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Abstract 15 
 16 
Enclosed lipid bilayer structures, referred to as liposomes or lipid vesicles, have a wide range of 17 
biological functions, such as cellular signaling and membrane trafficking. The efficiency of cellular 18 
uptake of liposomes, a key step in many of these functions, is strongly dependent on the contact 19 
area between a liposome and a cell membrane, which is governed by the adhesion force, the 20 
membrane bending energy and the osmotic pressure. Herein, we investigate the relationship 21 
between these forces and the physicochemical properties of the solvent, namely the presence of 22 
glucose (a nonionic osmolyte). Using fluorescence microscopy, we measure the diffusivity D of 23 
small (~50 nm radius), fluorescently labeled liposomes adhering to a supported lipid bilayer or to 24 
the freestanding membrane of a giant (~10 µm radius) liposome. It is observed that glucose in 25 
solution reduces D on the supported membrane, while having negligible effect on D on the 26 
freestanding membrane. Using well-known hydrodynamic theory for the diffusivity of membrane 27 
inclusions, these observations suggest that glucose enhances the contact area between the small 28 
liposomes and the underlying membrane, while un-affecting the viscosity of the underlying 29 
membrane. In addition, quartz crystal microbalance experiments showed no significant change in 30 
the hydrodynamic height of the adsorbed liposomes, upon adding glucose. This observation 31 
suggests, that instead of osmotic deflation, glucose enhances the contact area via adhesion forces, 32 
presumably due to the depletion of the glucose molecules from the intermembrane hydration layer.  33 
 34 

35 
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Introduction 36 

Spherical lipid bilayers, referred to as lipid vesicles or liposomes, when man-made, 1 have received 37 

a great deal of attention due to their relevance in biology, where they occur as transport secretory 38 

vesicles2-3 and cell-derived extracellular vesicles4 among other classes of biological nanoparticles. 39 

In many studies, liposomes are produced artificially and are used as model systems to mimic cell 40 

membrane-related processes. 1 5-7 Artificial liposomes are also being used as nanoscale carriers in 41 

drug delivery applications.8-10 Cellular uptake of natural vesicles or artificial liposomes involves 42 

membrane bending and fusion.11-12 Consequently, the uptake rate depends on the contact area 43 

between the liposomes and the host membrane.13-15 The contact area is associated with the liposome 44 

shape, which is governed by the adhesion force, the membrane bending energy and the osmotic 45 

pressure.16-24 While adhesion and uptake of natural vesicles is mediated by receptor ligand 46 

interactions, the present work focuses on adhesion of artificial liposomes on artificial membranes, 47 

without the intervention of membrane proteins. Our work is therefore relevant for applications with 48 

artificial liposomes, such as the above-mentioned drug delivery systems.  49 

In this work, we electrostatically adhere negatively charged liposomes onto a positively 50 

charged membrane surface, and we study the liposome-membrane interaction, by monitoring the 51 

Brownian motion of the membrane-adhering liposomes.  In previous work, we observed, that in this 52 

system, the liposome diffusivity D is equivalent to that of a cylindrical membrane inclusion. This 53 

observation suggests, that the Brownian motion of the liposome is electrostatically slaved to that of 54 

a disk-shaped lipid cluster in the underlying membrane. 25 26 27 The size of the cluster is referred to 55 

as the contact area. Similar behavior has also been observed for D of covalently bound or 56 

molecularly tethered, membrane-adhering colloids or liposomes. 28 29 30 These observations support, 57 

that the Brownian motion of membrane-adhering colloids or liposomes is coupled to that of lipid 58 

clusters that move in the underlying membrane. When adopting this view, measuring D provides 59 

insight into the forces that determine the contact area between the liposome and the underlying 60 
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membrane, being the adhesion force, the bending energy and the osmotic pressure, as schematically 61 

illustrated in Fig. 1a.  62 

 63 

 64 
 65 
Figure 1. (a) Schematic representation of a surface-adhering liposome, that may be deformed by 66 
the osmotic pressure Dp and the surface adhesion force w. Deformation is counteracted by the 67 
membrane bending energy k. (b) The inclusion radius aC is modeled as the circular region in the 68 
supported bilayer, which is within one Debye length λ of the liposome. (c) Adhesion forces deform 69 
the liposome locally at the liposome-substrate contact line, without appreciably changing the 70 
liposome height (lower), while osmotic deflation is accompanied by significant changes in the 71 
liposome height (upper). (d) It is hypothesized that glucose molecules (grey circles, ~1.5 nm) are 72 
depleted from the intermembrane hydration layer (d ~ 1 nm), resulting in adhesion forces. The 73 
liposome membrane is indicated with the dotted line. 74 
 75 

Following this approach, we have previously studied the diffusivity of small (~50 nm radius) 76 

electrically charged liposomes that are adhering to an oppositely charged supported lipid bilayer, 77 

suspended in a salt solution.26-27 It was found that reducing the concentration of the salt (ionic 78 

osmolyte) reduces the diffusivity, which reflects an enhanced contact area (or contact radius aC) due 79 

to a reduced screening (i.e. an increase) of the electrostatic adhesion force.26  80 

The diffusivity data agreed well with the diffusivity model for membrane inclusions, 31 81 
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where the inclusion (contact radius aC) was modeled as the circular region in the supported bilayer, 82 

which is within one Debye length λ of the liposome; see Fig. 1b and see supporting section S9 for a 83 

derivation: 84 

𝑎# = √2𝑎𝜆.              (1) 85 

Eq. (1) is applicable, when a >> l, which is not satisfied for nanometer-sized objects, such as 86 

proteins, 32 where the contact area is of the order of a few lipids.  87 

In previous work, we furthermore found that diffusivity is insensitive to the charge density 88 

in the opposing membranes. 12, 26 27 These observations support, that the contact area between the 89 

liposome and the membrane depends on solvent properties via the Debye length, rather than on the 90 

surface adhesion force, which depends on the membrane charge densities. It is further noted, that 91 

charge exchanges between the liposome and the membrane on a time scale ~103 s, and has no 92 

significant effect on the liposome diffusivity.  12, 33 93 

In previous work, we furthermore found that adding glucose (nonionic osmolyte) reduces 94 

the diffusivity, and we elucidated the governing mechanism, by applying a shear flow over the 95 

membrane.27 By measuring both the diffusivity as well as the shear-induced drift velocity of the 96 

liposomes, we computed the hydrodynamic height of the liposomes, showing negligible change 97 

after adding glucose. Assuming that the membrane viscosity is unaltered, this observation would 98 

suggest, that glucose extends the intermembrane contact area via adhesion forces, rather than via 99 

osmotic forces. This conclusion is supported by deformation calculations in supporting section S10. 100 

There, it is shown, that osmotic deflation would appreciably change the liposome height, while 101 

adhesion forces would enhance the contact area without appreciably changing the liposome height. 102 

This is related to the nature of this type of deformation, which is localized at the liposome-substrate 103 

contact line, as illustrated in Fig. 1c.  In Ref. [27] it was hypothesized, that the responsible adhesion 104 

force is a “depletion force”. Owing to its large size (~1.5 nm), it is conceivable that glucose 105 

molecules are depleted from the intermembrane hydration layer (~1 nm),34 causing an adhesive 106 
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force,35-36 as illustrated in Fig. 1d.  107 

Furthermore, the absence of glucose-induced osmotic deflation suggests that the liposomes 108 

were already maximally deformed in the absence of glucose, presumably due to the liposome-109 

membrane adhesion force. The absence of osmotic deflation might suggest, that pores form in the 110 

membrane, equilibrating the transmembrane osmotic pressure. However, the time scale for the 111 

trans-membrane transport due to pore formation is likely larger than the experimental time scale; 112 

see e.g. Ref. [37]. Alternatively, we have previously argued, that osmotic deflation could be 113 

counteracted by a relatively large membrane bending energy k, which is expected to increases as 114 

the radius of curvature of the liposome diminishes and approaches the membrane thickness, 115 

inhibiting liposome deformation beyond a certain threshold; see, e.g., Refs. [38, 39]. 116 

In the present work, we further study the effect of glucose on the diffusivty D of membrane-117 

adhering liposomes, scrutinizing the roles of the adhesion force, the contact area and the associated 118 

liposome deformation. First, we confirm that glucose reduces D due to an enhanced contact area aC, 119 

and not due to a modulation of the membrane viscosity hM. To this end, we compare the glucose-120 

induced change in D of liposomes adhering to a supported and a free-standing membrane. 121 

According to well-established hydrodynamics theory, the former is rather insensitive to hM and 122 

sensitive to aC 31 [see Eq. (5) below], while the latter is insensitive to aC, and sensitive to hM 40 [see 123 

Eq. (6) below]. The observation of a reduced D on the supported membrane, and an unaffected D on 124 

the giant liposome, confirms that glucose enhances aC, while leaving hM intact. Secondly, we 125 

elucidate the origin of the enhanced aC, by measuring the associated glucose-induced change in 126 

liposome height, using the quartz crystal microbalance technique. 39 The observation of a negligible 127 

height change, suggests that instead of the osmotic pressure, it is the adhesion force that enhances 128 

aC. These results confirm our previous findings, that glucose inhibits the diffusivity of supported 129 

bilayer-adhering liposomes via adhesion forces. 27 There it was hypothesized that this adhesion 130 

force originates from a depletion of the glucose molecules from the intermembrane hydration 131 
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layer.27 132 

 133 

Results 134 

Liposome Diffusivity on Supported Membranes 135 

Positively charged supported lipid bilayers are produced using the liposome fusion method41 on the 136 

glass wall of a fluidic chamber. Then fluorescently labeled and negatively charged, small 137 

unilamellar liposomes, which serve as tracking particles, are injected into the fluidic chamber, 138 

where they adhere to and diffuse on the positively charged supported bilayer. The mean radius of 139 

the liposomes a = 51 nm was measured using dynamic light scattering (DLS); see supporting Fig. 140 

S1.  141 

 142 
 143 
Figure 2 Fluorescence microscopy is used to measure the diffusivity of small liposomes on supported lipid 144 
bilayers. (a) A 50 × 50 µm section of a 137 × 137 µm fluorescence microscopy image. The liposomes appear as bright 145 
spots.  (b) Visualization of liposome motion by subtracting two TIRF images that are separated by four seconds, i.e. by 146 
80 frames. The displaced liposomes appear as pairs of bright and dark spots. The inset shows a liposome trajectory, that 147 
is reconstructed by matching the liposome positions in subsequent images.  148 
 149 

A section of a fluorescence image is given in Fig. 2a, showing the supported membrane, 150 

with membrane-adhering liposomes (bright spots). Fig. 2b visualizes the liposome motion, by 151 

subtracting two images with a four seconds time interval (80 frames), which corresponds to a 152 

liposome displacement of roughly 2 µm or 8 pixels. The displaced liposomes appear as pairs of 153 

bright and dark spots. Particle tracking is used to reconstruct the trajectories of the liposomes from 154 
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the fluorescence images (see supporting section S7). A typical trajectory is shown in the inset of 155 

Fig. 2b.  156 

Fig. 3a shows the liposome displacement probability density function G(r, t) on a 157 

logarithmic y-axis as a function of the scaled, squared displacement r2/4t for various fixed values of 158 

the elapsed time t. The function is constructed from all measured position pairs on all detected 159 

trajectories. On these coordinates, the data for different times collapse on a straight line, which 160 

implies that the displacements are Brownian and Gaussian: 161 

𝐺(𝑟, 𝑡) = exp1−𝑟3(4𝐷𝑡)6 3⁄ 8(4𝜋𝐷𝑡):6 3⁄ .         (2) 162 

Here, D is the overall (ensemble averaged) diffusivity. To further confirm the Brownian character of 163 

the liposome diffusivity, the inset of Fig. 3a shows, that the ensemble-averaged (over all liposomes) 164 

mean squared displacement (MSD) is a linear function of the elapsed time t. Next, the MSD was 165 

computed for individual liposomes and the resulting diffusivity distribution is presented in Fig. 3b, 166 

showing a mean and standard deviation of D = 0.30 ± 0.33 µm2s-1. This value for D is reasonably 167 

close to the observed diffusivity D =  0.2 µm2s-1 for liposomes, that were tethered with DNA 168 

segments to individual lipids in the underlying supported membrane.29 This similarity supports the 169 

hypothesis in Ref. [29], that the tethered liposomes experiences direct contact with the underlying 170 

membrane, suggesting a similar frictional origin to the observed diffusivity as in the present study.  171 

 172 
Figure 3 Displacement and diffusion statistics of small liposomes adhered on supported lipid bilayers. (a) 173 
Probability density G(r, t) as a function of the scaled, squared liposome displacement r2/4t on a logarithmic y-axis. The 174 
collapse of the data for different times on a straight line reveals that the diffusion is Brownian and Gaussian [Eq. (2)]. 175 
The inset shows the ensemble averaged (over all liposomes) mean squared displacement (MSD) as a function of the 176 
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elapsed time. The straight line confirms that the motion is Brownian. (b) Diffusivity D histogram, before and after 177 
adding 500 mM glucose to the liposome environment. The observed reduced diffusivity reflects an enhanced contact 178 
area between the liposome and the supported bilayer.  179 
 180 

It is re-emphasized, that we interpret the liposome diffusivity data, by assuming, that the 181 

Brownian motion of the liposome is electrostatically slaved to that of a disk-shaped cluster of lipids 182 

in the underlying membrane.25-27 The size of the cluster is referred to as the contact area, which is 183 

defined as the membrane region, within one Debye length to the liposome; see Fig. 1b. The 184 

corresponding model for the contact radius [Eq. (1)] has been experimentally verified, by measuring 185 

D at various salt concentrations. 26 In this framework, the liposome diffusivity D is equivalent to 186 

that of the disk-shaped lipid cluster, that moves within the underlying membrane, which is given by 187 

the Evans-Sackmann model for the diffusivity of inclusions in supported fluidic membranes:31 188 
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Here, kBT is the Boltzmann energy, aC is the inclusion radius, ηM is the membrane viscosity, K0 and 190 

K1 are the zeroth and first order modified Bessel functions of the second kind, and b is a 191 

phenomenological friction coefficient, to account for the presence of the solid support. Since the 192 

disk is an intrinsic part of the membrane, it experiences the same friction with the underlying 193 

support as the rest of the membrane, i.e. bp = bs in Eq. (3.3) in Ref. [31]. If the disk would 194 

experience no friction with the support, then bp = 0 in Eq. (3.3) in Ref. [31], and the factor ½ inside  195 

the bracket of Eq. (3) would be ¼. Parameter ε = aC/a* is the dimensionless inclusion radius, where 196 

a* = (ηM/b)½  is a characteristic length scale, that defines a crossover between two regimes. In the 197 

first regime, the radius is relatively small aC << a* (ε << 1), such that the second term within the 198 

brackets on the r.h.s. of Eq. (3) dominates, and the diffusion is predominantly governed by the 199 

membrane viscosity, and reads: 200 
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In the second regime, the inclusion radius is relatively large: aC >> a* (ε >> 1), such that the first 202 
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term within the brackets on the r.h.s. of Eq. (3) dominates and the diffusion is predominantly 203 

governed by the friction with the solid support, and reads: 204 

 𝐷 = ;<=
3?XU

DM
,  when:  𝑎# ≫ L@A

M
.         (5) 205 

Since we are concerned with the diffusivity of a lipid cluster in the upper leaflet of the supported 206 

bilayer, we interpret b and ηM in Eq. (3) as the inter-leaflet friction coefficient and the monolayer 207 

viscosity, respectively, which is half the bilayer viscosity. 26, 42 In our system, the ionic strength is 208 

150 mM (NaCl) and the (mean) liposome radius is a = 51 nm, which gives for the Debye length: λ = 209 

0.8 nm and for the contact radius: aC = 9 nm. Using these values together with b = 2 × 107 kg s-1m-2 210 

and ηM = ½ 4 × 10-10 kg s-1(mono-layer viscosity),42 we find D = 0.22 µm2s-1, which is reasonably 211 

close to the measured value of  D = 0.30 µm2s-1. This agreement validates aC = 9 nm [Eq. (1)] as a 212 

reasonable estimate for the contact radius between the membrane-adhering liposomes and the 213 

supported bilayer. With these parameter values, we estimate: ε = 2.8, which means that the 214 

diffusivity has a strong size dependence, and is rather insensitive to the membrane viscosity ηM, as 215 

given by the limiting relation Eq. (5).  216 

It is noted, that in a previous work, we have independently measured b = 1 × 107 kg s-1m-2,26 217 

close to the value, used above. 42 In addition, we have previously measured the membrane (mono-218 

layer) viscosity, using a particle tracking technique on GUVs, 25 and on SLBs,  26   both giving ηM = 219 

2 × 10-10 kg s-1, consistent with the value used above, 42 and with independent measurements in the 220 

literature; see e.g. Refs [43 44 30]. It is noted, that in the literature, there is a large variation of 221 

measured values for ηM, and a strong dependence on membrane constitution. For instance, gel-222 

phase or cholesterol-rich membranes show large ηM, 45 which is several orders of magnitude larger 223 

than for the single-phase, and fluid-phase membranes, used here. 224 

In Fig. 3b we study the effect of glucose by comparing the distribution of liposome 225 

diffusivity on the supported bilayer before and after adding 500 mM glucose to the solution. We 226 

measure that the glucose induces a 50% reduction in the liposome diffusivity from D = 0.30 ± 0.33 227 
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µm2s-1 to D = 0.15 ± 0.27 µm2s-1. According to Eq. (5), the diffusivity is insensitive to the 228 

membrane viscosity ηM and strongly depends on the contact area aC. Therefore, these measurements 229 

suggest, that the glucose reduces D by an increase in aC, while changes in ηM play an insignificant 230 

role.  231 

Liposome Diffusivity on Freestanding Membranes 232 

We further scrutinize the effect of the contact area and the membrane viscosity on the diffusivity of 233 

membrane-adhering liposomes. To this end we measure the diffusivity of liposomes adhering to a 234 

free-standing membrane, which, as opposed to the supported bilayer [Eq. (5)], is rather insensitive 235 

to the contact area, but sensitive to the membrane viscosity [see Eq. (6) below]. Again, we consider 236 

the effect of glucose, and any observed change in the diffusivity would support, that glucose alters 237 

the membrane viscosity.  238 

 239 

Figure 4. Confocal microscopy is used to measure the diffusivity of small liposomes adhering to giant liposomes. 240 
(a) Confocal microscopy image of a giant liposome that is decorated with small liposomes. The small liposomes appear 241 
as bright spots. (b) Detected giant liposome rim (dashed line) and small liposomes (encircled). The position of the small 242 
liposome is expressed in polar coordinates: R and θ. (c) Detected liposome angles θ at various time instances t are 243 
visualized as bright spots on the (θ, t) plane. 244 
 245 

Negatively charged, fluorescently labeled, small liposomes are electrostatically targeted onto 246 

positively charged, giant (~10 µm radius), unilamellar liposomes. 25 The mean radius of the small 247 

liposome a = 56 nm is measured using nano-particle tracking analysis (NTA); see supporting Fig. 248 

S1. The giant liposomes are fabricated using the electroformation method.46 Confocal microscopy is 249 

used to measure the polar angle θ of the liposome positions on the equatorial rim with radius R of 250 
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the giant liposome (Figs. 4a,b). In the confocal microscopy images, the liposomes appear to execute 251 

one-dimensional motion along the equatorial rim (Fig. 4c). There was no visible sign of thermal, so-252 

called Helfrich fluctuations,47 in the membrane of the giant liposome. These fluctuations are 253 

therefore ignored in the analysis, and we assume that the small liposomes diffuse on a static 254 

membrane surface. 255 

 256 
Figure 5. Displacement and diffusivity statistics of small liposomes adhering to giant liposomes (a) Probability 257 
distribution G(r, t) as a function of the scaled, squared liposome displacement r2/4t on a logarithmic y-axis. The data for 258 
different times collapse on a straight line, which indicates that the motion is Brownian and that the displacement 259 
statistics are Gaussian [Eq. (2)] The inset shows the ensemble averaged (over all liposomes) mean squared displacement 260 
(MSD) as a function of the elapsed time. The straight line confirms that the motion is Brownian. (b) Diffusivity D 261 
histograms before and after adding 500 mM glucose to the liposome environment show no noticeable difference.  262 
 263 

The probability density function G(r, t) of the liposome displacement along the rim 264 

coordinate r = Rθ collapses on a straight line on (r2/4t, log G) – coordinates (Fig. 5a), which implies 265 

Brownian and Gaussian displacement statistics. Brownian motion is further confirmed by the linear 266 

dependence of the ensemble averaged MSD on time, shown in the inset of Fig. 5a. Liposome 267 

diffusivities are computed from the slope of the MSD curves for the individual liposomes. The 268 

resulting distribution (Fig. 5b) shows that liposome diffusivity D = 1.46 ± 0.96 µm2s-1 is five-fold 269 

larger on the giant liposome than on the supported bilayer D = 0.30 ± 0.33 µm2s-1 (cf. Fig. 3b). The 270 

diffusivity of individual lipids is roughly twice as large in free-standing membranes as in solid 271 

supported membranes. 48 The lower diffusivity for supported membranes of either liposomes or 272 

individual lipids, both originate from friction with the support. For the case of liposomes however, 273 

this friction is more pronounced, i.e., a five-fold reduction in D versus a two-fold reduction for 274 
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individual lipids. 48 Since according to Eq. (5), the friction with the support scales with the area, 275 

these observations support, that the Brownian motion of the liposome is coupled to that of an area 276 

of lipids in the underlying membrane.  277 

On the free-standing membrane, on the other hand, there is no such area dependence, and 278 

the diffusivity of inclusions in the free-standing membrane is governed mainly by the membrane 279 

viscosity ηM, according to the Saffman – Delbrück model: 40 280 

𝐷 = ;<=
>?@A

Blog ]@A
@XU
^ − 𝛾J.                         (6)                                                                                  281 

Here γ ≈ 0.58 is Euler's constant, η is the viscosity of the 3D medium and ηM  is the viscosity of the 282 

2D membrane. Eq. (6) accounts for viscous friction with the surrounding liquid, under the 283 

assumption that η/(hηM) << 1, where h is the membrane thickness. It is further noted, that Eq. (6) 284 

assumes a no-slip condition between the disk and the surounding membrane. A free-slip condition 285 

would add a term of +1/2 to the round brackets in Eq. (6).49 As we are dealing with a cluster of 286 

lipids, the exact boundary condition is uncertain. However, the +1/2 - term is of minor importance 287 

for the qualitative dependence of D on cluster size aC and on membrane viscosity ηM.  288 

In contrast to the diffusivity of inclusions in supported membrenes [Eq. (5)], which depends 289 

on aC and is sensitive towards ηM, the diffusivity of inclusions in free-standing membranes [Eq. (6)] 290 

has opposite behavior, with a strong dependence on ηM, while rather insensitive (logarithmic 291 

dependence) to aC. This weak aC dependence is a signature of the quasi two-dimensional nature of 292 

the hydrodynamic system.40 293 

Eq. (6) predicts D = 2.6 µm2s-1, which is reasonably close to the measured D = 1.46 ± 0.96 294 

µm2s-1 based on ηM =  4 × 10-10 kg s-1 (bilayer viscosity),42 and modeling the inclusion radius aC 295 

with Eq. (1), using a liposome radius of a = 56 nm and a Debye length of λ = 0.8 nm. However, the 296 

exact value of aC is, of minor importance as it appears inside the logarithm of Eq. (6).  297 

Fig. 5b shows that adding 500 mM glucose does not significantly affect the liposome 298 

diffusivity on the giant liposome membrane, i.e. it changes from D = 1.46 ± 0.96 µm2s-1 to D = 1.56 299 
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± 1.04 µm2s-1. This is in contrast to the situation on the supported membrane, where a 50% 300 

reduction in liposome diffusivity was observed upon adding 500 mM glucose (c.f. Fig. 3b). The 301 

insensitivity of the liposome diffusivity on the giant liposome membrane suggests that glucose does 302 

not alter the membrane viscosity. This result supports, that the observed, reduced diffusivity on the 303 

supported bilayer is due to an increase in the contact area between the liposome and the supported 304 

bilayer.  305 

Liposome Deformation on the Quartz Crystal Microbalance 306 

Finally, we address the question, whether glucose enhances the contact area through osmotic forces 307 

or due to adhesion forces. To address this issue, we consider the associated deformation of the 308 

liposome. In supporting section S10, we demonstrate, that osmotic forces would significantly 309 

reduce the liposome height, while adhesion forces would deform only at the liposome-membrane 310 

contact line, with negligible changes in the liposome height. This is also illustrated in Fig. 1c.  311 

In a previous work, we experimentally addressed this issue, by subjecting membrane-312 

adhering liposomes to a hydrodynamic shear flow. Measuring both the diffusivity and the drift 313 

velocity, allowed computing both the contact area and the height of the liposomes. 27 By adding 500 314 

mM glucose, the contact area was observed to increase, without appreciable changes in the 315 

liposome height. 27 This, together with the analysis in supporting section S10, suggests that glucose 316 

induces adhesion forces, which enhance the contact area, without changing the liposome height.  317 

It is further noted, that withstanding the osmotic pressure of 500 mM glucose requires a 318 

membrane bending energy: k ~ 103 kBT, 39 which is few orders of magnitude larger than what is 319 

usually measured for large membrane structures; see e.g. Ref. [50]. This suggests, that k increases, 320 

due to steric hindrance of lipid molecules in highly curved membranes. This conclusion has 321 

previously been supported by quartz crystal microbalance (QCM-D) measurements, showing a 322 

similar, negligible change in liposome height, after adding an ionic osmolyte. 39 323 

Here we use the QCM-D technique to further study the changes in the adsorbed liposome 324 
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height, after adding 500 mM glucose. QCM-D measurements are performed on the adsorption of 325 

zwitterionic liposomes on solid (TiO2) supports. Despite using TiO2 instead of a lipid bilayer, the 326 

osmotic pressure is likely the same in both systems. The mean radius of these liposomes, a = 48 nm, 327 

was measured using DLS, as shown in supporting Fig. S1. Fig. 6a shows the time-dependent 328 

(negative) frequency shifts –Δf/n for the various overtones n due to liposome adsoprtion in the 329 

absence of glucose. During the time interval shown in Fig. 6a, the frequency shifts are linear 330 

functions of time, which imply a sufficiently small surface coverage such that the liposomes do not 331 

hydrodynamically interact with each other. 39, 51 In this uncoupled regime, liposome deformation 332 

can be determined from the overtone-dependence of the frequency shifts,39 which is shown in Fig. 333 

6b at a fixed time: t ≈ 5 min.  334 

 335 
Figure 6. Effect of glucose on liposome deformation, measured by QCM-D. Negative frequency shift -Δf/n as a 336 
function of time t for various overtones n for liposomes adsorbing on TiO2 in isotonic buffer solution. (b) Frequency 337 
shifts (in Hz) for the various overtones at a fixed time: t ≈ 5 min. The data are plotted on (d/a, -Δf/n)-coordinates, where 338 
d = (ν/f0n)1/2 is the (overtone dependent) viscous penetration depth, a is the (un-deformed) liposome radius, f0 is the 339 
QCM-D fundamental frequency and ν is the fluid kinematic viscosity. For d/a < 3 the data follow a straight line and the 340 
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 341 
corresponds to a modest deformation, presumably induced by the interaction between the liposomes and the TiO2 342 
substrate. (c) Same as in (b) but after adding 500 mM glucose, which gives r ≈ 1.6, i.e., we do not observe an aprciable 343 
liposome height change.  344 
 345 
The data are plotted on (d/a, -Δf/n)-coordinates, where d = (ν/f0n)1/2 is the (overtone-dependent) 346 

viscous penetration depth, a = 48 nm is the (non-deformed) liposome radius, f0 is the QCM-D 347 

fundamental frequency and ν is the fluid kinematic viscosity. On these coordinates, the data follow 348 

a straight line for d/a ≤ 3, and following the method in Ref. [51], the liposome aspect ratio r = 349 

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 350 

mean and standard deviation are obtained by repeating the experiment three times. This result 351 
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corresponds to a modest deformation, presumably induced by the interaction between the liposomes 352 

and the TiO2 substrate. 39 We performed the same experiment for liposomes in 500 mM glucose 353 

solution (see Fig. 6c) and found a nearly identical deformation with r = 1.6 ± 0.1. These results 354 

suggest that the glucose does not substantially deform the liposomes beyond the deformation, which 355 

is induced by the liposome-substrate adhesion force in the absence of glucose.  356 

Conclusion 357 

We have used fluorescence microscopy and particle tracking to measure the diffusivity of 358 

liposomes that are electrostatically adhering to supported and free-standing membranes. Adding 359 

glucose (a nonionic osmolyte) to the solution is observed to inhibit liposome diffusivity on the 360 

supported bilayers, while not affecting the diffusivity on free-standing bilayers. These observations 361 

support that glucose enhances the contact area between liposomes and the underlying membrane, 362 

while not affecting the viscosity of the membrane.  363 

To elucidate the mechanism for the enhanced contact area, quartz crystal microbalance 364 

experiments were conducted, showing that glucose did not induce a significant liposome height 365 

change, beyond a modest height change, that was already induced by the substrate (TiO2) in the 366 

absence of glucose. Similar conclusions were previously derived from diffusivity and drift velocity 367 

measurements of membrane-adhering liposomes in sheared glucose solutions.27 Based on 368 

geometrical considerations (supporting section S10), the observation of a constant liposome height 369 

suggests, that the reduced liposome diffusivity (cf. Fig. 3b) is due to adhesion forces, which extend 370 

the contact area between the liposome and the membrane, without appreciably changing the 371 

liposome height.  372 

As illustrated in Fig. 1d, we speculate that the glucose induces adhesion forces via a 373 

depletion effect.35-36As the intermembrane hydration layer is on the order of 1 nm, 34 it is 374 

conceivable that the glucose molecules (~1.5 nm) are (partly) depleted from this layer, resulting in 375 

an adhesion force. While previously observed for macromolecules,29, 52 this may be evidence of an 376 
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adhesion force due to the depletion of small (~ 1 nm) molecules from the intermembrane hydration 377 

layer. 378 

In summary, the diffusivity of membrane-adhering liposomes can be manipulated by 379 

glucose, i.e. a nonionic osmolyte, and we have scrutinized the responsible mechanism by isolating 380 

the effects of the contact area, the membrane viscosity and liposome deformation. The present work 381 

provides insight into the contact between liposomes and membrane surfaces, where the associated 382 

material properties are different at the nano-scale, than at the macroscopic scale. 53 In addition to 383 

these material insights, the present work may also offer a practical method to control liposome 384 

mobility, which can be used for separation and characterization purposes. 385 

Experimental Section 386 

Liposome Diffusivity on Supported Membranes. A positively charged supported lipid bilayers is 387 

produced on the inner glass wall of a fluidic chamber by the liposome fusion method,41 i.e., by the 388 

absorption, rupture and fusion of positively charged, small unilamellar liposomes. For this purpose, 389 

we produced positively charged liposomes by extruding a lipid solution with 10 % positively 390 

charged 1,2-distearoyl-sn-glycero-3-ethylphosphocholine (chloride salt) (DOEPC) lipids and 90 % 391 

zwitterionic phosphatidylcholine (DOPC) lipids with an Avanti Mini- Extruder (Avanti Polar 392 

Lipids) using a track-etched polycarbonate membrane with a 100 nm diameter nominal pore size.  393 

Negatively charged and fluorescently labeled liposomes, that serve as tracking particles, were 394 

fabricated by extrusion with a composition of 5% negatively charged 1-palmitoyl-2-oleoyl-sn-395 

glycero-3-phospho-L-serine (sodium salt) (DOPS) lipids and 95% DOPC lipids and 1% rhodamine-396 

PE lipids. The size distributions of the corresponding liposomes are measured using nanoparticle 397 

tracking analysis (NTA, NanoSight, U.K.) and dynamic light scattering (DLS, Brookhaven 398 

Instrument Co., New York, USA) and are given in supporting Fig. S1. The fluorescently labeled 399 

and negatively charged liposomes are injected into the fluidic chamber at a flow rate of 40 µL min-1 400 

and a concentration of 4 mg mL-1 for 1 min, In the chamber the liposomes adhere to the positively 401 
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charged supported bilayer, reaching a coverage of roughly one liposome per 100 µm2 of the 402 

supported bilayer, which was sufficiently small to allow the tracking of an individual liposome over 403 

sufficient periods of time between two successive encounters with a neighboring liposome. Before 404 

measuring the diffusive motions of the liposomes, the chamber is flushed with pure buffer for 1 405 

min, to eliminate that liposomes in the bulk obscure the view to the adhering liposomes. After 406 

rinsing fluorescence microscopy images are recorded at 20 fps during a period of 100 s. The image 407 

size is 512 × 512 pixels or 136 × 136 µm. Typical liposome displacement between two consecutive 408 

frames is 0.25 µm or one pixel. We use particle tracking to reconstruct the trajectories of the 409 

liposomes from the fluorescence microscopy images (see supporting sections S5-S7).  410 

Lipid transfer between the liposomes and the supported bilayer results in charge equilibration 411 

and consequently liposome detachment.33 This process however occurs over tens of minutes, which 412 

leaves sufficient time to measure the liposome diffusivity. Furthermore, liposome fusion is known 413 

to occur above a certain charge density.54-55 We deliberately eliminate fusion by using charge 414 

densities in the liposomes and in the supported bilayers, that are below the fusion threshold, and no 415 

signs of fusion were observed.  416 

Liposome Diffusivity on Free-Standing Membranes. Positively charged giant unilamellar 417 

liposomes are fabricated at a size of approximately 20 µm using the electroformation method.46 The 418 

composition and the charge of the giant liposome is identical to that of the supported lipid bilayers, 419 

i.e. 10 % positively charged DOEPC lipids and 90 % zwitterionic DOPC lipids.  420 

Negatively charged liposomes are electrostatically targeted onto the positively charged giant 421 

liposome surface at roughly 1 liposome per 100 µm2. Small liposome positions on the giant 422 

liposome surface are measured using confocal microscopy, through the equatorial plane of the giant 423 

liposome. Images were recorded at 50 fps during a total time of 300 s. Within the imaged slice, we 424 

observe a few liposomes at the same time. Within the confocal image the liposomes appear to 425 

describe one dimensional (azimuthal) motion along the equatorial rim. Software was developed to 426 



18 

detect these azimuthal displacements. The residence time of the liposomes within the confocal 427 

image was of the order of a few seconds, which corresponds to a few µm azimuthal displacement. 428 

This turned out to be sufficient to accurately determine the corresponding diffusion constant.  429 

Liposome Deformation on a Solid Interface. Deformation of zwitterionic (DOPC) liposomes on a 430 

titanium oxide substrate was measured using the Quartz Crystal Microbalance-Dissipation (QCM-431 

D) measurement technique. Immediately before injection into the QCM-D flow chamber, the 432 

liposomes were diluted to 5 µg mL-1 in either buffer or in buffer with additional 500 mM glucose. 433 

The relatively small lipid concentration ensured a sufficiently slow adsorption process (≈ 4 Hz min-434 

1) which was required to obtain a reproducible overtone-dependent frequency shift at low coverage. 435 

During liposome injection the frequency shifts Δf/n  were recorded for the 3rd to 11th odd overtones. 436 

Associated Content 437 

Supporting Information 438 

The supporting information provides details on small liposome preparation, small liposome size 439 

distribution, giant liposome preparation, supported bilayer formation, confocal fluorescence 440 

microscopy, total internal reflection fluorescence microscopy, liposome tracking, QCM-D 441 

experiments, contact radius model, liposome deformation due to surface adhesion and due to 442 

osmotic pressure. This material is available free of charge via the Internet at Langmuir. 443 
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