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vesicle rupture and subsequent tBLM formation. Taken 
together, our findings suggest that the AH peptide is an effi-
cient means of rupturing vesicles of both simple and com-
plex composition, and is, therefore, useful for formation of 
tBLMs on solid and mesoporous materials for applications 
in biotechnology.
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Introduction

Because the structures of lipid bilayers are similar to those 
of cellular membranes, they have received much attention 
for development of devices for biocatalysis, drug delivery, 
and biosensing applications (Jonsson et al. 2008; Tamm 
and McConnell 1985). As a model system for fabrication, 
lipid bilayers are particularly useful because it is possible 
to control membrane composition by controlled mixing 
of different types of lipid, sugar, and protein (Pieter and 
Cullis 1985). In the development of lipid bilayer-based 
drug-delivery devices, different types of lipid assembly 
have been investigated, including liposomes with or with-
out poly(ethylene glycol) (PEG)-coatings (Tiwari et al. 
2012). PEG-coated liposomes are more stable in the body 
than pure liposomes, as is apparent from longer circula-
tion times, which enable greater control of drug-delivery 
processes (Gabizon et al. 1997). Molecular engineering of 
these systems requires refinement to balance the demands 
of stealth and targeting selectivity. For fundamental charac-
terization, solid-supported model membranes are attractive 
for investigation and optimization of biofunctionalization 
strategies. One emerging strategy calls for anchoring of a 
lipid bilayer to a mesoporous substrate by use of covalently 

Abstract Tethered bilayer lipid membranes (tBLMs) on 
solid supports have substantial advantages as models of 
artificial cell membranes for such biomedical applications 
as drug delivery and biosensing. Compared with unteth-
ered lipid membranes, tBLMs have more space between 
substrate and the bilayer and greater stability. The pur-
pose of this work was to use these properties to fabricate 
and characterize a zwitterionic 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine lipid tBLM containing 2 mol % 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-maleimide(poly(ethylene glycol))-2000 (DSPE-PEG2000-
NHS) lipid tethers on a 3-aminopropyltrimethoxysilane-
modified mesoporous silica substrate. A quartz crystal 
microbalance with dissipation monitoring was used to 
monitor the process of vesicle adsorption and tBLM self-
assembly, and atomic force microscopy was performed to 
characterize the structural properties of the tBLM obtained. 
Whereas tether-containing lipid vesicles ruptured neither 
spontaneously nor as a result of osmotic shock, introduc-
tion of an amphipathic α-helical (AH) peptide induced 
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attached tethers (Fig. 1) (Jackman et al. 2012; Tanaka and 
Sackmann 2005). Tethers can be incorporated to increase 
the space between the lipid bilayer and the support (by up 
to several nanometers or more), in contrast with unteth-
ered bilayer systems, for which only a thin layer of water 
(~10–20 Å) is present (Johnson et al. 1991; Tamm and 
McConnell 1985). In this regard, mesoporous materials 
have intrinsic utility as solid supports because properties 
such as pore size, pore geometry, and chemical composi-
tion can be precisely adjusted (Claesson et al. 2012; Slow-
ing et al. 2007). Porous materials also have large surface 
areas that result in higher loading capacities; the porous 
matrix can also be used to encapsulate nanomaterials (e.g., 
drugs). Merging of tBLMs and mesoporous materials pro-
vides unique possibilities for investigation of surface and 
drug-delivery applications, the latter of which have been 
suggested in proof-of-concept work reported by Liu et al. 
(2009).

Different types of tether between bilayers and solid sup-
ports have been investigated, for example polymer cush-
ions and PEG molecules of different molecular weight 
(Atanasov et al. 2005; Junghans and Koper 2010; Rossi 
and Chopineau 2007; Rossi et al. 2003). Polymer cush-
ions serve as a lubricant between bilayers and solid sup-
ports, and reduce nonspecific binding of macromolecules 
to the surface (Rossi et al. 2003). However, polymer 
cushion-supported bilayers are not covalently anchored 
to the surface; this results in low stability of the bilayer 
in some applications. By contrast, PEG molecules can be 
covalently anchored to the surface and, when intercalated 
with lipid bilayers, increase the stability of the system 
(Atanasov et al. 2005; Junghans and Koper 2010; Rossi 
and Chopineau 2007). For covalently anchored lipid bilay-
ers in general, it has been demonstrated that the stability 
of the bilayer is greater and the mobility of the lipids in 
the bilayer lower than for non-covalently anchored bilay-
ers (Andersson et al. 2007, 2008; Janshoff and Steinem 
2006; Keizer et al. 2007). This decrease in lipid mobility 

in tBLMs is not believed to substantially affect release 
of drugs from drug-delivery vehicles because release is 
believed to occur on degradation of the bilayer rather than 
via diffusion through the bilayer (Mufamadi et al. 2011). 
However, if the intention is to use the bilayer as a host for 
fully functional transmembrane proteins, reduced mobility 
is an important consideration (Rossi and Chopineau 2007). 
Moreover, PEG molecules are of benefit for use as tethers 
because they are known to prevent nonspecific adsorption 
of proteins by surfaces (Arnold et al. 1990; Du et al. 1997; 
Lee et al. 1995; Prime and Whitesides 1991; Woodle and 
Lasic 1992).

Traditionally, tBLMs have been formed on nonporous 
solid surfaces by use of Langmuir–Blodgett (LB) or ves-
icle-fusion methods (Keller et al. 2000; Naumann et al. 
2002; Reimhult et al. 2003; Richter et al. 2006; Zasadz-
inski et al. 1994). The advantage of using the LB method 
is that the lateral pressure can be controlled, resulting in 
the formation of homogenous bilayers, whereas the ves-
icle-fusion method is more versatile and the bilayers are 
easier to prepare (Richter et al. 2006; Zasadzinski et al. 
1994). Chopineau and colleagues used surface plasmon 
resonance spectroscopy (SPR), fluorescence recovery 
after photo bleaching (FRAP), and atomic force micros-
copy (AFM) to demonstrate formation of tBLMs on 
amine-modified silica and gold surfaces (Deniaud et al. 
2007; Rossi and Chopineau 2007; Rossi et al. 2003). In 
those studies, tBLMs were formed by vesicle fusion; vesi-
cles containing a mixture of lipids (zwitterionic egg-PC 
composition) and tether molecules (DSPE-PEG3400-NHS) 
were adsorbed by amine-modified surfaces then ruptured 
spontaneously, yielding tBLMs. In these studies (Deniaud 
et al. 2007; Rossi and Chopineau 2007; Rossi et al. 
2003) it was concluded that the concentration of lipid in 
the vesicle suspension, the mass percentage of tethers in 
the vesicles, the contact time between the vesicles and 
the surface, and the time tether-containing vesicles were 
incubated on the substrate were all critical aspects of the 

Fig. 1  Schematic illustration 
of lipid bilayers anchored non-
covalently (left) and cova-
lently (right) to a mesoporous 
substrate
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tBLM-formation procedure. Formation of lipid bilayers 
containing tethered molecules on nonporous silica via 
vesicle fusion have also been reported by Kaufmann et al. 
(2009); in this work, however, the PEG-tethering process 
was achieved without covalent anchoring of the bilayer 
to the support. Hence, although the utility of tBLMs and 
corresponding incorporation of pharmaceutically relevant 
moieties (e.g., PEG coatings) has been demonstrated, no 
studies have been performed on formation of tBLMs on 
mesoporous silica.

Combination of mesoporous materials with tethered 
bilayers would have many technical benefits for biosensing 
and drug-delivery applications. To this end, our group has 
reported the formation of mobile lipid bilayers by vesicle 
adsorption and spontaneous rupture on cubic mesoporous 
silica of different pore size (2–6 nm) (Claesson et al. 2010, 
2011). Herein, we report use of materials-fabrication strat-
egies of this type, with amine surface modifications and 
tethered vesicles, to investigate strategies for formation of 
tBLMs on mesoporous silica.

Materials and methods

Mesoporous silica thin films

Cubic mesoporous thin silica films were prepared by the 
method described by Alberius et al. (2002) and Palmqvist 
(2003). Mesoporous silica was prepared by dissolving 
10.4 g tetraethyl orthosilicate (TEOS; 98 %, Aldrich) 
in a solution containing 5.4 g dilute hydrochloric acid 
(0.01 M) and 12 g ethanol (200 proof) at room tempera-
ture under vigorous stirring for 20 min. The solution was 
mixed with a solution containing 1.70 g triblock copoly-
mer poly(ethylene glycol)20–poly(propylene glycol)70–
poly(ethylene glycol)20 (P123; EO20PO70EO20) dissolved 
in 8 g ethanol. Thin films were prepared by spin coating, 
at 4,000 rpm, on to glass substrates (glass microscope 
slides) and AT-cut QCM-D crystals (purchased from 
Q-Sense AB, Gothenburg, Sweden) by use of a photore-
sist spinner (Electronic Micro Systems, Salisbury, UK; 
model 4000). After aging for 24 h, the films were heat 
treated by increasing the temperature at 1 ° min−1 from 
room temperature to 400 °C, which was maintained for 
4 h. Commercial AT-cut QCM-D sensor crystals coated 
with nonporous silica were used.

Surface modification

Before analysis, the surfaces were treated with 3-ami-
nopropyltrimethoxysilane (APTMS) by placing them in 
a 1 % (v/v) solution of APTMS in toluene for 30 min at 
room temperature. The surfaces were then rinsed in ethanol 

(200 proof) and deionized water then dried in nitrogen 
gas. Before surface treatment, all surfaces were cleaned 
in ethanol, deionized water, ethanol, then oxygen plasma 
for 1 min. The surfaces were used directly after modifica-
tion. All chemicals mentioned above were purchased from 
Sigma–Aldrich and used as received.

Vesicle preparation

Unilamellar vesicles consisting of the lipid 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC, 25 mg/
ml) and 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-(maleimide(poly(ethylene glycol))-2000) (DSPE-
PEG2000-NHS, 10 mg/ml) tethers, 2 mol % relative to 
POPC, were prepared by mixing in chloroform. The sol-
vent was evaporated by use of a gentle stream of nitrogen 
gas followed by 12 h in a vacuum desiccator. The dried film 
formed was dispersed in deionized water at a concentration 
of 6 mg/ml, vortex mixed, and finally extruded by use of a 
mini extruder (Avanti Mini-Extruder, Avanti Polar Lipids, 
Alabaster, AL, USA) with polycarbonate membranes 
of pore size 50 and 30 nm; 23 times each. Vesicles were 
freshly prepared for the experiments. Before use, the vesi-
cle solution was diluted with 10 mM Tris buffer (150 mM 
NaCl, pH 7.8) to a concentration of 1 mg/ml. The molecu-
lar structures of POPC and of the lipid used as the tether are 
shown in Fig. 2, with an illustration of a tether-containing 
POPC vesicle. The hydrophobic tail of the POPC lipid is 
similar to the hydrophobic end group (DSPE group) of the 
tether; this enables formation of tether-containing vesicles. 
Lipids and tethers dissolved in chloroform were obtained 
from Avanti Polar Lipids.

Peptide

The amphipathic α-helical (AH) peptide (H-Ser-Gly-Ser-
Trp-Leu-Arg-Asp-Val-Trp-Asp-Trp-Ile-Cys-Thr-Val-Leu-
Thr-Asp-Phe-Lys-Thr-Trp-Leu-Gln-Ser-Lys-Leu-NH2, 
MW 3284.7) was purchased from Anaspec. It was syn-
thesized by the standard F-moc solid-phase synthetic 
method (>98 % purity). It was received as aliquots of 
2 mg, solubilized in 10 µl dimethyl sulfoxide (DMSO) 
and dissolved in 1 ml deionized water. The peptides were 
stored at −20 °C until use. Circular dichroism (CD) spec-
tra of the AH peptide dispersed in water and in 50 % trif-
luoroethanol (TFE) are shown in the Supporting Informa-
tion (Fig. S1). AH peptide was diluted with 10 mM Tris 
buffer (150 mM NaCl, pH 7.8) to a final concentration 
of 16.8 μM for all experiments in this study. This pep-
tide concentration was comparable with that (typically 
13–15 μM) reported for planar bilayer formation in other 
studies (Cho et al. 2007a, c 2009a, b; Hardy et al. 2012; 
Zan et al. 2014).
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Transmission electron microscopy

Transmission electron microscopy (TEM; JEM-1200 EX 
II, Tokyo, Japan) at 120 kV was used to obtain informa-
tion about pore size and ordering of mesoporous silica thin 
films. Before TEM analysis, samples were collected by 
scratching silica from the coated glass slides, followed by 
dispersion in ethanol and sonication for 3 min. A few drops 
of the dispersion were added to TEM grids (carbon, 300 
mesh, Caspillor), which were left to dry.

Scanning electron microscopy

The thickness of the films was determined by measuring 
the cross-section of coated glass slides by use of scanning 
electron microscopy (SEM; Leo Ultra 55 FEG SEM; Leo 
Electron Microscopy, Cambridge, UK). Before SEM analy-
sis, the glass slides were sputtered with gold (10 nm) by 
use of a JFC ion sputter (Jeol, Tokyo, Japan).

Small-angle X-ray scattering

The long-range order of the thin films was characterized 
by small-angle X-ray scattering (SAXS), which was per-
formed with beamline I911 at MaxLab synchrotron facil-
ity (Lund, Sweden) (Knaapila et al. 2009). The wavelength 
used was 1.1 Å and the beam size was 0.12 × 12 mm. The 
sample was placed 1.5 m from the detector (two-dimen-
sional Mar165 CCD).

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to meas-
ure the elemental composition on the upper surface of the 
amine modified mesoporous and nonporous silica sur-
faces. These measurements were performed on a Quantum 
2000 scanning ESCA microprobe (Physical Electronics) 
equipped with an Al Kα (1,486.6 eV) X-ray source, with 
a beam size of 100 µm and a take-off angle of 45º relative 

to the sample surface. The analyzed area and information 
depth were approximately 350 × 500 µm and 4–5 nm, 
respectively.

Dynamic light scattering

Dynamic light scattering (DLS) with a 90 Plus particle-
size analyzer (Brookhaven Instruments, Holtsville, NY, 
USA) equipped with a 658.0 nm monochromatic laser was 
performed to measure the effective average diameter of 
the vesicles (on the basis of the intensity of the scattered 
light). The scattering angle was set to 90° and the results 
were collected by use of digital auto correlator software 
(Brookhaven Instruments, Holtsville, NY, USA).

Quartz crystal microbalance with dissipation monitoring

tBLM formation was investigated in real time by use of a 
quartz crystal microbalance with dissipation monitoring 
(QCM-D; E4 Q-sense AB, Gothenburg, Sweden). With this 
technique, changes in the mass and viscoelastic properties 
of molecules adsorbed by the oscillating quartz crystals 
can be monitored. On adsorption, the oscillating frequency 
changes, described as ∆f, and the crystals are damped, 
which is monitored as changes in energy dissipation (∆D). 
The change in frequency depends on the mass of the 
adsorbed layer (including coupled water) and the change in 
energy dissipation depends on the viscoelastic properties of 
the formed film. These changes are measured at several har-
monics simultaneously. For rigid films, for example lipid 
bilayers, the mass of the adsorbed layer can be calculate by 
use of the Sauerbrey equation ∆m = −C × ∆fn, where C 
is the mass sensitivity constant. C = 17.7 ng cm−2 Hz−1 for 
5 MHz and ∆fnorm = ∆fn/n, where n is the overtone (1, 3 
etc.) (Hook et al. 2001; Sauerbrey 1959). QCM-D meas-
urements were performed on silicon-coated QCM-D crys-
tals (14 mm). Before analysis, QCM-D crystals were spin-
coated with cubic thin mesoporous silica films and then 
modified with the amines.

Fig. 2  Molecular structures 
of the lipid used (1-palmitoyl-
2-oleoyl-sn-glycero-3-phos-
phocholine, POPC) and of the 
tether (1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-
N-(maleimide(poly(ethylene 
glycol))-2000), DSPE-PEG2000-
NHS), and schematic illustra-
tion of a tether-containing 
POPC vesicle
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Atomic force microscopy

Atomic force microscopy (AFM) was used to characterize 
tBLMs formed on cubic mesoporous and nonporous silica-
coated QCM-D crystals, immediately after QCM-D experi-
ments, by use of a NX-Bio (Park Systems, South Korea) 
combined with an optical microscope (Eclipse Ti, Nikon, 
Japan). The AFM was placed in an acoustic enclosure 
with a temperature controller (Park Systems) to minimize 
acoustic noise. All samples were maintained at a constant 
temperature of 25 °C during analysis. Silicon nitride can-
tilever tips (Biolever Mini; Olympus, Japan) with a spring 
constant of 0.09 N/m and a resonant frequency of 110 kHz 
(according to specifications) were used for all imaging. 
Images were acquired in tapping mode with a scan rate of 
0.3–0.5 Hz and a scan size of 5 × 5 μm. Error signal and 
height images were scanned simultaneously. tBLM thick-
ness was analyzed by use of square tests. The tests were 
performed by scratching the tBLM with an AFM cantilever 
tip (PPP-NCHR; Nanosensors, Switzerland) with a spring 
constant of 42 N/m and a resonance frequency of 330 kHz 
(according to specifications). The thickness of the scratch 
was monitored by taking images in contact mode, directly 
after scratching the tBLM; the scan size was 5 × 5 μm. A 
scan rate of 0.3–0.5 Hz and a set point of 300 nN were used 
in this AFM imaging.

Results and discussion

Formation of tBLM by rupture of POPC vesicles contain-
ing 2 mol % tethers (DSPE-PEG2000-NHS) on amine-mod-
ified cubic mesoporous and nonporous silica was investi-
gated by use of QCM-D and AFM. The cubic bicontinuous 
phase was chosen as the preferred mesoporous structure in 
this work, because the pores are accessible on the upper 
surface, as compared with the hexagonal structure, the 
pores of which are organized parallel to the surface (Claes-
son et al. 2012). Introduction of tethers to the vesicles 
before formation of the tBLMs means fewer tethers are 

required than if the silica surface were first functionalized 
with tethers followed by vesicle adsorption. In addition, 
in our experimental format, problems related to coupling 
between lipids in the bilayer and the covalently attached 
tethers are avoided when tethers are introduced to the vesi-
cles first. From an applications perspective, it is also bene-
ficial to form tBLMs via tether-containing vesicles to avoid 
unwanted blocking of the pores on the cubic mesoporous 
silica surface, which would, in turn, reduce free diffusion 
of encapsulated drugs from the porous material.

Characterization by use of TEM showed that the 
mesoporous silica thin film has an ordered structure with 
a pore size of approximately 6 nm (Fig. 3a). The thickness 
of the film was measured by SEM to be approximately 
300 nm (Fig. 3b). In addition, a Bragg peak was observed 
in the SAXS diffractogram for the material, confirming that 
the thin film was ordered (Fig. 3c).

XPS analysis confirmed that the mesoporous and nonpo-
rous silica surfaces were successfully modified with amine 
groups, as presented in Table 1. Slightly more nitrogen and 
carbon were present on the mesoporous silica than on the 
nonporous silica.

The effective diameter of the tether-containing vesicles 
was measured by DLS to be 91.5 ± 0.8 nm (Fig. 4). On 
the basis of a value previously calculated for the amount 
of POPC lipids in vesicles (Walde and Ichikawa 2001), our 
vesicles contain approximately 67,800 lipid molecules and 
1,350 tethers per vesicle.

QCM-D results showed that tether-containing vesicles 
were adsorbed intact on the amine-modified surfaces, irre-
spective of porosity (Fig. 5). The vesicles had no tendency 
to rupture, even when osmotic pressure or shear force was 
applied. Osmotic pressure was gradually applied to the 
tethered vesicles adsorbed on the amine-modified silica 
substrates by increasing the ion concentration outside the 
vesicles from 150 to 2,000 mM NaCl while keeping the ion 
concentration inside the vesicles constant at 150 mM NaCl 
(results not shown). Shear force was induced by gradually 
increasing the flow rate from 100 to 300 µl/min (results not 
shown).

Fig. 3  TEM (a), SEM (b), and SAXS (c) measurements on cubic mesoporous silica
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In an important contribution to QCM-D measurement 
analysis, Keller and Kasemo (1998) demonstrated that for-
mation of supported lipid bilayers on silica substrates by 
adsorption and spontaneous rupture of tether-free vesicles 
is usually observed as a decrease in ∆f and an increase in 
∆D. The corresponding measurement kinetics showed that 
adsorbed lipid vesicles remain intact until a specific num-
ber of vesicles on the surface is reached, the so-called criti-
cal concentration of vesicles. At this point, vesicles start to 
rupture and lipids spread on the surface resulting in release 
of water from the interior of the vesicles, which is observed 

by QCM-D as an increase in ∆f and a decrease in ∆D 
(Keller and Kasemo 1998). The final frequency (ffinal) and 
dissipation (Dfinal) for lipid bilayers are, typically, ~25 Hz 
and ~0.1 × 10−6, respectively (Cho et al. 2011; Keller and 
Kasemo 1998). Previous studies have shown that formation 
of lipid bilayers on solid supports by vesicle fusion may 
be affected by several factors including surface chemistry, 
surface charge, lipid head group charge, vesicle size, tem-
perature, osmotic pressure, and type and concentration of 
ions in the solution (Jackman et al. 2013; Reimhult et al. 
2003; Seantier and Kasemo 2009). According to these stud-
ies, an increase in ion concentration outside the vesicles 
facilitates formation of a lipid bilayer. However, a similar 
conclusion could not be drawn in this study. In general, 
rupture of the vesicles depends on a combination of vesi-
cle–substrate, vesicle–vesicle, and/or vesicle–rupture prod-
uct interactions (Cho et al. 2010a; Richter et al. 2006). The 
stability of intact vesicles adsorbed on a surface depends 
on the elastic properties and cohesive strength (stability) of 
the vesicles themselves (Reimhult et al. 2003). From these 
observations, it can be concluded that tethering of the vesi-
cles to the silica substrate can be attributed to weak vesi-
cle–substrate and weak vesicle–vesicle interactions, for the 
following reasons. The enlarged space between the tether-
containing vesicles and the silica substrate is created by the 
tethers, and the amine layer on the substrate could reduce 
vesicle–substrate interactions. It is suggested that the vesi-
cle–vesicle interaction is weak, because of steric repulsion 
between the PEG molecules (tethers) protruding from the 
vesicles, resulting in less densely packed vesicles on the 
silica substrate in comparison with tether-free vesicles. 
This low density of adsorption of tethered vesicles can be 
directly seen in the QCM-D results as small shifts in fre-
quency (−75 Hz) and dissipation (15 × 10−6) (Fig. 5). A 
frequency shift of approximately −200 Hz and a dissipa-
tion shift of approximately 25 × 10−6 have been reported 
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Fig. 4  DLS measurements showing the effective diameter of POPC 
vesicles containing 2 mol % tethers relative to POPC lipids

Fig. 5  QCM-D results pre-
sented as shifts in frequency 
(∆f) and dissipation (∆D) as a 
function of time for formation 
of tBLMs on a nonporous and b 
mesoporous silica. Intact vesi-
cles on the surfaces ruptured 
and formed bilayers on injection 
of AH peptides

Table 1  XPS results for the amine modified surfaces, presented as 
atomic composition

C1s N1s O1s Si2p

Mesoporous silica 12.69 2.76 58.52 26.04

Nonporous silica 9.95 1.80 60.35 27.89
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for efficiently packed tether-free vesicles (100 nm in diam-
eter) on titania surfaces (Reviakine et al. 2005).

In this study, no rupture of the tethered vesicles was 
observed; even when rinsed with buffer (see buffer rinse 
at 50 min, Fig. 5a) they remained intact on the surface 
(Fig. 5). These findings are important because they show 
that a durable and robust monolayer of tethered vesicles is 
formed on the surface, which is promising for the develop-
ment of biocompatible materials. It has been suggested that 
such materials have potential for investigation of peptide 
efficiency and delivery of drugs (Jackman and Cho 2012). 
After 100 min, an amphipathic α-helical (AH) peptide 
(16.8 µM) was injected, which resulted in TLMB formation 
on both nonporous and mesoporous silica (Fig. 5). The AH 
peptide was used to initiate rupture of the vesicles because 
this peptide has previously been shown to enable efficient 
formation of bilayers when the adhesion energy between 
the surfaces and vesicles is not sufficient to cause vesicle 
rupture (Cho et al. 2007b, 2009c; Zan et al. 2014). Further, 
a recent study showed that tBLMs containing POPC lipids 
and tethers (poly(ethylene glycol)-2000-N-(3-(2-pyridyl-
dithio)propionate)); DSPE-PEG-PDP) at different ratios 
can be formed on gold substrates by adsorbing tether-con-
taining vesicles on the surface and rupturing these by use 
of AH peptides (Coutable et al. 2014). These results were 
obtained by use of QCM-D, surface plasmon resonance 
(SPR), and AFM. The final frequency and dissipation shifts 
in this study were −23 ± 2.9 Hz and 5.2 ± 0.8 × 10−6, 

respectively, on nonporous silica and −25 ± 3.0 Hz and 
5.0 ± 0.9 × 10−6, respectively, on mesoporous silica. As 
already mentioned, these frequency shifts are similar to 
those obtained in previous studies on formation of non-
tethered lipid bilayers with or without AH peptide (Cho 
et al. 2007b, 2009c, 2010b, 2011; Zan et al. 2014). Fre-
quency shifts presented for formation of tBLMs on gold 
by use of AH peptide were, however, higher than those 
obtained in this study (Coutable et al. 2014). The reason 
for this deviation is probably that a different substrate and 
tethers were used. Dissipation shifts were not shown in that 
study. The dissipation obtained in this study is, however, 
much higher than that obtained for a non-tethered lipid 
bilayer (<0.1 × 10−6), indicative of a less rigid bilayer. In a 
previous study, QCM-D was used to monitor formation of 
a non-covalently anchored lipid bilayer by rupture of POPC 
vesicles containing 2 mol % PEG2000-PE, relative to POPC 
lipids, on nonporous silica surfaces. The final frequency 
and dissipation shifts in that study were −37 ± 2.4 Hz and 
2.2 ± 0.3 × 10−6, respectively (Kaufmann et al. 2009). 
These values deviate from the values obtained in this study 
even though the length of the PEG molecule was the same 
(MW = 2,000 g/mol). The larger dissipation shift obtained 
in this study is probably because the bilayer was more vis-
coelastic, because the tethers were covalently attached to 
the surfaces. The lower values of the frequency shifts are 
explained by bilayer thinning on adsorption of AH pep-
tides; it has been suggested that the peptides partly replace 

Fig. 6  AFM images and height 
profiles for tBLMs on nonpo-
rous (a) and mesoporous (b) 
silica
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the lipids in the lower leaflet of the bilayer (Cho et al. 
2007b).

To confirm that tBLMs were formed on nonporous 
and mesoporous silica, the QCM-D crystals were directly 
transferred in the wet state to the AFM instrument. Images 
were taken to visualize the tBLMs and square tests were 
performed to measure the thickness of the tBLMs. AFM 
results revealed that the surfaces were smooth, verifying 
the presence of homogeneously spread tBLMs on both sur-
faces (Fig. 6). The profile roughness parameters, Ra and 
Rq values for tBLMs on the surfaces were measured on 
5 × 5 µm AFM images to be 1.6 and 2.7 nm, respectively, 
on nonporous silica and 1.2 and 1.7 nm, respectively, on 
mesoporous silica.

AFM images taken immediately after square tests 
revealed clear squares without recovery on both surfaces 
(Fig. 7). The depth of the scratches represents the thick-
ness of the tBLMs and was measured to be 3–4 nm on 
nonporous silica and 6–7 nm on mesoporous silica. These 
thicknesses are consistent with tBLMs that are covalently 
anchored to silica (5.9 nm) and gold (5.4 nm) surfaces 
(Rossi and Chopineau 2007).

A possible cause of the different thickness of the tBLMs 
on the two tested surfaces could be the smaller surface 
area available for tethers anchored on mesoporous silica, 
assuming that tethers bind solely to surfaces between the 
pores. Calculations based on measured pore size, 6 nm 

from TEM measurements, and pore-to-pore distance from 
SAXS diffractograms, in which the position of the first 
peak (q = 0.6 => 10.5 nm) corresponds to the distance 
between the center of two pores according to the Bragg 
equation (Alexandridis et al. 1995), give a surface-to-pore 
ratio of 0.58. Hence, the available surface area is 42 % less 
on mesoporous silica than on nonporous silica. Use of the 
calculated surface area and the measured size of POPC 
lipids (Walde and Ichikawa 2001) reveals that approxi-
mately 9 tethers are present on a 10.5 × 10.5 nm surface 
area (Fig. 8a). From these calculations, it is expected that, 
because of the presence of the pores, PEG molecules are 
forced together and stretched on the mesoporous silica 
surface. Therefore, stretching of the PEG molecules could 
push the bilayer away from the surface, resulting in a 
thicker tBLM (Fig. 8b) (Kaufmann et al. 2009).

Conclusion

In this paper we report the successful formation of teth-
ered lipid bilayer membranes (tBLMs) on amine-modified 
mesoporous silica surfaces by peptide-induced rupture of 
adsorbed, intact vesicles. AFM measurements revealed that 
tBLMs on nonporous and mesoporous silica are approxi-
mately 4 and 7 nm thick, respectively. Taken together, 
these findings demonstrate it is possible to form covalently 

Fig. 7  AFM images and height 
profiles obtained immediately 
after square tests for tBLMs on 
nonporous (a) and mesoporous 
(b) silica



35Eur Biophys J  (2015) 44:27–36 

1 3

anchored lipid bilayers on mesoporous silica. We suggest 
that AH peptide can be used as a universal tool for for-
mation of tBLMs on bare and chemically functionalized 
mesoporous materials for biomimetic engineering.
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