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ABSTRACT: Enclosed lipid bilayer structures, referred to as liposomes or
lipid vesicles, have a wide range of biological functions, such as cellular
signaling and membrane trafficking. The efficiency of cellular uptake of
liposomes, a key step in many of these functions, is strongly dependent on the
contact area between a liposome and a cell membrane, which is governed by
the adhesion force w, the membrane bending energy κ, and the osmotic
pressure Δp. Herein, we investigate the relationship between these forces and
the physicochemical properties of the solvent, namely, the presence of glucose
(a nonionic osmolyte). Using fluorescence microscopy, we measure the
diffusivity D of small (∼50 nm radius), fluorescently labeled liposomes
adhering to a supported lipid bilayer or to the freestanding membrane of a giant (∼10 μm radius) liposome. It is observed that
glucose in solution reduces D on the supported membrane, while having negligible effect on D on the freestanding membrane.
Using well-known hydrodynamic theory for the diffusivity of membrane inclusions, these observations suggest that glucose
enhances the contact area between the small liposomes and the underlying membrane, while not affecting the viscosity of the
underlying membrane. In addition, quartz crystal microbalance experiments showed no significant change in the hydrodynamic
height of the adsorbed liposomes, upon adding glucose. This observation suggests that instead of osmotic deflation, glucose
enhances the contact area via adhesion forces, presumably due to the depletion of the glucose molecules from the intermembrane
hydration layer.

■ INTRODUCTION

Spherical lipid bilayers, referred to as lipid vesicles or
liposomesthe latter term is typically used to describe
synthetic versions1have received a great deal of attention
due to their relevance in biology, where they occur as transport
secretory vesicles2,3 and cell-derived extracellular vesicles4

among other classes of biological nanoparticles. In many
studies, liposomes are produced artificially and are used as
model systems to mimic cell membrane-related processes.1,5−7

Artificial liposomes are also being used as nanoscale carriers in
drug delivery applications.8−10 Cellular uptake of natural
vesicles or artificial liposomes involves membrane bending
and fusion.11,12 Consequently, the uptake rate depends on the
contact area between the liposomes and the host mem-
brane.13−15 The contact area is associated with the liposome
shape, which is governed by the adhesion force, the membrane
bending energy, and the osmotic pressure.16−24 While adhesion
and uptake of natural vesicles is typically mediated by
receptor−ligand interactions, the present work focuses on
liposome adhesion on artificial membrane interfaces, without
the intervention of membrane proteins. Our work is therefore
relevant for applications involving artificial liposomes, such as
the aforementioned drug delivery systems.
In this work, we electrostatically adhere negatively charged

liposomes onto a positively charged membrane surface, and we
study the liposome−membrane interaction, by monitoring the

Brownian motion of the membrane-adhering liposomes. In
previous work, we observed that, in this system, the liposome
diffusivity D is equivalent to that of a cylindrical membrane
inclusion. This observation suggests that the Brownian motion
of the liposome is electrostatically slaved to that of a disk-
shaped lipid cluster in the underlying membrane.25−27 The size
of the cluster is referred to as the contact area. Similar behavior
has also been observed for D of covalently bound or
molecularly tethered, membrane-adhering colloids or lip-
osomes.28−30 These observations support that the Brownian
motion of membrane-adhering colloids or liposomes is coupled
to that of lipid clusters that move in the underlying membrane.
When adopting this view, measuring D provides insight into the
forces that determine the contact area between the liposome
and the underlying membrane, being the adhesion force, the
bending energy, and the osmotic pressure, as schematically
illustrated in Figure 1a.
Following this approach, we have previously studied the

diffusivity of small (∼50 nm radius) electrically charged
liposomes that are adhering to an oppositely charged supported
lipid bilayer, suspended in a salt solution.26,27 It was found that
reducing the concentration of the salt (ionic osmolyte) reduces
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the diffusivity, which reflects an enhanced contact area (or
contact radius aC) due to a reduced screening (i.e., an increase)
of the electrostatic adhesion force.26

The diffusivity data agreed well with the diffusivity model for
membrane inclusions,31 where the inclusion (contact radius aC)
was modeled as the circular region in the supported bilayer,
which is within one Debye length λ of the liposome; see Figure
1b and see SI section S9 for a derivation:

λ=a a2C (1)

Equation 1 is applicable when a ≫ λ, which is not satisfied for
nanometer-sized objects, such as proteins,32 where the contact
area is on the order of a few lipid molecules.
In previous work, we furthermore found that diffusivity is

insensitive to the charge density in the opposing mem-
branes.12,26,27 These observations support that the contact
area between the liposome and membrane depends on solvent
properties via the Debye length, rather than on the surface
adhesion force, which depends on the membrane charge
densities. It is further noted that charge exchanges between the
liposome and membrane on a time scale ∼103 s, and has no
significant effect on the liposome diffusivity.12,33

It was also found that adding glucose (nonionic osmolyte)
reduces the diffusivity, and we elucidated the governing
mechanism, by applying a shear flow over the membrane.27

By measuring both the diffusivity as well as the shear-induced
drift velocity of the liposomes, we computed the hydrodynamic
height of the liposomes, showing negligible change after adding
glucose. Assuming that the membrane viscosity is unaltered,
this observation would suggest, that glucose extends the
intermembrane contact area via adhesion forces, rather than
via osmotic forces. This conclusion is supported by
deformation calculations in SI section S10, which show that
osmotic deflation would appreciably change the liposome
height, while adhesion forces would enhance the contact area
without appreciably changing the liposome height. This is
related to the nature of this type of deformation, which is

localized at the liposome-substrate contact line, as illustrated in
Figure 1c. In ref 27, it was hypothesized that the responsible
adhesion force is a “depletion force”. Owing to its large size
(∼1.5 nm), it is conceivable that glucose molecules are depleted
from the intermembrane hydration layer (∼1 nm),34 causing an
adhesive force,35,36 as illustrated in Figure 1d.
Furthermore, the absence of glucose-induced osmotic

deflation suggests that the liposomes were already maximally
deformed in the absence of glucose, presumably due to the
liposome−membrane adhesion force. The absence of osmotic
deflation might suggest that pores form in the membrane,
equilibrating the transmembrane osmotic pressure. However,
the time scale for transmembrane transport due to pore
formation is likely larger than the experimental time scale; see
e.g., ref 37. Alternatively, we have previously argued that
osmotic deflation could be counteracted by a relatively large
membrane bending energy κ, which is expected to increase as
the radius of curvature of a liposome diminishes and
approaches the membrane thickness, inhibiting liposome
deformation beyond a certain threshold; see, e.g., refs 38,39.
In the present work, we further study the effect of glucose on

the diffusivty D of membrane-adhering liposomes, scrutinizing
the roles of the adhesion force, the contact area, and the
associated liposome deformation. First, we confirm that glucose
reduces D due to an enhanced contact area aC, and not due to
modulation of the membrane viscosity ηM. To this end, we
compare the glucose-induced change in D of liposomes
adhering to a supported and a free-standing membrane.
According to well-established hydrodynamics theory, the
former is rather insensitive to ηM and sensitive to aC

31 (see
eq 5 below), while the latter is insensitive to aC, and sensitive to
ηM

40 (see eq 6 below). The observation of a reduced D on the
supported membrane, and an unaffected D on the giant
liposome, confirms that glucose enhances aC, while leaving ηM
intact. Second, we elucidate the origin of the enhanced aC, by
measuring the associated glucose-induced change in liposome
height, using the quartz crystal microbalance technique.39 The

Figure 1. (a) Schematic representation of a surface-adhering liposome that may be deformed by the osmotic pressure Δp and the surface adhesion
force w. Deformation is counteracted by the membrane bending energy κ. (b) The inclusion radius aC is modeled as the circular region in the
supported bilayer, which is within one Debye length λ of the liposome. (c) Adhesion forces deform the liposome locally at the liposome−substrate
contact line, without appreciably changing the liposome height (upper), while osmotic deflation is accompanied by significant changes in the
liposome height (lower). (d) It is hypothesized that glucose molecules (gray circles, ∼1.5 nm) are depleted from the intermembrane hydration layer
(δ ∼ 1 nm), resulting in adhesion forces. The liposome membrane is indicated with the dotted line.
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observation of a negligible height change suggests that instead
of the osmotic pressure, it is the adhesion force that enhances
aC. These results confirm our previous findings that glucose
inhibits the diffusivity of supported bilayer-adhering liposomes
via adhesion forces.27 There it was hypothesized that this
adhesion force originates from a depletion of the glucose
molecules from the intermembrane hydration layer.27

■ RESULTS

Liposome Diffusivity on Supported Membranes.
Positively charged supported lipid bilayers are produced using
the liposome fusion method41 on the glass wall of a fluidic
chamber. Then fluorescently labeled and negatively charged,
small unilamellar liposomes, which serve as tracking particles,
are injected into the fluidic chamber, where they adhere to and
diffuse on the positively charged supported bilayer. The mean
radius of the liposomes a = 51 nm was measured using dynamic
light scattering (DLS); see Figure S1.
A section of a fluorescence image is given in Figure 2a,

showing the supported membrane, with membrane-adhering
liposomes (bright spots). Figure 2b visualizes the liposome
motion, by subtracting two images with a 4 s time interval (80
frames), which corresponds to a liposome displacement of
roughly 2 μm or 8 pixels. The displaced liposomes appear as
pairs of bright and dark spots. Particle tracking is used to
reconstruct the trajectories of the liposomes from the
fluorescence images (see SI section S7). A typical trajectory
is shown in the inset of Figure 2b.

Figure 3a shows the liposome displacement probability
density function G(r, t) on a logarithmic y-axis as a function of
the scaled, squared displacement r2/4t for various fixed values
of the elapsed time t. The function is constructed from all
measured position pairs on all detected trajectories. On these
coordinates, the data for different times collapse on a straight
line, which implies that the displacements are Brownian and
Gaussian:

π= − −G r t r Dt Dt( , ) exp[ (4 ) ](4 )2 1/2 1/2
(2)

Here, D is the overall (ensemble averaged) diffusivity. To
further confirm the Brownian character of the liposome
diffusivity, the inset of Figure 3a shows, that the ensemble-
averaged (over all liposomes) mean squared displacement
(MSD) is a linear function of the elapsed time t. Next, the MSD
was computed for individual liposomes and the resulting
diffusivity distribution is presented in Figure 3b, showing a
mean and standard deviation of D = 0.30 ± 0.33 μm2 s−1. This
value for D is reasonably close to the observed diffusivity D =
0.2 μm2 s−1 for liposomes, which were tethered with DNA
segments to individual lipids in the underlying supported
membrane.29 This similarity supports the hypothesis in ref 29
that the tethered liposomes experience direct contact with the
underlying membrane, suggesting a similar frictional origin to
the observed diffusivity as in the present study.
It is re-emphasized that we interpret the liposome diffusivity

data by assuming that the Brownian motion of the liposome is
electrostatically slaved to that of a disk-shaped cluster of lipids
in the underlying membrane.25−27 The size of the cluster is

Figure 2. Fluorescence microscopy is used to measure the diffusivity of small liposomes on supported lipid bilayers. (a) A 50 × 50 μm2 section of a
137 × 137 μm2

fluorescence microscopy image. The liposomes appear as bright spots. (b) Visualization of liposome motion by subtracting two
images that are separated by four seconds, i.e., by 80 frames. The displaced liposomes appear as pairs of bright and dark spots. The inset shows a
liposome trajectory, that is reconstructed by matching the liposome positions in subsequent images.

Figure 3. Displacement and diffusion statistics of small liposomes adhered on supported lipid bilayers. (a) Probability density G(r, t) as a function of
the scaled, squared liposome displacement r2/4t on a logarithmic y-axis. The collapse of the data for different times on a straight line reveals that the
diffusion is Brownian and Gaussian (eq 2). The inset shows the ensemble averaged (over all liposomes) mean squared displacement (MSD) as a
function of the elapsed time. The straight line confirms that the motion is Brownian. (b) Diffusivity D histogram, before and after adding 500 mM
glucose to the liposome environment. The observed reduced diffusivity reflects an enhanced contact area between the liposome and the supported
bilayer.
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referred to as the contact area, which is defined as the
membrane region, within one Debye length to the liposome (cf.
Figure 1b). The corresponding model for the contact radius (eq
1) has been experimentally verified by measuring D at various
salt concentrations.26 In this framework, the liposome
diffusivity D is equivalent to that of the disk-shaped lipid
cluster, that moves within the underlying membrane, which is
given by the Evans-Sackmann model for the diffusivity of
inclusions in supported fluidic membranes:31

πη ε
ε

η
=

+
=

ε ε
ε( )

D
k T

a
b

4
1

where
K

K

B

M
1
2

2 ( )
( )

C
M1

0 (3)

Here, kBT is the Boltzmann energy, aC is the inclusion radius,
ηM is the membrane viscosity, K0 and K1 are the zeroth and first
order modified Bessel functions of the second kind, and b is a
phenomenological friction coefficient, to account for the
presence of the solid support. Since the disk is an intrinsic
part of the membrane, it experiences the same friction with the
underlying support as the rest of the membrane, i.e., bp = bs in
eq (3.3) in ref 31. If the disk would experience no friction with
the support, then bp = 0 in eq (3.3) in ref 31 and the factor 1/2
inside the bracket of eq 3 would be 1/4. Parameter ε = aC/a* is
the dimensionless inclusion radius, where a* = (ηM/b)

1/2 is a
characteristic length scale, that defines a crossover between two
regimes. In the first regime, the radius is relatively small aC ≪
a* (ε ≪ 1), such that the second term within the brackets on
the r.h.s. of eq 3 dominates, and the diffusion is predominantly
governed by the membrane viscosity, and reads:

πη
η

= ≪
η⎛

⎝⎜
⎞
⎠⎟

D
k T

a
b4

1

log
when

ba

B

M
C

M

C

M
2

(4)

In the second regime, the inclusion radius is relatively large,
aC ≫ a* (ε ≫ 1), such that the first term within the brackets
on the r.h.s. of eq 3 dominates and the diffusion is
predominantly governed by the friction with the solid support,
and reads:

π
η

= ≫D
k T

a b
a

b2
when .

C

B
2 C

M

(5)

Since we are concerned with the diffusivity of a lipid cluster
in the upper leaflet of the supported bilayer, we interpret b and
ηM in eq 3 as the interleaflet friction coefficient and the
monolayer viscosity, respectively, which is half the bilayer
viscosity.26,42 In our system, the ionic strength is 150 mM
(NaCl) and the (mean) liposome radius is a = 51 nm, which

gives for the Debye length λ = 0.8 nm and for the contact
radius aC = 9 nm. Using these values together with b = 2 × 107

kg s−1 m−2 and ηM = 1/2 × 4 × 10−10 kg s−1 (monolayer
viscosity),42 we find D = 0.22 μm2 s−1, which is reasonably close
to the measured value of D = 0.30 μm2 s−1. This agreement
validates aC = 9 nm (eq 1) as a reasonable estimate for the
contact radius between the membrane-adhering liposomes and
the supported bilayer. With these parameter values, we estimate
ε = 2.8, which means that the diffusivity has a strong size
dependence, and is rather insensitive to the membrane viscosity
ηM, as given by the limiting relation eq 5.
It is noted that in previous work, we have independently

measured b = 1 × 107 kg s−1 m−2 (ref 26), which is close to the
value used above.42 In addition, we have previously measured
the membrane (monolayer) viscosity, using a particle tracking
technique on GUVs25 and on SLBs,26 both giving ηM = 2 ×
10−10 kg s−1, which is also consistent with the value used
above,42 and with independent measurements in the literature;
see, e.g., refs 30,43,44. It is noted that, in the literature, there is
a large variation of measured values for ηM, and a strong
dependence on membrane composition. For instance, gel-phase
or cholesterol-rich membranes show large ηM,

45 which is several
orders of magnitude larger than for single-phase, fluid-phase
membranes that are studied here.
In Figure 3b, we study the effect of glucose by comparing the

distribution of liposome diffusivity on the supported bilayer
before and after adding 500 mM glucose to the solution. We
measure that the glucose induces a 50% reduction in the
liposome diffusivity from D = 0.30 ± 0.33 μm2 s−1 to D = 0.15
± 0.27 μm2 s−1. According to eq 5, the diffusivity is insensitive
to the membrane viscosity ηM and strongly depends on the
contact area aC. Therefore, these measurements suggest, that
the glucose reduces D by an increase in aC, while changes in ηM
play an insignificant role.

Liposome Diffusivity on Freestanding Membranes.
We further scrutinize the effect of the contact area and the
membrane viscosity on the diffusivity of membrane-adhering
liposomes. To this end we measure the diffusivity of liposomes
adhering to a free-standing membrane, which, as opposed to
the supported bilayer (eq 5), is rather insensitive to the contact
area, but sensitive to the membrane viscosity (see eq 6 below).
Again, we consider the effect of glucose, and any observed
change in the diffusivity would support that glucose alters the
membrane viscosity.
Negatively charged, fluorescently labeled, small liposomes are

electrostatically targeted onto positively charged, giant (∼10
μm radius), unilamellar liposomes.25 The mean radius of the
small liposome a = 56 nm is measured using nanoparticle
tracking analysis (NTA); see Figure S1. The giant liposomes

Figure 4. Confocal microscopy is used to measure the diffusivity of small liposomes adhering to giant liposomes. (a) Confocal microscopy image of a
giant liposome that is decorated with small liposomes. The small liposomes appear as bright spots. (b) Detected giant liposome rim (dashed line)
and small liposomes (encircled). The position of the small liposome is expressed in polar coordinates: R and θ. (c) Detected liposome angles θ at
various time instances t are visualized as bright spots on the (θ, t) plane.
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are fabricated using the electroformation method.46 Confocal
microscopy is used to measure the polar angle θ of the
liposome positions on the equatorial rim with radius R of the
giant liposome (Figure 4a,b). In the confocal microscopy
images, the liposomes appear to execute one-dimensional
motion along the equatorial rim (Figure 4c). There was no
visible sign of thermal, so-called Helfrich fluctuations,47 in the
membrane of the giant liposome. These fluctuations are
therefore ignored in the analysis, and we assume that the
small liposomes diffuse on a static membrane surface.
The probability density function G(r, t) of the liposome

displacement along the rim coordinate r = Rθ collapses on a
straight line on (r2/4t, log G) − coordinates (Figure 5a), which
implies Brownian and Gaussian displacement statistics.
Brownian motion is further confirmed by the linear dependence
of the ensemble averaged MSD on time, shown in the inset of
Figure 5a. Liposome diffusivities are computed from the slope
of the MSD curves for the individual liposomes. The resulting
distribution (Figure 5b) shows that liposome diffusivity D =
1.46 ± 0.96 μm2 s−1 is 5-fold larger on the giant liposome than
on the supported bilayer D = 0.30 ± 0.33 μm2 s−1 (cf. Figure
3b). The diffusivity of individual lipid molecules is roughly
twice as large in free-standing membranes as in solid-supported
membranes.48 The lower diffusivity for supported membranes
of either liposomes or individual lipids both originate from
friction with the support. For the case of liposomes, however,
this friction is more pronounced, i.e., a 5-fold reduction in D
versus a 2-fold reduction for individual lipids.48 Since, according
to eq 5, the friction with the support scales with the area, these
observations support that the Brownian motion of the liposome
is coupled to that of an area of lipids in the underlying
membrane.
On the free-standing membrane, on the other hand, there is

no such area dependence, and the diffusivity of inclusions in the
free-standing membrane is governed mainly by the membrane
viscosity ηM, according to the Saffman-Delbrück model:40

πη
η
η

γ= −
⎛
⎝
⎜⎜

⎡
⎣⎢

⎤
⎦⎥

⎞
⎠
⎟⎟D

k T
a4

logB

M

M

C (6)

Here γ ≈ 0.58 is Euler’s constant, η is the viscosity of the 3D
medium and ηM is the viscosity of the 2D membrane. Equation
6 accounts for viscous friction with the surrounding liquid,
under the assumption that η/(hηM) ≪ 1, where h is the
membrane thickness. It is further noted that eq 6 assumes a no-
slip condition between the disk and the surounding membrane.

A free-slip condition would add a term of +1/2 to the round
brackets in eq 6.49 As we are dealing with a cluster of lipids, the
exact boundary condition is uncertain. However, the +1/2-term
is of minor importance for the qualitative dependence of D on
cluster size aC and on membrane viscosity ηM.
In contrast to the diffusivity of inclusions in supported

membrenes (eq 5), which depends on aC and is insensitive
toward ηM, the diffusivity of inclusions in free-standing
membranes (eq 6) has opposite behavior, with a strong
dependence on ηM, while rather insensitive (logarithmic
dependence) to aC. This weak aC dependence is a signature
of the quasi two-dimensional nature of the hydrodynamic
system.40

Equation 6 predicts D = 2.6 μm2 s−1, which is reasonably
close to the measured D = 1.46 ± 0.96 μm2 s−1 based on ηM = 4
× 10−10 kg s−1 (bilayer viscosity),42 and modeling the inclusion
radius aC with eq 1, using a liposome radius of a = 56 nm and a
Debye length of λ = 0.8 nm. However, the exact value of aC is
of minor importance as it appears inside the logarithm of eq 6.
Figure 5b shows that adding 500 mM glucose does not

significantly affect the liposome diffusivity on the giant
liposome membrane, i.e., it changes from D = 1.46 ± 0.96
μm2 s−1 to D = 1.56 ± 1.04 μm2 s−1. This is in contrast to the
situation on the supported membrane, where a 50% reduction
in liposome diffusivity was observed upon adding 500 mM
glucose (cf. Figure 3b). The insensitivity of the liposome
diffusivity on the giant liposome membrane suggests that
glucose does not alter the membrane viscosity. This result
supports that the observed, reduced diffusivity on the
supported bilayer is due to an increase in the contact area
between the liposome and the supported bilayer.

Liposome Deformation on the Quartz Crystal Micro-
balance. Finally, we address the question whether glucose
enhances the contact area through osmotic forces or due to
adhesion forces. To address this issue, we consider the
associated deformation of the liposome. In SI section S10, we
demonstrate that osmotic forces would significantly reduce the
liposome height, while adhesion forces would deform only at
the liposome-membrane contact line, with negligible changes in
the liposome height. This is also illustrated in Figure 1c as
described above.
In previous work, we experimentally addressed this issue in

part, by subjecting membrane-adhering liposomes to a
hydrodynamic shear flow. Measuring both the diffusivity and
the drift velocity allowed computing both the contact area and
the height of the liposomes.27 By adding 500 mM glucose, the

Figure 5. Displacement and diffusivity statistics of small liposomes adhering to giant liposomes (a) Probability distribution G(r, t) as a function of
the scaled, squared liposome displacement r2/4t on a logarithmic y-axis. The data for different times collapse on a straight line, which indicates that
the motion is Brownian and that the displacement statistics are Gaussian (eq 2) The inset shows the ensemble averaged (over all liposomes) mean
squared displacement (MSD) as a function of the elapsed time. The straight line confirms that the motion is Brownian. (b) Diffusivity D histograms
before and after adding 500 mM glucose to the liposome environment show no noticeable difference.
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contact area was observed to increase, without appreciable
changes in the liposome height.27 Together with the analysis in
SI section S10, this suggests that glucose induces adhesion
forces, which enhance the contact area without changing the
liposome height.
It is further noted that withstanding an osmotic pressure of

500 mM glucose requires a membrane bending energy on the
order of κ ∼ 103 kBT,

39 which is few orders of magnitude larger
than what is usually measured for large membrane structures;
see, e.g., ref. 50. This suggests that κ increases due to steric
hindrance of lipid molecules in highly curved membranes. This
conclusion has previously been supported by quartz crystal
microbalance (QCM-D) measurements, showing a similar,
negligible change in liposome height, after adding an ionic
osmolyte.39

Here, we use the QCM-D technique to further study the
changes in the adsorbed liposome height, after adding 500 mM
glucose. QCM-D measurements are performed to track the
adsorption of zwitterionic liposomes on solid (TiO2) supports.
Despite using TiO2 instead of a lipid bilayer as the underlying
support, the osmotic pressure is likely the same in both
systems. The mean radius of these liposomes, a = 48 nm, was
measured using DLS, as shown in Figure S1. Figure 6a shows
the time-dependent (negative) frequency shifts −Δf/n for the
various overtones n due to liposome adsoprtion in the absence
of glucose. During the time interval shown in Figure 6a, the
frequency shifts are linear functions of time, which imply a
sufficiently small surface coverage such that the liposomes do
not hydrodynamically interact with each other.39,51 In this
uncoupled regime, liposome deformation can be determined
from the overtone-dependence of the frequency shifts,39 which
is shown in Figure 6b at a fixed time t ≈ 5 min.
The data are plotted on (δ/a, -Δf/n)-coordinates, where δ =

[ν/(πf 0n)]
1/2 is the (overtone-dependent) viscous penetration

depth, a = 48 nm is the (nondeformed) liposome radius, f 0 is
the QCM-D fundamental frequency and ν is the fluid kinematic
viscosity. On these coordinates, the data follow a straight line
for δ/a ≤ 3, and following the method in ref. [51], the
liposome aspect ratio r = 0.74(S/I)−0.95 is determined from the
slope S and the intercept I of this line: r = 1.5 ± 0.2, where the
mean and standard deviation are obtained by repeating the
experiment three times. This result corresponds to a modest
deformation, presumably induced by the interaction between
the liposomes and the TiO2 substrate.39 We performed the

same experiment for liposomes in 500 mM glucose solution
(see Figure 6c) and found a nearly identical deformation with r
= 1.6 ± 0.1. These results suggest that the glucose does not
substantially deform the liposomes beyond the deformation,
which is induced by the liposome-substrate adhesion force in
the absence of glucose.

■ CONCLUSION

We have used fluorescence microscopy and particle tracking to
measure the diffusivity of liposomes that are electrostatically
adhering to supported and free-standing membranes. Adding
glucose (a nonionic osmolyte) to the solution is observed to
inhibit liposome diffusivity on the supported bilayers, while not
affecting the diffusivity on free-standing bilayers. These
observations support that glucose enhances the contact area
between liposomes and the underlying membrane, while not
affecting the viscosity of the membrane.
To elucidate the mechanism for the enhanced contact area,

quartz crystal microbalance experiments were conducted,
showing that glucose did not induce a significant liposome
height change, beyond a modest height change, that was already
induced by the substrate (TiO2) in the absence of glucose.
Similar conclusions were previously derived from diffusivity and
drift velocity measurements of membrane-adhering liposomes
in sheared glucose solutions.27 Based on geometrical
considerations (see SI section S10), the observation of a
constant liposome height suggests that the reduced liposome
diffusivity (cf. Figure 3b) is due to adhesion forces, which
extend the contact area between the liposome and the
membrane, without appreciably changing the liposome height.
As illustrated in Figure 1d, we speculate that the glucose

induces adhesion forces via a depletion effect.35,36As the
intermembrane hydration layer is on the order of 1 nm,34 it is
conceivable that the glucose molecules (∼1.5 nm) are (partly)
depleted from this layer, resulting in an adhesion force. While
previously observed for macromolecules,29,52 this may be
evidence of an adhesion force due to the depletion of small
(∼1 nm) molecules from the intermembrane hydration layer.
In summary, the diffusivity of membrane-adhering liposomes

can be manipulated by glucose, i.e., a nonionic osmolyte, and
we have scrutinized the responsible mechanism by isolating the
effects of the contact area, the membrane viscosity, and
liposome deformation. The present work provides insight into

Figure 6. Effect of glucose on liposome deformation, measured by QCM-D. (a) Negative frequency shift −Δf/n as a function of time t for various
overtones n for liposomes adsorbing on TiO2 in isotonic buffer solution (without glucose). (b) Frequency shifts (in Hz) for the various overtones at
a fixed time t ≈ 5 min. The data are plotted on (δ/a, −Δf/n)-coordinates, where δ = [ν/(πf 0n)]

1/2 is the (overtone dependent) viscous penetration
depth, a is the (undeformed) liposome radius, f 0 is the QCM-D fundamental frequency, and ν is the fluid kinematic viscosity. For δ/a < 3 the data
follow a straight line and the liposome aspect ratio r = 0.74(S/I)−0.95 is determined from the slope S and the intercept I of this line r ≈ 1.5, which
corresponds to a modest deformation, presumably induced by the interaction between the liposomes and the TiO2 substrate. (c) Same as in (b) but
after adding 500 mM glucose, which gives r ≈ 1.6, i.e., we do not observe an appreciable liposome height change.
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the contact between liposomes and membrane surfaces, where
the associated material properties are different at the nanoscale
than at the macroscopic scale.53 In addition to these material
insights, the present work may also offer a practical method to
control liposome mobility, which can be used for separation
and characterization purposes.

■ EXPERIMENTAL SECTION
Liposome Diffusivity on Supported Membranes. A positively

charged supported lipid bilayers is produced on the inner glass wall of
a fluidic chamber by the liposome fusion method,41 i.e., by the
absorption, rupture, and fusion of positively charged, small unilamellar
liposomes. For this purpose, we produced positively charged
liposomes by extruding a lipid solution with 10% positively charged
1,2-distearoyl-sn-glycero-3-ethylphosphocholine (chloride salt)
(DOEPC) lipids and 90% zwitterionic phosphatidylcholine (DOPC)
lipids with an Avanti Mini-Extruder (Avanti Polar Lipids) using a
track-etched polycarbonate membrane with a 100-nm-diameter
nominal pore size.
Negatively charged and fluorescently labeled liposomes, that serve

as tracking particles, were fabricated by extrusion with a composition
of 5% negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (sodium salt) (DOPS) lipids and 95% DOPC lipids and 1%
rhodamine-PE lipids. The size distributions of the corresponding
liposomes are measured using nanoparticle tracking analysis (NTA,
NanoSight, U.K.) and dynamic light scattering (DLS, Brookhaven
Instrument Co., New York, USA) and are given in Figure S1. The
fluorescently labeled and negatively charged liposomes are injected
into the fluidic chamber at a flow rate of 40 μL min−1 and a
concentration of 4 mg mL−1 for 1 min. In the chamber the liposomes
adhere to the positively charged supported bilayer, reaching a coverage
of roughly one liposome per 100 μm2 of the supported bilayer, which
was sufficiently small to allow the tracking of an individual liposome
over sufficient periods of time between two successive encounters with
a neighboring liposome. Before measuring the diffusive motions of the
liposomes, the chamber is flushed with pure buffer for 1 min, to
eliminate that liposomes in the bulk obscure the view to the adhering
liposomes. After rinsing fluorescence microscopy images are recorded
at 20 fps during a period of 100 s. The image size is 512 × 512 pixels
or 136 × 136 μm2. Typical liposome displacement between two
consecutive frames is 0.25 μm or one pixel. We use particle tracking to
reconstruct the trajectories of the liposomes from the fluorescence
microscopy images (see SI sections S5−S7).
Lipid transfer between the liposomes and the supported bilayer

results in charge equilibration and consequently liposome detach-
ment.33 This process however occurs over tens of minutes, which
leaves sufficient time to measure the liposome diffusivity. Furthermore,
liposome fusion is known to occur above a certain charge density.54,55

We deliberately eliminate fusion by using charge densities in the
liposomes and in the supported bilayers, that are below the fusion
threshold, and no signs of fusion were observed.
Liposome Diffusivity on Free-Standing Membranes. Pos-

itively charged giant unilamellar liposomes are fabricated at a size of
approximately 20 μm using the electroformation method.46 The
composition and the charge of the giant liposome is identical to that of
the supported lipid bilayers, i.e., 10% positively charged DOEPC lipids
and 90% zwitterionic DOPC lipids.
Negatively charged liposomes are electrostatically targeted onto the

positively charged giant liposome surface at roughly 1 liposome per
100 μm2. Small liposome positions on the giant liposome surface are
measured using confocal microscopy, through the equatorial plane of
the giant liposome. Images were recorded at 50 fps during a total time
of 300 s. Within the imaged slice, we observe a few liposomes at the
same time. Within the confocal image the liposomes appear to
describe one-dimensional (azimuthal) motion along the equatorial rim.
Software was developed to detect these azimuthal displacements. The
residence time of the liposomes within the confocal image was on the
order of a few seconds, which corresponds to a few micrometers

azimuthal displacement. This turned out to be sufficient to accurately
determine the corresponding diffusion constant.

Liposome Deformation on a Solid Interface. Deformation of
zwitterionic (DOPC) liposomes on a titanium oxide substrate was
measured using the Quartz Crystal Microbalance-Dissipation (QCM-
D) measurement technique. Immediately before injection into the
QCM-D flow chamber, the liposomes were diluted to 5 μg mL−1

either in buffer alone or in buffer with additional 500 mM glucose. The
relatively small lipid concentration ensured a sufficiently slow
adsorption process (≈ 4 Hz min−1) which was required to obtain a
reproducible overtone-dependent frequency shift at low coverage.
During liposome injection the frequency shifts Δf/n were recorded for
the third to eleventh odd overtones.
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(23) Jackman, J. A.; Špacǩova,́ B.; Linardy, E.; Kim, M. C.; Yoon, B.
K.; Homola, J.; Cho, N.-J. Nanoplasmonic Ruler to Measure Lipid
Vesicle Deformation. Chem. Commun. 2016, 52 (1), 76−79.
(24) Dacic, M.; Jackman, J. A.; Yorulmaz, S.; Zhdanov, V. P.;
Kasemo, B.; Cho, N.-J. Influence of Divalent Cations on Deformation
and Rupture of Adsorbed Lipid Vesicles. Langmuir 2016, 32 (25),
6486−6495.
(25) Tabaei, S. R.; Gillissen, J. J.; Kim, M. C.; Ho, J. C.; Parikh, A. N.;
Cho, N.-J. Brownian Dynamics of Electrostatically Adhering Nano-
Vesicles on a Membrane Surface Induces Domains and Probes
Viscosity. Langmuir 2016, 32, 5445.
(26) Tabaei, S. R.; Gillissen, J. J. J.; Cho, N. J. Probing Membrane
Viscosity and Interleaflet Friction of Supported Lipid Bilayers by
Tracking Electrostatically Adsorbed, Nano-Sized Vesicles. Small 2016,
12 (46), 6338−6344.
(27) Tabaei, S. R.; Gillissen, J. J.; Block, S.; Hook, F.; Cho, N. J.
Hydrodynamic Propulsion of Liposomes Electrostatically Attracted to
a Lipid Membrane Reveals Size-Dependent Conformational Changes.
ACS Nano 2016, 10 (9), 8812−20.

(28) Lee, G. M.; Ishihara, A.; Jacobson, K. A. Direct Observation of
Brownian Motion of Lipids in a Membrane. Proc. Natl. Acad. Sci. U. S.
A. 1991, 88 (14), 6274−6278.
(29) Yoshina-Ishii, C.; Chan, Y.-H. M.; Johnson, J. M.; Kung, L. A.;
Lenz, P.; Boxer, S. G. Diffusive Dynamics of Vesicles Tethered to a
Fluid Supported Bilayer by Single-Particle Tracking. Langmuir 2006,
22 (13), 5682−5689.
(30) Hormel, T. T.; Kurihara, S. Q.; Brennan, M. K.; Wozniak, M. C.;
Parthasarathy, R. Measuring Lipid Membrane Viscosity using Rota-
tional and Translational Probe Diffusion. Phys. Rev. Lett. 2014, 112
(18), 188101.
(31) Evans, E.; Sackmann, E. Translational and Rotational Drag
Coefficients for a Disk Moving in a Liquid Membrane Associated with
a Rigid Substrate. J. Fluid Mech. 1988, 194, 553−561.
(32) Subramaniam, S.; Seul, M.; McConnell, H. Lateral Diffusion of
Specific Antibodies Bound to Lipid Monolayers on Alkylated
Substrates. Proc. Natl. Acad. Sci. U. S. A. 1986, 83 (5), 1169−1173.
(33) Kunze, A.; Svedhem, S.; Kasemo, B. Lipid Transfer between
Charged Supported Lipid Bilayers and Oppositely Charged Vesicles.
Langmuir 2009, 25 (9), 5146−5158.
(34) Israelachvili, J. N. Intermolecular and Surface Forces, revised 3rd
ed.; Academic Press, 2011.
(35) Asakura, S.; Oosawa, F. On Interaction between Two Bodies
Immersed in a Solution of Macromolecules. J. Chem. Phys. 1954, 22
(7), 1255−1256.
(36) Trokhymchuk, A.; Henderson, D. Depletion Forces in Bulk and
in Confined Domains: From Asakura−Oosawa to Recent Statistical
Physics Advances. Curr. Opin. Colloid Interface Sci. 2015, 20 (1), 32−
38.
(37) Papahadjopoulos, D. Na+-K+ Discrimination by “Pure”
Phospholipid Membranes. Biochim. Biophys. Acta, Biomembr. 1971,
241 (1), 254−259.
(38) Takechi-Haraya, Y.; Sakai-Kato, K.; Abe, Y.; Kawanishi, T.;
Okuda, H.; Goda, Y. Atomic Force Microscopic Analysis of the Effect
of Lipid Composition on Liposome Membrane Rigidity. Langmuir
2016, 32, 6074.
(39) Gillissen, J. J.; Jackman, J. A.; Tabaei, S. R.; Cho, N.-J. A Quartz
Crystal Microbalance Model for Quantitatively Probing the
Deformation of Adsorbed Particles at Low Surface Coverage. Anal.
Chem. 2017, 89, 11711.
(40) Saffman, P.; Delbrück, M. Brownian Motion in Biological
Membranes. Proc. Natl. Acad. Sci. U. S. A. 1975, 72 (8), 3111−3113.
(41) Kalb, E.; Frey, S.; Tamm, L. K. Formation of Supported Planar
Bilayers by Fusion of Vesicles to Supported Phospholipid Monolayers.
Biochim. Biophys. Acta, Biomembr. 1992, 1103 (2), 307−16.
(42) Jönsson, P.; Beech, J. P.; Tegenfeldt, J. O.; Höök, F. Mechanical
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