparatus (SFA) [9,10]. With properly functionalized probes, these
methods allow to control composition of the two bilayers and the
interaction force. While the SFA has been frequently used to
identify and quantify van-der-Waals, electrostatic, repulsive hy-
dration, and steric forces, it has in recent years also been applied to
study more complex biological assemblies including membrane–
membrane interactions [11,12]. Israelachvili and coworkers could
assign hemifusion and full fusion events of two DMPC bilayers
immobilized on PEI/mica to instabilities in force distances curves
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[13,14]. Full fusion was reported to occur only at very high joining
pressure.

The cumbersome handling of the surface force apparatus and the
lack of local information, however, prevented abundant dissemina-
tion to date. Atomic force microscopy, on the other hand, provides
local information with a lateral resolution in the nanometer regime
paired with an accessible force regime ranging from 10−11 to 10−6 N
[8,15]. The drawback of conventional sharp tips for functionalization
with lipid bilayers is their high curvature and therefore the difficulty
to accomplish a successful functionalization. Particularly, the often
undefined geometry of the tip renders conventional AFM cantilevers
unsuitable to quantify membrane–membrane interactions.

Colloidal probe microscopy (CPM), a recent offspring of atomic
force microscopy, combines the merits of a defined probe geometry
and controllable surface functionalization with the potentiality to
conduct site specific analysis of force distance curves [16,17]. In CPM a
spherical particle is glued to a tip-less AFM cantilever essentially
replacing the pyramidal tip with a spherical probe. The dimensions of
the spherical (colloidal) particle are usually in between 1 and 20 µm
in diameter. While CPM is frequently used for surface (friction)
analysis under defined conditions, less applications are found in life
sciences. Recently, Moy et al. investigated SNARE mediated fusion by
membrane–protein functionalized surfaces and colloidal probes [18].
The authors interpret their results in terms of SNARE mediated full
fusion of two opposing bilayers due to two consecutive instabilities
observed in the approach curve. Previously, we established a setup
that allows to determine the adhesion forces between the cytoskel-
eton and an ezrin covered membrane revealing a new route to ezrin
activation via receptor binding [19].

Here, we report on a universal setup based on membrane covered
silicon particles attached to tip-less cantilevers probing a solid
supported membrane (SSM). The opposing membranes are either
equipped with ligands or receptors allowing to study membrane–
membrane interaction from the initial contact and formation of a non-
covalent linkage to a possible (hemi)fusion and finally the dynamic
action of the bilayers upon retraction creating membrane tethers that
display the inherent mechanics of the two joint bilayers.

In our setup the colloidal probe with a diameter of 15 µm is coated
with a phosphocholine membrane doped with phospholipids posses-
sing a nitrilotriacetic acid headgroup (NTA) referred to as DXPC/Ni-
NTA-DOGS capable of establishing strong non-covalent complexes
with histidine oligomers in the presence of Ni2+. Bilayers (DPPC/MCC-
DPPE) deposited on flat silicon surfaces are functionalized with short
His-tag moieties (CGGH6 or CGWH6) using recently introduced in situ
coupling strategies [20–22]. By performing force–distance curves,
which essentially brings the two bilayers in contact, we propose to
induce hemifusion of the two membranes inferring from the
occurrence of bilayer breakthrough events in the approach curve.
After a short dwell time on the surface we move the cantilever
backwards to separate the two membranes measuring the bonds that
have been formed during the close proximity of the two membranes.
Besides a typical adhesion force close to contact, we also observe
formation of multiple tethers that exhibit lifetimes suggesting
formation of lipid bridges.

2. Methods

Colloidal probe cantilevers were prepared by attaching a borosil-
icate glass microsphere (Ø=(15±1)µm, Duke Scientific, Waltham,
MA, USA) to an MLCT-C cantilever (Veeco, Santa Barbara, CA, USA)
using epoxy resin (Epikote 1004, Shell, Hamburg, Germany). Attach-
ment was monitored and carried out by using an upright light
microscope with a 20× magnification lens equipped with a microma-
nipulator and a special device to attach the cantilever (MMO-203,
Narishige, Tokyo, Japan). Prior to bilayer preparation on the colloidal
probe, the cantilevers were cleaned in an argon plasma for 1min.
Silicon wafers were cleaned by rinsing them with chloroform,
isopropanol, and deionized water. Removal of native SiO2 and
controlled re-oxidation of the silicon wafer to an approximate oxide
layer thickness of 3 nm was performed by using 1% hydrofluoric acid
solution (15 min, room temperature (RT)), and an aqueous solution of
ammonia and hydrogen peroxide (5:1:1; 15 min, 70 °C), respectively.
For all measurements, unilamellar vesicles (SUVs) were prepared by
extrusion using phosphate buffer (PB; Na2HPO4, 50 mM), pH 5.9 for
lipid mixtures containing maleimide-functionalized vesicles, and pH
6.8 for Ni-NTA containing vesicles. SUVs were obtained by passing a
suspension of multilamellar vesicles 31 times through a single
polycarbonatemembrane (pore diameter: 50 nm, Avestin,Mannheim,
Germany). Lipid bilayers were prepared by incubating the SUV
suspension on the substrates at RT followed by incubation above the
corresponding main phase transition temperature (TM) of the lipid,
(TM,DOPC=−20 °C, TM,DPPC=41.5 °C [23]; cLipid=0.1 mg/ml of re-
spective buffer, 30 min each step) and by thorough rinsing of the
bilayer. For DOPC vesicles on the colloidal probe, incubation time was
reduced to 15 min at RT. Planar bilayer formation and coverage of
substrates was controlled by (confocal laser) fluorescence microscopy
and atomic force microscopy imaging.

Lipid bilayers as spread on the colloidal probes were composed
of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-
sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)
succinyl] (nickel salt) (Ni-NTA-DOGS) and 2-(4.4-difluoro-5-meth-
yl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl)-1-hexadecanoyl-
sn-glycero-3-phosphocholine (BODIPY C12-HPC, Invitrogen, Karls-
ruhe, Germany), in a molar ratio of 89:10:1. For functionalization
of the flat silicon wafers, we used 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) as matrix lipid, and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-[4-(p-maleimidomethyl)cyclo-
hexane-carboxamide] (MCC-DPPE) in a concentration of 10 mol%
as attachment site for the His-tag. In the case of DOPC as the matrix
lipid MCC-DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-[4-(p-maleimidomethyl)cyclohexane-carboxamide) was used
instead. Maleimide-functionalized DPPC bilayers were then incu-
bated with acetylated CGGH6 for 30 min at RT. CGGH6-Ac
(M=1100 g/mol) was synthesized via Merryfield solid phase
synthesis with Fmoc chemistry, purified via IEC and HPLC, and
characterized by MALDI-ToF [22].

For force–distance measurements we used a commercial atomic
force microscope (MFP3D, Asylum Research, Santa Barbara, CA, USA)
and the above mentioned cantilevers with a nominal spring constant
of 0.01 N/m. Spring constants were calibrated by using the thermal
noise method and found to be approximately 0.03 N/m. Force–
distance cycles were performed with a sample rate of 12.5 kHz,
varying force load, dwell times, and pulling velocities. All measure-
ments were performed in 50 mM phosphate buffer (pH=6.8, RT) in a
home-made measuring chamber. The integrity of lipid bilayers after
force–distance measurements was controlled by fluorescence
microscopy.

Liposome spreading and various subsequent binding events were
also analyzed by extracting frequency and dissipation signals from
quartz crystal microbalance measurements. We used a 5 MHz quartz
with silicon dioxide coated electrodes (Qsense, Kista, Sweden). Prior
to measurements, the quartz crystals were hydrophilized in oxygen
plasma for 3 min. Measurements were performed in PB at 25 °C and
vesicle concentrations of 0.1 mg/ml were applied. Vesicles consisting
of DOPC with 10 mol% of MCC-DOPE and Ni-NTA-DOGS were spread
on the resonators. Concentration of CGWH6 for QCM-Dmeasurements
was 0.1 µmol/ml PB (pH=6.8).

Texas Red-self-quenching experiments were carried out with
DOPC vesicles (Ø=50 nm) functionalized with 2 mol% MCC-DOPE,
10 mol% Texas Red DHPE (Sulforhodamine 101 DHPE, Sigma-Aldrich,
Seelze, Germany) (population 1) or 2 mol% Ni-NTA-DOGS (population
2). Fluorescence spectroscopy with an excitation wavelength of



Fig. 2. A. SEM micrograph of a blank borosilicate microsphere attached to a triangular
AFM cantilever. B. Epifluorescence image of the membrane coated colloidal probe
cantilever (DOPC with BODIPY C12-HPC) and 3D reconstructed and deconvoluted
confocal image of the colloidal probe (inset). C. Intensity profile of the fluorescence
recovery after photobleaching reconstructed from the corresponding fluorescence
images (1: before bleaching, 2: 800 ms, and 3: 40 s after bleaching). The mean diffusion
coefficient determined from fitting of the intensity recovery as a function of time was
1.4±0.1 µm2/s.
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λexc=582 nm was used to detect Texas Red DHPE dequenching at an
emission wavelength of λem=605 nm after addition of vesicle
population 2 to population 1 (FP 6500, Jasco, Groß-Umstadt,
Germany). Except for the lipid dyes, all lipids used were purchased
from Avanti Polar Lipids, Alabaster, AL, USA.

3. Results and discussion

The interaction between membrane linked receptors and the
corresponding membrane carrying ligands was probed with a setup
schematically depicted in Fig. 1. A glassy sphere with a diameter of
15 µm attached to a tip-less cantilever is coated with a DOPC bilayer
doped with 10 mol% of lipid molecules carrying Ni2+ nitrilotriacetic
acid complexes (Ni-NTA) as head groups (DOPC/Ni-NTA-DOGS) [24].
Following a recently introduced protocol, short oligopeptides
(CGGH6) are coupled to maleimide-functionalized lipids embedded
in the DPPC or DOPC matrix (DXPC) on the flat silicon wafer (DXPC/
MCC-DXPE-CGGH6) [22]. The two free binding sites of the hexago-
nally arranged nickel nitrilotriacetic acid (Ni-NTA) chelator serve as
receptors for oligo-histidines displayed by the in situ coupled
lipopeptides [25].

Fluid-phase DOPC bilayer were chosen for functionalization of the
colloidal probe to ensure sufficient lateral mobility of the lipids and as
a consequence to establish a satisfactory large number of recognition
events during the membrane–membrane contact. Moreover, mem-
branes in the fluid phase are more prone to fusion events due to
substantially smaller bending moduli and area compressibilities. The
spreading process on the glassy sphere and the integrity of the
membranes were controlled by means of fluorescence microscopy.
Fig. 2 shows a typical colloidal probe cantilever and the examination
of its coverage with a fluorescently labeled DOPC bilayer (A and B)
after addition of SUVs. Confocal laser scanning microscopy confirms a
homogeneous coverage of the colloidal probe (inlay, Fig. 2B).
Fluorescence recovery after photobleaching (FRAP) experiments
carried out on the membrane covered spheres reveal that a
continuous mobile bilayer could be deposited by means of vesicle
spreading. Recovery of fluorescence in the bleached areawas achieved
after 100 s. The recovery was incomplete due to an exhausting
Fig. 1. Scheme of the experimental setup used in this study. A cantilever equipped with a
bilayer (DOPC/Ni-NTA-DOGS, gray circles) by means of vesicle spreading. Force–distance cu
and decorated with short His-tagged peptides (DXPC/MCC-DXPE-CGGH6, dark gray crescen
membrane reservoir on the sphere. Diffusion coefficients were
determined to be in the range of (1.4±0.1)µm2/s (Fig. 2C). We
attribute the slightly smaller values compared to those found for fluid
bilayers on planar substrates (∼5 µm2/s) [26,27] to the finite-sized
spherical substrate imposing different boundary conditions. Force–
distance curves with freshly prepared membrane probes taken on
sufficiently hard surfaces show only single breakthrough events at
colloidal probe is functionalized with a Ni2+-nitrilotriacetate (Ni-NTA)-labeled DOPC
rves are performed on a corresponding planar membrane spread on a flat silicon wafer
t symbols).



Fig. 3. Typical force retraction curve obtained after contacting a membrane (DOPC/Ni-
NTA-DOGS, 90:10) covered colloidal probe with a planar bilayer equipped with His-tag
peptides (DPPC/MCC-DPPE-CGGH6, 90:10). Labels indicate the parameters that are
generally obtained from the retraction curves. Work of adhesion (Wad, gray area),
maximum adhesion force (Fad), number of tethers, tether length/lifetime and tether
rupture forces Frup are registered. The force curve has been recorded with a pulling
speed of 2.5 µm/s and a dwell time on the surface of 1 s.
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high force loads (8 nN force load; not shown) suggesting unilamel-
larity of the adsorbed bilayers on the spheres [28].

Force–distance cycles performed with the setup shown in Fig. 1
typically resulted in retraction curves of the colloidal probe from the
surface as exemplarily depicted in Fig. 3. The retraction curve is
characterized by a negative bending of the cantilever towards the
surface as long as there are forces acting on the cantilever. While the
breakage of initial interactions is characterized by a saw-tooth-like
pattern, the extension of tethers far away from the surface is
distinguished by force plateaus. These plateaus eventually disappear
in a single relaxation step indicating tether rupture. The constant force
observed in tether elongation is solely determined by intrinsic
Fig. 4.Histograms of maximum adhesion forces Fad (A, B) and work of adhesionWad (C, D) ob
of piezo travel as depicted in Fig. 3. Control experiments in the absence of CGGH6 tags (A, C)
of ligand–receptor bonds between the two membranes (B, D). Force curves have been reco
pooled from 60 force curves with two different cantilevers for His-tag experiments and fro
viscoelastic parameters associated with the bilayer and the retraction
velocity [29,30]. In the case of multiple tether formation, the
subsequent rupture of tethers produces a staircase-like retraction
curve [31].

Information drawn from the force curves can be diverse. The
approach curve contains information about possible breakthrough or
membrane fusion events, while the retraction curves encompasses
information about the overall work of adhesion, the maximum
adhesion force, the lifetime of the tether, and the tether force. In the
following section we will describe and discuss data analysis and
consequences for possible scenarios of membrane–membrane
interactions.

3.1. Adhesion force and work of adhesion

The most straightforward way to extract quantitative data from
force retraction curves is to register the maximum adhesion force and
the work of adhesion, which is essentially the integral as denoted in
Fig. 3, and cast the individual values into a histogram. Appropriate
control experiments were carried out to exclude that non-specific
interactions interfere with the force response. Hence, we also
monitored the maximum adhesion force Fad and surface adhesion
energy Wad in the absence of the ligand CGGH6 coupled to the planar
membrane. We found a meanmaximum adhesion force of (80±190)
pN for control experiments lacking the ligand CGGH6 (Fig. 4A), while a
more than 10 times higher adhesion force was found in presence of
phospholipids displaying the ligand CGGH6 ((880±940)pN, Fig. 4B).
The difference is even more pronounced for the adhesion energies,
which is probably due to the augmented formation of membrane
tethers once Ni-NTA bearing lipids form complexes with phospholi-
pids displaying CGGH6 tags. Notably, we use the term work of
adhesion being distinct from the free energy of adhesion since the
experiment is carried out under non-equilibrium conditions. Control
experiments in the absence of CGGH6 produce a work of adhesion of
merely (2.7±3.4)aJ in contrast to (97±137)aJ for experiments
tained from integration of the retraction force curve from the point of contact to the end
show at least 10 times smaller values than CPM experiments allowing for the formation
rded with a pulling speed of 2.5 µm/s and a dwell time on the surface of 1 s. Data was
m 60 force curves with three different cantilevers for control experiments.



Fig. 5. Analysis of force–distance approach curves in the presence of CGGH6 equipped
lipids. While the colloidal probe approaches the surface, instabilities are detected
within a distance of 20 nm to the surface. A. Approach and retraction curves of a
colloidal probe covered with DOPC/Ni-NTA-DOGS (90:10) touching a DPPC/MCC-DPPE-
CGGH6 (90:10) bilayer on flat silicon. A single instability is found in the approach curve
(inset) followed by multiple tethers upon retraction of the cantilever. B. Approach and
retraction curves of a colloidal probe covered with DOPC/Ni-NTA-DOGS (90:10)
touching a DOPC/MCC-DOPE-CGGH6 (90:10) bilayer. Two instabilities are found in the
approach curve (inset) followed by a single tether upon retraction of the cantilever.
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carried out in the presence of lipids functionalized with CGGH6

(Fig. 4C,D).
The experiments clearly reveal that strong adhesion forces/

energies result only if non-covalent linkages are allowed to form
upon contact of the two membranes. It is, however, unclear whether
unbinding of Ni-NTA–His-tag complexes is detected or membranes
join at least partly thus forming a continuous leaflet which eventually
ruptures upon extension.

3.2. Contact area and bilayer instabilities

It is instructive to first determine how many bonds may have
been formed upon full contact of the two approaching membranes.
The defined geometry of the colloidal probe permits a semi-
quantitative analysis. After estimation of the approximate contact
area between colloidal probe and the bilayer covered silicon wafer
we will insert this information into a Monte Carlo simulation that
eventually computes the number of possible contacts. For this pur-
pose we assume that 10 mol% of the area is occupied by receptor
molecules on the one membrane and the same percentage of ligands
on the other side. Following the theory of Hertz, being the most
vigorous simplification of all contact models and neglecting the
impact of adhesive forces on the contact mechanics, the contact area
depends on the external load force, the radius of the probe, and the
Young's moduli E of the corresponding materials [32]. A further
simplification arises by assuming that the indentation depth is below
10% of the bilayer thickness permitting us to consider the two
membranes as semi-infinite bulk material with a Young's modulus of
approximately 10 MPa (Poisson ratio: v=0.33) [33]. The spheres
used in our study have a radius of 7.5 µm and the load forces is at
minimum 200 pN producing an overall indentation depth of 0.5 nm.
We calculate a contact radius of a=60 nm at a load force of 200 pN
corresponding to a contact area of 21,900 nm2. The number of lipid
molecules within the contact are can be obtained from knowledge of
the cross sectional area of a single lipid molecule (Alipid=0.7 nm2).
Hence, a load force of merely 200 pN brings approximately 31,300
lipids in close contact. Since the membranes are doped with 10% of
receptors or ligands, respectively, we can estimate that at most
∼3000 molecular bonds can form allowing saturation of bonds. In
order to obtain a more realistic number of ligand–receptor-linkages
we performed a simple simulation based on two approaching
surfaces with randomly placed ligands and receptors occupying an
area of 10%. The number of irreversibly formed contacts is counted
and lateral mobility is represented by a so-called affinity radius
that increases with contact time according to the classical two-
dimensional random walk of lipid molecules. Every pair at a distance
smaller than the affinity radius is counted as a bond. Opening of
bonds is not considered in order to simplify the procedure leading to
the estimation of an upper limit of bonds. After 1 s dwell time of the
colloidal probe in contact with the opposing membrane we can
safely assume that indeed all possible bonds are formed at a load
force of 200 pN (Fig. S1, supplementary materials).

CPM experiments with DOPC/Ni-NTA-DOGS (90:10) coated
spheres approaching either planar DPPC (Fig. 5A) or DOPC
(Fig. 5B) bilayers equipped with the corresponding ligand
(CGGH6) show similar trajectories on approach and retraction of
the cantilever. In both cases bilayer instabilities are accompanied
by formation of membrane tethers. The instabilities after contact
are clearly visible and a sudden drop of the contact force occurs
indicative of a mono- or bilayer breakthrough. DOPC membranes,
however, are more prone to two subsequent breakthrough events
(Fig. 5B) implying full fusion of the two DOPC bilayers, while DPPC
bilayers are naturally more stable exhibiting single instabilities
(Fig. 5A). We consider these observations, which correlate with the
occurrence of tethers in the retraction curve, as a first indication
that at least hemifusion events take place.
3.3. Stochastic bond breakage or membrane fusion

Once the membranes have been brought into contact, two
scenarios are conceivable upon retracting the colloidal probe from
the substrate. The established bonds between the Ni-NTA lipids and
the corresponding His-tag carrying lipids break as the force acting on
them increases and themeasured adhesion force reflects the stochastic
nature of parallel bond breakage. Alternatively, membranes merge
upon contact and the attractive forces are due to formation of
continuous leaflets covering the colloidal probe and the silicon
substrate. Fusion between the two membranes might be only partial
and restricted to the outer leaflet, which is referred to as hemifusion.
Full fusion requires both leaflets to join thus establishing a continuous
bilayer.

The task is now to dissect the different scenarios by careful analysis
of the force distance curves. One way would be to extrapolate the
measured adhesion forces to the mean rupture force of a single bond
and compare the results with the known potential of the Ni-NTA–His-
tag complex from single molecule force experiments [34,35]. Previous
studies on the stochastic bond breakage of Ni-NTA–His-tag bondswith
an atomic force microscope provide us with the key parameters of the
energy landscape simplified by a single prominent energy barrier, the
off-rate koff at zero force, the distance between the ground state and
the activation barrier xu, and the average bond strength at a particular
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pulling speed. Following a protocol established by Beebe and cow-
orkers should allow us to extrapolate our data (Fad) to the failure of a
single bond under external load assuming that the variance of
adhesion forces obtained in the different experiments is only caused
by a variation in the number of formed bonds [34]. Assuming further
that the rupture events obey a Poisson distribution, one can plot the
average force as a function of the variance and extract the dynamic
bond strength of an individual bond from the slope. Trying this, we
could not find the predicted linear relationship between the average
force and its variance. As a consequence, the procedure of Beebe et al. is
not purposeful in our case, either because the distribution of forces
does not follow a Poisson distribution or because the governing
connection between probe and sample is different from stochastic
ligand–receptor bonds.

3.4. Tether formation

A second way to find out whether membranes have merged upon
contact relies on registering of tether lifetimes. Tethers are lipid
nanotubes with lipid bilayer walls and therefore possess an aqueous
interior. They can be pulled out of membranes and rupture if the
membrane reservoir that supplies the tether with lipid molecules is
exhausted or the bond connecting the tether to the probe failures [36].
Once the tether is formed, its radius is constant and does only depend
on the viscoelastic properties of the membrane [29,37]. Tethers are
characterized by constant force upon extraction, which depends only
on intrinsic mechanical parameters of the bilayer such as the bending
modulus κ, the tension σ, and the shear viscosity η. Due to the viscous
contribution the force depends also on the pulling speed v [30]:

F = 2π
ffiffiffiffiffiffiffi
κσ

p
−2πηv ð1Þ

Eq. (1) can be used to extract intrinsic mechanical parameters
from the tether pulling experiments. A plot of the tether force as a
function of pulling velocity can be used to determine the apparent
tension σ that also represents the adhesion of the bilayer to the
colloidal sphere. We assume a bending modulus κ of 10−19 J
corresponding to a fluid bilayer and thus find an apparent tension of
1.2 mN/m. The value corresponds well to recent findings from
indentation of pore spanning bilayer and is attributed to large lateral
tension due to strong adhesion to the surface [38]. The tether radius
can readily been obtained from rtether=2πκ /Ftether [39]. Assuming an
equilibrium tether force Ftether of 80 pN, a tether radius of 6–10 nm is
found.

The fact that tethers are formed upon pulling the probe away from
the surface alone does not elucidate which bonds are strained and
eventually failure. It just tells us that the membrane or at least one
leaflet is lifted off from the support overcoming the adhesion force
between the bilayer and the substrate. However, since the tether
length is a measure of the bond's lifetime it can be used to estimate
the off-rates at constant force koff(0) and compare the values to the
known off-rates of the Ni-NTA–His tag bonds [35]. In many tether
pulling experiments, it is assumed that the molecular bond attaching
the probe or pulling device to the membrane remains intact. The
lifetime of the bond is, however, a function of external force and the
energy landscape, which is usually dominated by a single prominent
energy barrier continuously lowered by the applied force ramp.
Tethers can be used to create a constant force only depending on the
mechanical properties of the membrane and the pulling velocity.
Müller et al. introduced a method to measure the lifetime of single
bonds at a defined constant force usingmembrane tethers pulled from
cells at varying velocities [30]. We will adopt this procedure to judge
whether stochastic bond rupture governs the process or hemifusion
took place prior to retraction. In our CPM experiments usually
multiple tethers were formed and a staircase force profile is observed
(Fig. 3).
Analysis of the tether frequency (how many tethers are observed
in a set of experiments) shows that in the control experiments (no
CGGH6) with a contact time of one second the maximum number of
tethers in one retraction curve is only one (Fig. 6A). 85% of all the
retraction curves showed no tether formation. In contrast, bilayers
displaying CGGH6 ligands showed a substantially higher tendency to
form tethers. The highest number of tether plateaus observed in one
retraction curve is eleven. There are also force curves observed in
which no tethers are formed. This, however, correlates with a loss of
membranematerial from the probe due to successful tether formation
prior to the actual pulling experiment (Figs. S2 and S3, supplementary
material). This means that consecutive force curves are frequently
devoid of tether events due to an exhausted membrane reservoir on
the spheres. The mean number of tethers per retraction curve for
control experiments is n=0.12, whereas it is n=3.6 for experiments
with CGGH6 ligands. The number of tethers increases with the dwell
time of the probe in contact with the surface.

In the following, we describe a protocol developed by Müller and
coworkers to obtain off rates from force clamp conditions (Eq. (1)).
Hence, we monitored the lifetime of the tethers — as computed from
the tether length by dividing by the pulling velocity— as a function of
tether force. Fig. 7 shows the resulting histograms of tether lifetimes τ
as a function of tether force adjusted by the pulling velocity. As
expected, the lifetime increases with decreasing pulling speed.
Assuming stochastic unbinding of a ligand–receptor pair, the
unbinding probability S(t) is described by a single exponential
function:

S tð Þ = exp
−t
τ

� �
ð2Þ

The corresponding probability density W tð Þ = 1
τ exp

t
τ

� �
is fitted

to the normalized histograms providing a mean lifetime of (1.27
±0.39)s for a pulling speed of 0.1 µm/s, (0.21±0.02)s for 1 µm/s,
and (0.11±0.01)s for 2.5 µm/s. We also determined the lifetime of
tethers at a particular force (last tethers) to determine koff(F)=τ(F)
−1. We arrived at (3.6±0.4)s for a pulling speed of 0.1 µm/s, (0.32
±0.05)s for 1 µm/s, and (0.18±0.02)s for 2.5 µm/s. Employing the
Bell model that describes the obtained rates as a function of force
allows us to determine both xu, the potential width, and koff at zero
force (koff(0)) [40]:

koff Fð Þ = koff 0ð Þ exp xuF
kbT

� �
ð3Þ

In the applied range of forces, a koff(0) was found to be (0.63±
0.44)s−1 and xu=(0.28±0.04)nm. Notably, we considered only
the last and therefore single tethers in order to avoid undefined
forces acting on each individual tether. Only the last tethers are
subject to a defined force (plateau force). Although the lifetimes
are thus slightly overestimated we can use them as an upper
bound in the following argumentation. Comparing the off-rates at
zero load force koff(0) and the distance from the ground state to
the activation barrier xu to available literature values (koff(0)=
0.07 s−1, xu=0.16 nm) for the same ligand receptor couple it is
evident that there is not even a remote resemblance between our
data and literature values [35]. Particularly, the 10 times higher
lifetime of Ni-NTA–His-tag bonds compared to our findings
indicates that the anchorage of the tether is not established by
one or more stochastic ligand–receptor bonds. In summary, we
conclude that the linkage between the tether and the probe is most
likely different from Ni-NTA chelating the corresponding His-tag
(CGGH6). We rather think that hemifusion took place due to the
contact pressure exerted by the AFM facilitated by formation of
strong ligand receptor bonds merging the membranes at least
partly. This assumption is supported by the observation that tether



Fig. 7. Tether lifetimes τ at different pulling speeds. τ(F) increaseswith decreasing pulling
speed (2.5 µm/s (top), 1 µm/s (middle), 0.1 µm/s (bottom)). Fitting of amonoexponential
function results inmean lifetimes τ of (0.11±0.01)s at 2.5 µm/s, (0.21±0.02)s at 1 µm/s,
and (1.27±0.39)s at 0.1 µm/s pulling speed. Lifetimes are obtained from division of the
tether lengthby thepulling velocity.Histogramswere calculated frommeasurementswith
two different cantilevers and 40 force curves for each pulling velocity.

Fig. 6. A. Frequency of tether formation found in retraction curves with and without CGGH6. The number of extracted nanotubes during one retraction process increases up to n=11
upon addition of CGGH6. B, C. Typical force retraction curves showing tethers with final rupture events at different pulling velocities and corresponding histograms of tether rupture
forces at 2.5 µm/s (top), 1 µm/s (middle), and 0.1 µm/s (bottom). The distributions exhibit mean rupture forces of (133±65)pN at 2.5 µm/s, (114±59)pN at 1 µm/s, and (85±68)
pN at 0.1 µm/s. Increased pulling velocities lead to increased tether rupture forces as expected from Eq. (1). Histograms were calculated from measurements with two different
cantilevers and 30 force curves for each velocity.
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formation is related to single breakthrough events proceeding
upon forced contact of the two membranes. As shown by
Abdulreda et al. these small force jumps can be interpreted as
hemifusion events [18].

According to analysis of approach curves hemifusion and fusion
are abundantly observed for two DOPC covered surfaces in contact.
Even in the absence of ligand receptor pairs the two membranes
merge if contact is enforced by a joining pressure leading to the
undercutting of a certain distance. In contrast, predominantly
hemifusion is found for DOPC/DPPC systems but only if defined
molecular bonds are formed upon approaching the colloidal sphere.
Scrutiny of colloidal probes covered with functionalized DOPC
bilayers after performing force experiments on corresponding
DPPC membranes clearly shows missing patches of membrane on
the colloidal probe (Fig. S3, supplementary materials). Fluorescence
microscopy of DOPC/Ni-NTA-DOGS/Texas Red DHPE coated colloidal
spheres after contact and tether formation with DPPC bilayers
displaying CGGH6 (DPPC/MCC-DPPE-CGGH6) reveals that black, non-
fluorescent areas are visible on the sphere implying that the DOPC
bilayer has been irreversibly peeled off from the probe.

We conclude that rupture of tethers occurs due to stretching and
failure of the DOPC bilayer while exhausting the reservoir on the
silicon dioxide sphere. We assume that the DPPC bilayer on the flat
silicon substrate remains largely unaffected upon retraction of the
colloidal probe. Most likely, the fluid DOPC bilayer is peeled off the
probe upon retraction forming a membrane tether, which is
anchored in a hemifused fashion on the DPPC bilayer (see Figs. 10,
S2, and S3). Obviously, the formation of ligand receptor bonds is
necessary to overcome the barrier for hemifusion of DOPC with the
gel-phase bilayer. Moreover, we found that roughly the same tether
length was extracted regardless of the pulling velocity which we
attribute to the finite lipid reservoir on the colloidal probe.



Fig. 8. Release of Texas Red DHPE self-quenching upon addition of Ni-NTA-
functionalized vesicles (DOPC/Ni-NTA-DOGS (98:2); black arrows) to a population of
CGWH6-functionalized vesicles doped with Texas Red labeled lipids (DOPC/MCC-
DOPE-CGWH6/Texas Red DHPE, 88:2:10). While fluorescence intensity is constantly
low at high fluorophor concentrations due to self-quenching, Texas Red emission
increases upon addition of non-labeled vesicles functionalized with Ni-NTA due to lipid
mixing.

Fig. 9. Coupling of Ni-NTA-functionalized small unilamellar vesicles to a CGWH6-
functionalized bilayer investigated by QCM-D measurements. After spreading of a
DOPC/MCC-DOPE (90:10) bilayer (initial drop of Δf) and the coupling of CGWH6

(second frequency decrease), the frequency drops to −100 Hz upon the binding of Ni-
NTA-functionalized DOPC (DOPC/Ni-NTA-DOGS, 90:10). The dissipation rises accord-
ingly implying the attachment of a viscoelastic body.
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3.5. Hemifusion of Ni-NTA-DOGS and MCC-DOPE-CGGH6 functionalized
liposomes in bulk experiments

In bulk experiments we found that two liposome populations
consisting both of DOPC equipped with either Ni-NTA-DOGS or MCC-
DOPE-CGWH6 show hemifusion. Fig. 8 shows a Texas Red dequenching
experiment, which is a popular assay to demonstrate fusion of vesicles
[41]. More precisely, the experiments show that at least lipid mixing of
the outer leaflets occurs upon contact of two liposomes. We found that
Texas Red labeled lipids are self-quenched if fluorophor concentrations
are higher than 4 mol% in a liposome. Hence, we doped one vesicle
population with a very high fluorophor concentration of 10 mol% and
functionalized these vesicles additionally with MCC-DOPE-CGWH6

(10 mol%). Adding a second population of fluorophor-free vesicles
functionalized with Ni-NTA lipids (Ni-NTA-DOGS, 10 mol%), a signifi-
cant increase in fluorescence intensity was observed due to binding and
subsequent fusion of the vesicles. The sudden increase in free area
results in less self-quenching and hence the fluorescence intensity
increases. Fluorescence microscopy measurements with the same kind
of vesicle populations show an increase in vesicle size upon addition of
Ni-NTA vesicles to CGWH6-vesicles (data not shown). Importantly,
typical content release assays such as the ANTS/DPX assay were
unsuccessful excluding fully merged liposomes [42].

3.6. Docking of Ni-NTA-DOGS doped vesicles to MCC-DOPE-CGWH6

containing SSMs

Irreversible binding of vesicles containing Ni-NTA-DOGS to a solid
supported membrane equipped with MCC-DOPE-CGWH6 ligands was
found in a QCM-D experiment as detailed in Fig. 9. QCM-D
measurements are ideally suited to detect the adsorption of visco-
elastic bodies such as cells and liposomes and can be used to
unequivocally detect bilayer formation due to rupture of vesicles on
the surface [43–46]. Fig. 9 shows that short his-tagged peptides bind
covalently to maleimide moieties of a spread DOPC/MCC-DOPE
(90:10) bilayer as reported previously [22]. Addition of Ni-NTA-
DOGS functionalized vesicles results in a large frequency drop
associated with an increase in dissipation. These changes are due to
an increase of viscoelastic mass on the oscillating quartz, which we
assign to the binding of Ni-NTA-functionalized vesicles to CGWH6

molecules on the membrane. A typical signature of bilayer spreading
was not observed [43]. Adding of vesicles composed of DPPC rather
thanDOPC resulted in a significantly larger frequency shift (−155 Hz),
whichwe attribute to the strong deformation experienced by the fluid
DOPC liposomes resulting in smaller shifts of the acoustic load.
Addition of EDTA to the bound DOPC/Ni-NTA-DOGS vesicles did not
result in detachment of the liposomes due to complexation of Ni2+ as
evident fromanunchanged frequency response.We assign thisfinding
to the hemifused state on the surface that renders the system
insensible to removal of Ni2+. Importantly, addition of EDTA to the
adsorbed DPPC vesicles via the Ni-NTA–His tag bonding results in a
small frequency increase (+36 Hz) due to desorption of vesicles. The
better part of the attached vesicles, however, remains in contact.

3.7. Model perception

A number of different conceivable scenarios how (hemi)fusion
takes place between the membrane coated colloidal probe and the
planar solid supported membrane triggered by external force and
formation of ligand receptor pairs exists. Fig. 10A–G shows a collection
of schemes that illustrate possible structures of the formed tethers.
Some of the scenarios can safely be excluded as deduced from the
experimental evidence. The initial contact (A) leads to partial merging
of the two bilayers (B) or to direct formation of a tether upon pulling
(C). Retraction of the colloidal probe (C–G)might result in hemifusion
of the outer leaflets of the twomembranes (D, F, andG) or alternatively
to full fusion (E). A subtlety occurs on the colloidal probe. The DOPC
leaflet pointing to the sphere might detach (E and G) or remain in
contact (D and F). Due to curvature penalty, structure (F) is not very
likely to occur. The estimated tether radius of 6–10 nm favors
structures C and G because less energy is paid for bending and
hydrophobic chains are not exposed to the aqueous environment.

Since DPPCmost likely does not participate in the tether formation
at room temperature and hence does not act as a membrane reservoir
upon pulling, we assume that the membrane reservoir consists
exclusively of DOPC covering the colloidal sphere. This would also
explain the relatively short tethers observed in the force retraction
curves. We found considerably longer tethers when two DOPC
membraneswere brought into contact (Fig. 5). From the force distance
curves alone we cannot exclude that multiple bonds between Ni-NTA
lipids and the correspondingHis-tag form and sustain the pulling force
(Fig. 10C). The weakest link is the membrane tube itself. However, the
additional bulk experiment (dequenching assay) and QCM-D experi-
ments reveal that hemifusion (lipidmixing) has taken place. Taking all
experimental evidence together, we can assume that Fig. 10G displays
themost likely structure of the tether. In summary,we assume that the



Fig. 10. Schematic illustrations showing possible structures of the formed tethers upon retraction of the colloidal probe from the bilayer covered substrate. A. Initial contact resulting in partial fusion of the two bilayers (B). (C–G) Retraction of
the colloidal probe results in tether formation. Note that hemifusion of the outer leaflets of the two membranes (D,F,G) or full fusion (E) are conceivable.
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DOPC bilayer on the sphere feeds the tether, which is anchored in a
hemifused manner onto the planar solid supported membrane.

Whether full fusion or merely hemifusion occurs depends also on
the externally applied force and the fluidity of the bilayers. While
coating both, the colloidal probe and the flat substrate with DOPC
might favor full fusion, DPPC on either the colloidal probe or the flat
substrate is likely to prevent the formation of fully merged mem-
branes. Colloidal probe microscopy allows to widen the parameter
space by allowing to control the force in a site specific fashion. While
the approach curve provides a first cue whether fusion events took
place just from the number of instabilities occurring upon forced
contact, the retraction curve embodies even richer physics. Future
experiments will include CPM measurements in conjunction with
fluorescence microscopy such as total internal reflection fluorescence
microscopy, which allows to monitor energy transfer of fluorophors
while tethers are pulled from the contact regime.

4. Conclusions

Colloidal probe microscopy studies of membrane–membrane
interactions are a versatile complement to traditional methods such
as fusion assays based on liposomes and fluorescence techniques. It
offers the unique possibility to investigate the forced contact between
two bilayers, the involved instabilities upon merging, and the
retraction process possibly characterized by stochastic unbinding
events and the formation of membrane tethers. We have shown that
even a simple system of ligand–receptor interactions bears rich
physics and demands intricate models to explain the resulting new
membrane structures. Depending on ligand receptor density, fluidity
of the bilayer, and contact force various follow up reactions on the
initial formation of non-covalent bonds are conceivable. We suspect
that hemifusion of the outer leaflets is a highly probable pathway after
contact of twomembranesmediated bymolecular recognition leading
to membrane nanotubes.
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