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Adsorption of phospholipid vesicles on titanium dioxide was studied by a combination of quartz
crystal microbalance with dissipationsQCM-Dd and atomic force microscopy techniques. Vesicle
size, concentration in solution, and bilayer composition were systematically varied. A strong
dependence of the QCM-D responsesmagnitude of the frequency and dissipation factor shiftsd on
the vesicle concentration in solution was observed. QCM-D data were compared with a linear
viscoelastic model based on the Voight element to determine layer thickness, density, elastic
modulus, and viscosity. Based on the results of this comparison, it is proposed thatsid layer
thickness and density, as sensed by QCM-D, saturate much earliersin timed than the actual surface
coverage of the vesiclessnumber of vesicles per unit aread; sii d changes in surface coverage that
occur after the density and thickness, as sensed by QCM-D, have saturated, are interpreted by the
model as changes in the layer’s viscoelastic properties. This is caused by the replacement of the
viscous mediaswaterd between the vesicles by viscoelastic media of similar densitysvesiclesd; siii d
viscoelastic properties of layers formed at different vesicle concentrations differ significantly, while
the vesicle surface coverage in those layers does not. Based on the comparison between the atomic
force microscopy images and QCM-D data acquired at various vesicle concentrations it is proposed
that QCM-D response is not directly related to the surface coverage of the vesicles. ©2005
American Institute of Physics. fDOI: 10.1063/1.1908500g

I. INTRODUCTION

Adsorption of intact vesicles to hydrophilic surfaces is
the first step in the formation of supported phospholipid bi-
layers fSPBssRefs. 1,2dg.3–9 The transformation of the ad-
sorbed vesicles into a SPB can proceed by at least two
routes. The first route involves spontaneous rupture of indi-
vidual surface-bound vesicles. It has been observed on mica
and native silicon dioxide by atomic force microscopy
sAFMd,5,6 and on silicon dioxide films prepared by reactive
sputtering by quartz crystal microbalance with dissipation
measurementfQCM-D sRefs. 10,11dg.8 The second route
does not involve rupture of individual surface-bound
vesicles. Instead, the vesicles accumulate on the surface,
forming a supported vesicular layer, or SVL.12 A SVL may
be transformed into a SPB once a critical coverage of
vesicles is reached,3–5,8if Ca2+ is added to the preparation,5,12

or by some other stimulus.13 Under some conditions—a par-

ticular surface, lipid composition, absence of divalent cat-
ions,pH—a SVL appears to be the terminal structure that is
formed, and no SPB formation is observed.5,12,14–17

The pathway that is ultimately chosen by the vesicles
depends on as of yet unknown details of vesicle-surface in-
teractions. Some of the parameters that affect this process
include surface charge, vesicle size and lipid composition of
the bilayer, ionic strength, presence or absence of Ca2+ in the
buffer. To understand the effect of these parameters on the
process of bilayer formation, it is of interest to examine the
properties of SVLs formed on surfaces under various condi-
tions. The properties of interest include number of vesicles in
the layer, the extent of vesicle deformation, and the rate at
which this deformation occurs.

QCM-D, which has already significantly advanced our
understanding of the SPB formation process,3,4,8,9,16–19offers
the possibility to assess quantitatively the properties of SVLs
listed above. AFM, on the other hand, offers invaluable in-
formation concerning the organization of the surface-bound
layers at nanometer length scales, and therefore provides in-
formation complementary to that provided by QCM-D. The
combination of these two techniques has previously been
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successfully applied to the study of protein adsorption,20

SPB formation,8,9,19 and other problems.21,22 In this study, it
was used to examine the properties of SVLs formed on the
surface of titanium dioxide as a function of vesicle size, bi-
layer composition, and vesicle concentration in solution.
Vesicle size and bilayer bending modulus23 swhich is a func-
tion of bilayer composition and temperatured were chosen as
variables because these are the two key thermodynamic pa-
rameters that govern vesicle behavior on a given surface,24

while the concentration of vesicles in solution controls the
kinetics of the adsorption process. A consistent, quantitative
interpretation of the QCM-D and AFM data is arrived at, and
assumptions implicit in previous QCM-D studies are scruti-
nized. In particular, it is conclusively demonstrated that
QCM-D response cannot be directly interpreted in terms of
the surface coverage of the vesicles.

II. EXPERIMENT

A. Substrate preparation and cleaning

Four inch siliconk110l wafers sWafernet GmbH, Ger-
manyd used in AFM experiments and gold-coated quartz
crystals for the QCM measurementssQ-Sense AG, Gothen-
burg, Swedend were sputter coated with a 20 nm TiO2 layer
with a Leybold dc-magnetron Z600 sputtering plant as de-
scribed previously.25 Wafers were sawn into 10310 mm2

pieces on a wafer-sawing machinesESEC, Zug, Switzer-
landd. Immediately prior to each experiment, both types of
substrates were cleaned by first incubating them in a 2%
sodium dodecil sulphatesSigma, Buchs, Switzerlandd solu-
tion for 30 min, rinsing with ultrapure water, and subjecting
them to 30 min of UV/ozone treatment in a model 135 500
UV Cleaner from Boekel Industries Inc.sFeasterville, Penn-
sylvaniad which was preheated for 30 min.

B. Vesicle preparation

Dioleoylphosphatidyl cholinesDOPCd and dipalmi-
tioylphosphatidyl cholinesDPPCd were purchased from
Avanti Polar LipidssAlabaster, Alabamad. Lipids were dis-
solved in chloroform, which was evaporated with an argon
stream. The resulting lipidic film was further dried for 30
min in an ovensat room temperatured connected to an oil-
free diaphragm-type vacuum pump. The dry film was resus-
pended in a buffer containing 10 mM HEPES, 2 mM
ethylenediaminetetraacetic acidsEDTAd, 100 mM NaCl,pH
7.4 sthis buffer was used in all experiments described below
unless stated otherwise; chemicals were purchased from
Fluka Chemie GmbH, Buchs, Switzerlandd to yield multila-
mellar vesiclessMLVsd at the desired concentration. Unila-
mellar vesiclessLUVs, for Large Unilamellar Vesiclesd were
prepared by extruding a suspension of MLVs through filters
with pore diameters of 50, 100 or 200 nm using a Lipofast
extruder sAvestin Inc., Canadad. Vesicle solutions were
stored under argon at +4 °C until usedsno longer than 14
daysd. Vesiclessboth MLVs and LUVsd made up of DOPC
were prepared at room temperature, while those composed of
DPPC were prepared at,60 °C.

C. QCM-D measurements

QCM measurements were performed with a QCM-D
QE301 selectronics unitd/QAFC301 saxial flow chamberd/
QSoft 301ssoftware versiond instrument from Q-Sense AB
sGöteborg, Swedend.10 A TiO2-coated crystal, cleaned as de-
scribed above, was mounted in the instrument and checked
for resonance on the firstsbase resonance frequencyd, third,
fifth, and seventh overtonessthe four overtones available on
this instrument; crystals that would not resonate on one or
more of these were not usedd. The chamber was filled with
buffer and the instrument was allowed to equilibrateswhile
collecting datad until the drift in the frequency has settled
out. The drift-free signal was collected for a further 10–30
min and is referred to as “base line.” Vesicle suspension of
appropriate concentration was allowed to thermally equili-
brate in theT loop of the instrument for 3 min and 0.5 ml of
it was injected into the measurement chamber. Data were
collected until the frequency signal stabilized. All measure-
ments were performed at 25 °C. Only the data collected on
the overtones were used for analysis. Data analysis was per-
formed in Excel and MathCad according to the procedure
outlined in Ref. 26 and consisted of fitting the data to the
model described in Ref. 27 using layer thickness, density,
viscosity, and elastic modulus as fitting parameters.

D. AFM measurements

Clean substrates were mounted on Teflon tapesBYTAC,
Norton Performance Plastics Corporation, OHd-coated metal
disks using double sided tapesafter Muelleret al.28d, incu-
bated with vesicle solutions of appropriate concentrations
sbetween 0.004 mg/ml and 3 mg/mld for 3–4 h in a humid-
ity controlled chamber, and rinsed with buffer. AFM images
were collected in buffer, in contact mode, with a Nanoscope
IIIa MultiMode AFM sVeeco Metrology Group, Santa Bar-
bara, CAd equipped with a “J”s120 mmd scanner, using
oxide-sharpened silicon nitride tips mounted on cantilevers
with a nominal force constant of 0.06 N/m, at an ambient
temperature of,22 °C. The fluid cell was washed exten-
sively with a 2% sodium dodecil sulfate solution and rinsed
with ultrapure water before each experiment.O ring was not
used. The microscope was allowed to equilibrate for a mini-
mum of 30 min before imaging. Trace and retrace images
were collected and compared. Images were flattened and
plane-fitted as required.

III. RESULTS AND DISCUSSION

A. DOPC vesicles adsorb to the surface of titanium
dioxide intact

When solutions of vesicles of various sizess50, 100, 200
nmd, composed of DOPC or DPPC, were allowed to interact
with titanium dioxide-coated quartz crystals, frequency sig-
nal was observed to decrease, signifying the uptake of mass
fFig. 1sadg. Simultaneously, the dissipation was observed to
increasesFig. 1sbdd. Both signals were found to stabilize at a
valuesreferred to as “the asymptotic shift”d that depended on
vesicle size, bilayer composition, and vesicle concentration
in solution. Previous studies have shown that this QCM-D
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responsefFig. 1g is characteristic of the adsorption of intact
vesicles and formation of SVL, rather than formation of sup-
ported bilayers.3,4 In that, our results are consistent with the
previously reported findings by Reimhultet al.16

Intact vesicles were also observed on titanium oxide-
coated surfaces exposed to vesicle solutions by AFMsFig.
2d. The size of adsorbed vesicles was measured as described
previously5 and in all cases found to be consistent with the
diameter of the pores through which the vesicle preparation
was extruded, for example, for vesicles extruded through 200
nm pore diameter membranes, the size observed by AFM
was 180±40 nms,200 vesicles measuredd, although a num-
ber of larger objects were also present. This is consistent
with AFM observations reported by others.8,29 400 nm
DOPC vesicles were observed to adsorb to TiO2 intact as
well snot shownd, but were not investigated further due to the
significant polydispersity of the preparations.30

Addition of Ca2+—a known fusogen31–33—to the
surface-adsorbed vesiclessat 2 mM concentrationd failed to
induce a transition to a supported bilayersnot shownd. This
stands in contrast to the ability of Ca2+ to induce supported
bilayer formation from vesicles composed of zwitterionic
phospholipids adsorbed on mica.5

B. Asymptotic frequency and dissipation shifts
depend on vesicle size, composition,
and concentration in solution

In Fig. 3, the asymptotic frequency and dissipation shifts
are plotted as a function ofvesicle concentration34 in solu-
tion. At high concentrations, the response of the QCM-D was
independent of vesicle concentration and depended only on
vesicle size and compositionsFig. 3d. In this regime, larger
vesicles were found to induce a stronger response. Stiffer
DPPC vesiclesfbilayer bending modulus,10−18 J sRef. 35dg
elicited a stronger response than their DOPCfbending modu-
lus ,10−20 J sRef. 36dg counterparts of nominally the same
size s50 nmd: A frequency shiftsthird overtone, normalized
to 5 MHzd of −280.8±7.5 Hzsmean ± standard deviation,
six observationsd was observed for the former, and
−65.1±18.5 Hzseight observationsd for the lattersTable I,
Fig. 1d. The time it took for the frequency signal to reach the
plateau was similar for both the 50 nm DOPC and the 50 nm
DPPC vesiclessFig. 1d, indicating that in solution, they had
comparable sizes. Similar dissipation values observed for
both kinds of vesiclesfFig. 1sbdg strongly suggest that in
both cases, only a single monolayer of vesicles was formed.
Therefore, QCM-D response is directly related to the prop-
erties of the SVLs that are affected by the different bilayer
stiffnesses of the two kinds of vesiclesse.g., layer
thickness24d.

At lower vesicle concentrations, the QCM-D response
depended on vesicle concentration in solutionsFig. 3d. Be-
cause a decrease in resonance frequency is normally taken to
indicate an increase in the adsorbed mass at the crystal sur-
face, it is tempting to directly interpret the observed depen-
dence in terms of surface coverage of the vesicles. This
would lead to a conclusion that SVLs prepared from solu-
tions of different vesicle concentrations contain significantly
different numbers of vesicles per unit areasthe frequency
shift changes by a factor of,2 in the case of 100 nm
vesicles and by a factor of,6 in the case of 200 nm ones,

FIG. 1. Representative QCM-D curves for vesicles of various sizes and
compositions adsorbing on TiO2. In a typical QCM-D experiment, a crystal
excited to oscillate at its resonance frequency and overtones in buffer was
exposed to a solution of 50, 100, 200 nm DOPC or 50 nm DPPC vesicles in
the same buffer. Frequencystop paneld and dissipation factorsbottom paneld
were monitored on the third, fifth, and seventh overtoness,15 MHz, 25
MHz, and 35 MHzd. In this figure, only the curves acquired on the third
overtone are shown, and the frequencies are scaled by the overtone order. In
general, adsorption of material is signified by a decrease in the frequency.
The dissipation factor describes the ability of the layer to dissipate energy.
Experiments shown in this figure were performed at the lipid concentrations
of 0.4 mg/ml,0.65 mg/ml,0.52 mg/ml, and 0.65 mg/ml for the DOPC 50
nm, 100 nm, 200 nm, and DPPC 50 nm vesicles, respectively.

FIG. 2. Contact Mode AFM images of DOPC vesicles of various sizes
adsorbed on TiO2. sad–scd 100 nm DOPC vesicles,sdd–sfd 200 nm vesicles.
Lipid concentration and lnsvesicle concentrationd are indicated in the top
left corner of each image, while image size in the bottom left corner. Two
kinds of objects can be discerned on the image of 200 nm vesicles taken at
the lowest concentrationsdd: regular vesiclesstop inset, 8203820 nm2d and
objects of toroidal morphologysbottom inset, 4103410 nm2d.

204711-3 Vesicular layers supported on TiO2 J. Chem. Phys. 122, 204711 ~2005!
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Fig. 3d. Yet two lines of evidence suggest that such an inter-
pretation is, in fact, not correct: the dependence of the
QCM-D response on vesicle concentration in solutiondoes
not directly reflect variations in the surface coverage of
vesicles in the SVLs formed at different vesicle concentra-
tions.

First, the results of the AFM experimentssFig. 2d indi-
cate that the surface coverage of vesicles does not undergo
any dramatic changes over the concentration range where
QCM-D response changes significantlyscf. Figs. 2 and 3d in
the range between 0.03 mg/ml lipid and 0.4 mg/ml lipid,
corresponding to lnsvesicle concentrationd of 10.9–12.0 for
200 nm vesicles, and of 11.5–12.6 for 100 nm vesicles, the
frequency shift undergoes a change of,−240 Hz for 200 nm
vesicles and of,−50 Hz for 100 nm vesicles. At the same
time, the AFM images acquired at lnsvesicle concentrationd
of 12.3 and 13.3 for 100 nm vesicles, 10.9 and 12.7 for 200
nm vesicles, are nearly identical, with the surface completely
covered with the vesicles.sWe further remark that at

0.03 mg/ml lipid, there are already,10 times more vesicles
sof either sized than is needed to cover the surface com-
pletelyd.

Second, theDF and DD vs ln svesicles concentrationd
curves shown in Fig. 3 do not extrapolate to zero. In fact, in
the case of 100 nm vesicles, extrapolating the straight line
portion of the curves shown in Fig. 3sad to zero frequency
shift yields a value of 10.2 for the lnsvesicle concentrationd.
Thus, according to this line of argument, no QCM-D re-
sponse is expected at a vesicle concentration of,1.7
31010 vesicles/ml sfor 100 nm vesiclesd. This approxi-
mately equals the number of vesicles required to cover the
surface of the crystal and experimental chamber completely.
At the sensitivity of,1 ng/cm2, QCM-D is expected to be
sensitive to 0.01%–0.04% of the maximum surface coverage
sassuming it is sensitive only to the mass of the water inside
the vesiclesd, or approximately between 2.23105 and 1.1
3107 vesicles/cm2 swhich is less than 1 vesicle/mm2d.

If QCM-D response does not directly reflect the surface
coverage of the vesicles in SVLs formed from solutions con-
taining different vesicle concentrations, what does it reflect?
To answer this question, the observed frequency and dissipa-
tion shifts were compared with predictions of a model using
layer propertiessmass, thickness, and viscoelastic propertiesd
as fitting parameters. The results of this comparison, dis-
cussed in the next three sections, lead to a consistent inter-
pretation of the dependence of QCM-D response on the con-
centration of vesicles in solution in terms of layer properties.

C. Interpretation of QCM-D data in terms of layer
properties: The thickness of SVLs is independent
of vesicle concentration in solution

Quantitative interpretation of QCM-D data in terms of
layer propertiesssuch as density and thicknessd requires the
use of a suitable model. Examples of available models in-
clude the one due to Sauerbrey,37 which is useful for relating
the frequency shift due to a thin, elastic, smooth, and nonpo-
rous layer to the layer’s areal mass. None of these conditions
are satisfied in the case of SVLs. More complicated models,
ones that consider the contributions of the viscoelastic prop-
erties of the layer,27,38and those which consider layer rough-
nesssporosityd and the properties of fluid within the layer,39

are also available. The former models include masssthe

TABLE I. Comparison between the SVLs composed of 50 nm DOPC and of
50 nm DPPC vesicles. The values are reported as average ± standard devia-
tion snumber of observationsd. Since layer density was found to be indepen-
dent of vesicle size, measurements with vesicles of all sizes were used to
compute the average value. On the other hand, layer thickness depended on
vesicle size, so only measurements done with 50 nm vesicles were used.
Elastic modulus of 50 nm DOPC vesicles varied too muchsaround zerod for
a reliable average value to be obtained.

Bilayer composition

Property DOPC DPPC

rskg/m3d 776±24s26d 850±5s9d
Lsnmd 52±9s7d 83±3s6d
msN/m2d - 27 000±4000s3d
hsNs/m2d s1.7±0.2d310−3s7d s4.9±0.3d310−3s9d

FIG. 3. Effect of vesicle size and concentration on QCM-D response.
Asymptotic frequency shiftsstop paneld and dissipation factor shiftssbottom
paneld are plotted as a function of the logarithm of vesicle concentration
sRef. 34d for vesicles of various sizes. Data on all three overtones are
shown, scaled by the overtone order: rhomb, third overtone; circle, fifth
overtone, and square, seventh overtone. Filled symbols represent measured
shifts, open symbols represent those calculated using the model of Voinova
et al. sRef. 27d as described in Reviakineet al. sRef. 26d with layer density,
thickness, viscosity, and elastic modulus as fitting parameterssFig. 4d. Lines
are guides to the eye, and are used to indicate vesicles of which size were
used in which experiments. The errors in the frequencyfsobserved
-calculatedd /observed3100%g were well below 1% of the frequency shift
for most measurements, and in any case never greater than 2.2%. Errors in
the dissipation factor were much larger and varied between 0.7% andsin one
cased 19%, but on average were below 10% for the 50 nm vesicles, below
6% for the 100 nm ones, and below 5% for the 200 nm ones. This suggests
that the model deals better with thicker viscoelastic films than with thinner
ones, and may indicate that hydrodynamic contribution is more pronounced
in the case of thinner inhomogeneous films.
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Sauerbrey term37d and linear viscoelastic contributions. The
latter can be readily extended to include the effects of ad-
sorbed mass changes, but viscoelastic effects are neglected
and are much more difficult to include.

We have been unable to account for the QCM-D re-
sponse observed with this system with a model which ig-
nores viscoelastic properties of the layer. Therefore the
model for a nonporous, smooth viscoelastic layer based on
the Voight element was used.27 Application of this model to
our data, the results of which are shown in Figs. 3 and 4,
demonstrates that within the scope of this model, the ob-
served trends in the frequency and dissipation shifts are in-
terpreted in terms of variations in viscoelastic properties of
the layers, the density and thickness of which remain con-
stant.

The fact that thickness of layers is unaffected by the
concentration of vesicles in solution from which the SVLs
were prepared implies that the rate of vesicle deformation is
much higher than rate of adsorption at the highest of concen-
trations, i.e., SVLs are composed of deformed vesicles at all
concentrations, and at all concentrations the vesicles of the
same size are deformed to the same extent.

It is instructive to compare the thickness of the SVLs
with the diameter of the vesicles from which they are formed
to ascertain the extent of vesicle deformation. As expected,
larger vesicles are deformed to a greater extentsFig. 5d.
More detailed, quantitative analysis of the properties of
SVLs will be presented separately.

D. The model adequately captures the mass uptake
by the surface during the early stages
of the adsorption process

During the initial stages of the adsorption process,
QCM-D response must include changes due to the mass up-
take at the surface. To verify that the model adequately cap-
tures this aspect of the adsorption process, we examined
QCM-D response as a function of time at a given vesicle
concentrationsFig. 6d. Indeed, the model does reflect the
mass uptake during early stages of vesicle adsorptionfFig.
6scdg, but the thickness and density of the layer saturate ear-
lier than elastic modulus and viscosityfcf. Figs. 6scd, 6sdd,
6sfd, and 6sgdg. The changes in the viscoelastic properties
which occur after the layer thickness and density have satu-
rated cannot be interpreted in terms of vesicle deformation:

FIG. 4. Dependence of layer properties on vesicle concentration in solution.
Layer thicknesssad, massfthickness3density; layer density was found to be
776±24 kg/m3 for DOPC vesicles of all sizes at all concentrationsg; sbd,
elastic modulusm scd, and viscosityh sdd, obtained by fitting the asymptotic
frequency and dissipation shifts shown in Fig. 3, are plotted as a function of
the logarithm of the vesicle concentration. Filled circles, 200 nm vesicles;
open triangles, 100 nm vesicles; filled rhombs, 50 nm vesicles. Solid lines in
sad, sbd, and sdd are averages of the respective values that are represented
with symbols. Dashed lines are guides to the eye. The elastic modulus of the
layer m was found to vary significantly from experiment to experiment for
the 50 nm vesicles, although the variation was around,zero and exhibited
no systematic trends. In the case of 100 and 200 nm vesicles, systematic
trends could be discerned for layer elastic modulus and, in the case of 200
nm vesicles, layer viscositysdashed linesd.

FIG. 5. Larger vesicles are deformed to a greater extent. The thickness of
the SVLs is plotted against the diameter of the DOPC vesicles from which
the SVLs were formed. While 50 nm vesicles do not appear to be deformed
si.e., the extent of their deformation is beyond the sensitivity of the tech-
niqued, 200 nm vesicles are deformed to,65% of their original size.
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the latter also affects layer thickness, which was shown to
remain constant while the viscoelastic properties continued
to changesFig. 6d. The only remaining explanation is that
continued adsorption of vesicles from solution alters the lay-
er’s viscoelastic properties without altering its thickness or
density.

E. Addition of a small number of vesicles dramatically
affects the viscoelastic properties of the layer:
This is reflected in the QCM-D response

The interpretation of the QCM-D response arrived at in
the two previous sections can be summarized as follows:
After the surface coverage of vesicles has reached a certain
value, the thickness of the layer and its density remain con-

stant sFigs. 4 and 6d. Further adsorption of vesicles alters
only the viscoelastic properties of the layer. This behavior
can be understood in terms of the so-called “trapped solvent”
hypothesis favored by the Chalmers group,11,40 also dis-
cussed in detail in Plunkettet al.41 Both are based on the
observation by Martinet al.42 that solvent trapped between
the surface features can be sensed as additional mass.sWe
would like to note that this interpretation may well be model
specific, for instance, a consequence of model’s ignoring the
changing surface roughness39 during adsorption, and slip
scurrently available models, including the one used here, had
been derived using the no-slip boundary conditiond. These
aspects have, to our knowledge, never been investigatedd.

It has been concluded earlier, based on the AFM obser-

FIG. 6. Fitting the time evolution of the QCM-D response. Typical QCM-D curves showing the changes in frequencysad and dissipationsbd, relative to the
bare crystal in buffer, upon injecting 200 nm DOPC vesicles at a lipid concentration of 0.06 mg/mlfvesicle concentration: 1.49
31011 lnsvesicle concentrationd :11.17g. Black solid line/cross, third overtone; dark gray/rhomb, fifth overtone; and light gray/triangle, seventh overtone.
Symbols are fits to the data, using layer thickness, density, elastic modulus, and viscosity as fitting parameters. The discrepancy between the observed
dissipation values and those resulting from the fits insbd are due to the fact that the dissipation of the bare crystal in vacuum is not taken into account in this
model. See Ref. 26 for further discussion. The time evolution of adsorbed massm, layer densityr, thicknessL, elastic modulusm, and viscosityh, is shown
in scd–sgd. Layer densitysed was observed to decrease from a value close to that of water to 785±3 kg/m3 due to the increase in the volume fraction of the
lipids within the layer as more vesicles adsorb(DOPC has a density smaller than that of waterf,709 kg/m3 sRef. 44dg. This is lower than the density expected
for undeformed 200 nm vesicless830 kg/m3d. Deformation of the vesicles will result in a higher volume fraction of the lipids in the adsorbed layer as
compared to the layer comprised of the undeformed vesicles even if the volume of individual vesicles does not change due to the deformation.sThus, the
assumption of constant layer density used in some of the previous studies to fit QCM-D data is not justifiedd. Layer viscositysfd is seen to increase
approximately linearly from a value close to that of water tos1.296±0.005d310−3 Ns/m2. Elastic modulussgd—from ,zero to 2400±120 N/m2. At small
times, negative values of elastic modulus are obtained from the model, implying that the model is not applicable to incompletely coated surfaces. Layer
thickness saturates at 115±2 nm and mass—at 9000±100 ng/cm2. Straight lines indicate the portions of data which were used to compute average values of
the appropriate quantities at saturation.
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vations and the analysis of the QCM-D response as a func-
tion of vesicle concentration in solution, that no significant
changes in vesicle surface coverage occur in the regime
where QCM-D response changes significantlyssee Sec.
III B d. To reconcile this with the above interpretation, we
propose that addition of asmall numberof vesicles to the
layer can cause significant changes in the layer’s viscoelastic
properties. The difference in vesicle surface coverage can
correspond, for example, to that between the random loose-
packing limit s0.78d and random close-packing limitsRCP,
0.82d, or RCP and the closed packed limit of 0.91,43 in either
case below 10%. To understand how such differences can
affect the viscoelastic properties of a layer in a nonlinear
fashion, it can be considered that at a lower surface coverage,
there is still water between the vesicles, while at a higher
coverage, the vesicles are in contact with each other. Thus,
while a SVL formed at a low vesicle concentration will have
a very similar number of vesicles per unit area to the one
formed at a high concentrationsFig. 2d, due to the effect the
small difference in the number of vesicles per unit area has
on the viscoelastic properties of the layerssFig. 4d, the two
SVLs will evoke very different QCM-D responsessFigs. 3
and 4d.

Two assumptions are implicit in this analysis:sid that
vesicles interact via excluded volume interactions only and
sii d that the surface-adsorbed vesicles are mobile. A conse-
quence of this interpretation is that QCM-D response is not
proportional to the surface coverage of the vesicles, but is
either exaggerated by the influence the adsorbing vesicles
have on the viscoelastic properties of the layer or understated
due to the presence of the trapped solvent the adsorbing
vesicles are replacing.

IV. CONCLUSIONS

Dioleoyl and dipalmitioyl phosphatidylcholine vesicles
of size 50–400 nm were found to adsorb to titanium dioxide
surfaces intact, forming SVLs. Spontaneous formation of
supported bilayers was not observed. Ca2+ failed to induce
the transition to supported bilayers.

The properties of the SVLs were found to depend on
vesicle size, bilayer composition, and concentration of
vesicles in solution from which the layers were prepared.
Consistent numerical values for layer density, thickness,
shear elastic modulus, and viscosity could be obtained by
comparing the frequency and dissipation shifts observed with
QCM-D with a model in which the layer was represented by
a Voight viscoelastic element.

QCM-D response was found to be related not only to the
surface coverage of the vesicles, but also, via the viscoelastic
properties of the layer, to the interactions between them.
Thus caution needs to be exercised when interpreting the
QCM-D response in terms of surface coverage during ad-
sorption processes.
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