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1 Formation of PEG-SLBs with 4 - 10 mol% DOPE-
PEG(2)

1.1 The effect of pH

PEG only has a weak affinity to SiO2 and under standard conditions
(pH 7.4) it has been shown that PEG-SLB formation by liposome fu-
sion above the mushroom-to-brush transition is prevented1. Addition
of 20 mM EDTA to the TBS buffer allows the formation of PEG-SLBs
with DOPE-PEG(2) concentrations up to 10 mol% which is far in the
brush regime. The resulting enhanced PEG-SLB formation could origi-
nate from interactions of EDTA with PEG or the SiO2 surface, or from
the lower pH of TBS + 20 mM EDTA (pH 5.0 � 0.1) than of TBS (pH
7.4). TBS cannot be set to a pH as low as 5. Thus a control using acetate
buffer suitable for low pH was chosen. It was prepared by mixing 0.1 M
acetic acid (CH3COOH; Sigma, Switzerland) with 0.1 M sodium acetate
(C2H3NaO2; Sigma, Switzerland) and 150 mM sodium chloride (NaCl)
in water. For 1 liter of buffer, the solutions were diluted in the propor-
tion of 357 ml of acetic acid with 643 ml sodium acetate to obtain buffer
at pH 5. Fig. 1 (a) shows QCM-D curves of 10 mol% DOPE-PEG(2)
in TBS + 20 mM EDTA (blue I) and in acetate buffer (red X). PEG-
SLBs formation proceeded in TBS + 20 mM EDTA (pH 5.0) as well as
in acetate buffer (pH 5.0). This indicates that the essential attribute for
PEG-SLB formation above the mushroom-to-brush transition is lower-
ing the buffer pH. In TBS at a pH of 7.4 the QCM-D curve for 6 mol%
DOPE-PEG(2) (black h) only shows low adsorption of intact liposomes
as judged from the �∆D~∆ f ratio.
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Fig. 1 (b) shows the adsorption of 0.1 mg/ml methoxy PEG(5k) (mPEG(5))
on SiO2 in TBS (black h), TBS + 20 mM EDTA (blue I) and acetate
buffer (red X). Experiments were performed under constant flow of 20
µl/min and the arrows indicate the injection of mPEG in the QCM-D cell.
Changes of ∆ f and ∆D before the mPEG injection are due to the change
to different buffer solution after obtaining the baseline in ultrapure water.

The QCM-D measurements show a higher affinity of mPEG at a
lower pH value evidenced by S∆ f S � 1.5 - 2 Hz for TBS + EDTA and
acetate buffer while for TBS S∆ f S @ 0.3 Hz. The mechanism behind
enhanced PEG-SLB formation at lower pH therefore is tentatively ex-
plained by a lower surface density of hydroxyl groups on the SiO2 sur-
face at pH 5.0 compared to pH 7.4. Weaker silica-water interaction cor-
relates with increased adsorption of PEG from solution2,3, which results
in a decisive increase of the concentration of adsorbed liposomes at the
surface triggering the PEG-SLB formation process4. It can be concluded
that at pH 5.0 the PEG-SLB formation is facilitated on SiO2 surfaces,
which at least in part is due to the increased affinity of the PEG shell of
the liposomes to the SiO2 surface.
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Fig. 1 QCM-D measurements of PEG-SLB formation kinetics and methoxy PEG adsorption on
SiO2. (a): 10 mol% DOPE-PEG(2) in TBS + 20mM EDTA (blue X), 10 mol% DOPE-PEG(2)
in acetate buffer (red Q) and 6 mol% DOPE-PEG(2) in TBS (black h). (b): 0.1 mg/ml
mPEG(5) in TBS+20mM EDTA (blue X), in acetate buffer (red Q) and in TBS (black h).

1.2 Estimation of the intact vesicle percentage in the 10 mol% PEG-
SLB from QCM-D data

To exclude that intact vesicles in the PEG-SLB cause the complete slow-
down of the lipid mobility we estimate a vesicle coverage in the 10 mol%
PEG-SLB from the QCM-D data. The PEG-SLB with 6 mol% is used as
a reference since it is confirmed by QCM-D and FRAP to be a low-defect
SLB with high lipid mobility. In a linear approximation the QCM-D data
of the 10 mol% PEG-SLB is composed of a SLB contribution ( fSLB,
DSLB) and a vesicle contribution ( fvesicle, Dvesicle). The final QCM-D
signal is the sum, i.e. ∆ f � fSLB � x� fvesicles � y, with x,y the respective
fractions of the two contributions and x�y � 1.

From this linear extrapolation a total vesicle coverage of 2.4 - 4.2 %
is estimated.
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fvesicle � �164 Hz
∆ f6 mol% � �44.7 Hz

∆ f10 mol% � �49.7 Hz

1 � x�y

∆ f10 mol% � ∆ f6 mol% �x� fvesicle �y

x � 95.8%
y � 4.2%

Dvesicle � 23 �10�6

∆D6 mol% � 2.2 �10�6

∆D10 mol% � 2.7 �10�6

1 � x�y

∆D10 mol% � ∆D6 mol% �x�Dvesicle �y

x � 97.6%
y � 2.4%

1.3 Local density variations as observed in FRAP measurements
for 10 mol% DOPE-PEG(2)

Fig. 2 shows a FRAP series of a 10 mol% DOPE-PEG(2) SLB with
1 mol% NBD-PC (main lipid component label). The fluorescence inten-
sity of the bleached spot does not recover, but locally frayed edges are
visible indicating local density variations and some limited mobility in
confined regions (see arrow in Fig. 2). Such local density variations
could be responsible for the two populations found in force-distance
measurements of 8 and 10 mol% DOPE-PEG(2) SLB samples.

0 min

30 min

Fig. 2 FRAP series of 10 mol% DOPE-PEG(2) SLB where the main lipid component was
labelled. The arrow is indicating a local denisty variation with local, partial fluorescence
recovery.

2 Additional remarks on the derivation of the force pro-
file for mobile polymer tethers

Recapitulation of the equations from the main text:
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Radius of gyration: Rg � a� n
6�

1~2

Flory radius: RF � an3~5

Mushroom regime: s A R2
F

Brush regime: s @ R2
F

It is a the monomer length, n the number of monomers, A the average
area per lipid molecule, m the mole fraction of polymer lipids and s � A

m
the surface area per chain.
The interaction free energy per chain in the mushroom regime is deter-
mined by conformational entropy losses upon confinement of individual
swollen coils and is given by5

Emushroom�H,s� � kBT κ �Rg

H
�5~3

(1)

where κ is a numerical coefficient of the order of unity (set as unity in
the following), where H is the height of the compressing tip above the
surface (with curvature radius much larger than the coil size), kB is the
Boltzmann constant and T the temperature.

The free energy per chain in the compressed brush regime can be cal-
culated using the strong stretching self-consistent field approximation6,7

and is given by8,9

Ebrush�H,s� � 5
9

E0�� H
H0

�2
�

1
5
� H

H0
�5

�

H0

H
	 (2)

with E0 the free energy of the free (uncompressed) brush

E0�s� � kBT
9π2~3

10
n�v~a3�2~3�s~a2��2~3. (3)

The equilibrium height of the uncompressed brush, H0, is found from
the condition

�∂E�H,s�
∂H

�
s
� 0

and is given by

H0�s� � � 8
π2�

1~3
na�v~a3�1~3�s~a2��1~3 (4)

The excluded volume parameter of a monomer unit v is given by v �
a3.

The force per unit area arising upon compression of the brush at H B

H0 can be found as

f �H,s� � �1
s
�∂Emushroom/brush�H,s�

∂H
�

s
(5)
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Substituting the energy from the mushroom Emushroom�H,s� and brush
regime Ebrush�H,s�, the force (per unit area) is given by

f �H,s�mushroom �
5
3

kBT κ

sH
�Rg

H
�5~3

(6)

f �H,s�brush � �
5
9

E0�s�
sH0�s��2�H~H0�s����H~H0�s��4

��H0�s�~H�2�
(7)

And as given in the main text, the chemical potential of a chain in the
free mushroom or brush with given surface area s is found as

µ0�s� � ��kBT ln�s~a2� s A R2
F

E0 �s�� s ∂

∂ sE0 �s��kBT ln�s~a2� s @ R2
F

(8)

and the chemical potential in the compressed area in the mushroom (s A
R2

F ) and brush regime (s @ R2
F ) respectively is given by

µ�H,s���Emushroom �H,s�� s� ∂

∂ sEmushroom �H,s��H �kBT ln�s~a2� s A R2
F

Ebrush �H,s�� s� ∂

∂ sEbrush �H,s��H �kBT ln�s~a2� s @ R2
F

(9)

3 PEG-lipid distribution

3.1 Cryo-transmission electron microscopy

250 nm core diameter SiO2 nanoparticles (G. Kisker, Germany) were
dispersed at 10 mg/ml in Millipore water and sonicated for 1 h. These
nanoparticles were added to a TBS based suspension of 1 mg/ml POPC
liposomes containing 6 mol% DOPE-PEG(2), where 20 mM EDTA was
added. After fusing the liposomes on SiO2 nanoparticles over night at
room temperature, 3.5 µl drops of the suspension were dried for 1 min
on holey carbon film TEM grids (300 mesh Cu grids, R3.5/1 Quantifoil)
which had previously been glow discharged for 30 s (Emitech K100X,
Quorum Technologies). Samples were frozen by plunge freezing in liq-
uid ethane using a Vitrorobot (FEI). The fast cooling rates achieved by
plunge freezing allow for vitrifying water. Transmission electron micro-
graphs were taken on a Philips CM12 microscope operated at 100 kV at
liquid N2 temperatures.

Fig. 3 (a) shows a PEG-SLB with 6 mol% DOPE-PEG(2) formed on
a SiO2 particle. The image on top shows a magnification of the section
indicated by the arrow. The distance between the SLB (the region of
the phosphate head groups can be identified from the dark border) and
the particle surface suggests that only a space of a couple of nanometer
exists to accomodate a thin layer of PEG in between. Fig. 3 (b) shows a
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PEG-SLB with 1 mol% DOPE-PEG(5) on SiO2 particles. The distance
between the SLB and the particle surface again does not show a signifi-
cant decoupling of the SLB from the surface. The particle in the case of
1 mol% DOPE-PEG(5) however seems to be shielded from surrounding
liposomes by a layer, depicted as a brighter ring surrounding the particle
and highlighted with an arrow. It is suggested that this layer is an exclu-
sion zone created by the PEG of the outer leaflet of the PEG-SLB. The
indications of an asymmetric distribution of the PEG-lipids in the PEG-
SLB motivated the discussion in the article where two extreme scenarios
for the PEG-lipid distribution between the leaflets were treated, namely
(a) completely homogeneous and (b) only in the outer leaflet.

DOPE-PEG(2), 6 mol% DOPE-PEG(5), 1 mol%

5 nm

(a) (b)

Fig. 3 Cryo-TEM measurement of PEG-SLBs formed on 250 nm SiO2 particles with (a): 6
mol% DOPE-PEG(2) and (b): 1 mol% DOPE-PEG(5).

3.2 Force-distance measurements

Force-distance measurements on PEG-SLBs formed on planar substrates
nonetheless indicate a thickness of PEG-SLBs which corresponds to two
PEG-layers. Fig. 4 presents onset data of the force-distance curves from
measurements with DOPE-PEG(2) in a POPC matrix with concentra-
tions of 0, 2, 4, 6, 8 and 10 mol% DOPE-PEG(2) where the thickness
of a POPC SLB, i.e. 4.7 nm10,11 was subtracted. The onset of the com-
pression force is determined by reading out the distance when a defined
set point in the force value is crossed. The force set points are chosen in
the range of 10 - 40 pN and the force-distance curves were smoothened
by box smoothing. The onset values hence determine the first contact of
the AFM tip with the polymer layer. Empty symbols in Fig. 4 are results
from measurements with PLL-g-PEG modified AFM tips and filled sym-
bols measurements with unmodified AFM tips. The red and blue curves
in Fig. 4 compares the onset data with RF � an3~5 in the mushroom and

H0�s� � � 8
π2 �1~3

na� s
a2 ��1~3

in the brush regime9 for one (red) and two
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(blue) layers of PEG. The variables describe the number of monomers,
n, the monomer length, a and the surface area per PEG chain, s.
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1086420
cDOPE-PEG(2) (mol%)

Fig. 4 Graphical representation of the onset forces of DOPE-PEG(2) with subtracted POPC
thickness. Empty symbols are measurements with PLL-g-PEG modified AFM tips and filled
symbols with unmodified AFM tips. The symbols identify POPC (h) and DOPE-PEG(2) (Q).
The blue, dashed line represent the PEG thickness expected for homogeneous PEG-lipid
distribution and the red, solid line for PEG-lipids present in one leaflet only.

The onset values are generally slightly larger than the expected thick-
ness values for an arrangement with PEG-lipids distributed in both leaflets
and significantly larger than expected values for PEG-lipids located only
in one leaflet. The measurements therefore support an arrangement with
considerable presence of PEG-lipids in both SLB leaflets in agreement
with our previous work1.

3.3 Mobility

An asymmetric distribution of PEG-lipids should result in a lower or
vanishing concentration of PEG-lipids in the lower leaflet. In the main
text of this article, it was shown that PEG-lipid concentrations slightly
below 10 mol% effectively hinder the motion of matrix POPC lipids. In
an asymmetric distribution of PEG-lipids the decreased concentration of
PEG-lipids in the lower leaflet should not hinder the motion of POPC
lipids and should result in two mobile fractions with significantly dif-
ferent diffusion coefficients or one mobile and one immobile fraction of
NBD-PC labeled lipids. It has been shown that lipid monolayers on alkyl
self-assembled monolayers are mobile,12 which demonstrates that the
tail-tail interactions with an immobile upper leaflet should not constrain
lipid mobility and POPC lipids are known to be mobile in both leaflets
in SLBs formed on SiO2

13. Two mobile fractions or one mobile and one
immobile fraction of NBD-PC labeled lipids were however never ob-
served in FRAP measurements despite our use of a FRAP method able to
discern multiple mobile fractions14. Therefore the FRAP measurements
further support an arrangement with a reasonably equal distribution of
PEG-lipids between the two leaflets.
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3.4 Discussion of the PEG-lipid distribution

The distribution of PEG-lipids in SLBs is influenced by several factors
such as the geometry of the support (i.e. curvature), the chemical com-
position and thermodynamic fluctuations.

In cryo-TEM measurements on 250 nm SiO2 particles the support-
ing substrate has a significantly larger curvature compared than a flat
substrate. For a curved membrane the PEG-lipid distribution is not nec-
essarily symmetric and the results may not be directly transferable to
planar SLBs. Additionally, for cryo-TEM of PEG-SLBs on nanoparti-
cles, the resolution of approximately 2 nm15 and determination of the
correct focal plane are major complications for correct interpretation of
the thickness of the depletion layer and membrane spacing to the sub-
strate.

Further, the distribution of PEG-lipids in SLBs on flat substrates may
be significantly influenced by the chemical state of the surface deter-
mining its Hamaker constant, and hence on the cleaning procedure, the
buffer conditions and composition of the used silica glass.

Force-distance measurements with an AFM and thickness estima-
tions are always based on assumptions of a monomer density profile,
although the by us chosen profile has been shown to describe polymer
configurations reasonably well16. Undulations of SLBs on the order of
a few nanometers can further result in increased interaction distances
measured by AFM.

Concluding, the presented data set, in our opinion, demonstrates sup-
port for a reasonably equal distribution of PEG-lipids between the two
leaflets in planar SLBs.

4 Force-distance measurements with poly(L-lysine)-graft-
-poly(ethylene glycol) modified AFM tips

Control measurements with poly(L-lysine)-graft-poly(ethylene glycol)
(PLL-g-PEG) coated AFM tips in Fig. 5 show the same behavior as
uncoated silicon AFM tips presented in the article in Figure 4. AFM
tips were surface modified by immersing the cleaned cantilevers in a 1
mg/ml filtered solution of PLL(20 kDa)-g[3.5]-PEG(2 kDa) (SuSoS AG,
Switzerland) in 10 mM Hepes (pH 7.4) for 30 min, followed by rinsing
with ultrapure water and subsequent drying with a gentle stream of ni-
trogen as reported by Pasche et al.17. It proves that PLL-g-PEG can be
used to passivate the AFM tip to prevent adsorption of liposomes since
it forms a dense PEG brush on the tip and that no significant differences
on the interaction distance and forces were found between modified and
unmodified AFM tips for DOPE-PEG(2) compression and rupture.
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Fig. 5 Force-distance measurements with a PLL-g-PEG modified AFM tip. 4 mol% (red X, 264
force-curves), 6 mol% (blue h, 250 force-curves) and 8 mol% (green I, 175 force-curves) and
10 mol% (black H, 346 force-curves) DOPE-PEG(2) systems.
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