Biophysical Journal Volume 78 January 2000 487-498 487

Specific Adhesion of Vesicles Monitored by Scanning Force Microscopy
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ABSTRACT The specific adhesion of unilamellar vesicles with an average diameter of 100 nm on functionalized surfaces
mediated by molecular recognition was investigated in detail. Two complementary techniques, scanning force microscopy
(SFM) and quartz crystal microbalance (QCM) were used to study adhesion of liposomes consisting of 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine and varying concentrations of N-((6-biotinoyl)Jamino)hexanoyl)-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (biotin-X-DHPE). Monitoring the adhesion of the receptor-doped vesicles to avidin-coated gold
surfaces by QCM (f, = 5 MHz) revealed an increased shift in resonance frequency with increasing biotin concentration up to
10 mol% biotin-X-DHPE. To address the question of how the morphology of the liposomes changes upon adhesion and how
that contributes to the resonator‘s frequency response, we performed a detailed analysis of the liposome morphology by
SFM. We found that, with increasing biotin-concentration, the height of the liposomes decreases considerably up to the point
where vesicle rupture occurs. Thus, we conclude that the unexpected high frequency shifts of the quartz crystal (>500 Hz)
can be attributed to a firm attachment of the spread bilayers, in which the number of contacts is responsible for the signal.
These findings are compared with one of our recent studies on cell adhesion monitored by QCM.

INTRODUCTION

Cell-substrate and cell—cell interactions are among the mo$tersdofer et al., 1997, 1998). Considerable effort has been
fundamental and interesting subjects in biophysical andpent on the theoretical and experimental exploration of the
biomedical research involving whole cells (Bongrand,adhesion of spherical vesicles on surfaces. A theoretical
1995). Comprehensive understanding and control of celiramework based on the elastic behavior of shells is avail-
spreading and growth on biocompatible materials is a preaple, providing the possibility to calculate the shape of
requisite for successful cell culture (Cooper et al., 1995;esicles on surfaces by numerically solving the correspond-
Ruardy et al., 1997; Pignataro et al., 1997). The process Ghqg Euler—Lagrange equations. The liposome shape gener-
cell adhesion on artificial surfaces is a rather complex anda”y depends on adhesion energy, external pressure, and

versatile process involving different kinds of interactionsbending rigidity of the membrane (Seifert, 1991 Seifert and
(Gallez, 1994). A key role is played by molecular recog”i'Lipowski 1995)

tion between cell adhesion proteins anchored in the basal Resea,rch on the adhesion and rupture of vesicles on
membrane and extracellular matrix protem; covering thesun‘aces is also directed toward the development of solid-
substrate. At least two groups of proteins are involved in the

. . ) ] . supported membranes serving as matrices for biosensors
interaction with surfaces: Integrins and proteoglycans.

Questions arise like, what is the role of the cytoskeleton i and stab!e model s_ystems mimiking planar cell membranes.
rl?reparatlon of solid-supported membranes can be accom-

cell adhesion, how strong are the bonds, which interaction ) ) O
dominates the adhesion process, and how do cells migrafdished by Langmuir-Blodgett films, detergent dilution
(Terrettaz et al., 1993), and fusion of vesicles (Plant et al.,

and roll.

Due to the complex nature of this problem, research had994; Kalb et al., 1992); the latter is the easiest and most
been focused on suitable model systems for the study ofersatile method. However, basic research on the spreading
isolated processes. Unilamellar vesicles in a wide size rang&€echanism is rare and preparation is a matter of trial and
(50 nm—20um) have been proven to be an excellent model€rror.
to mimic cell adhesion in a protein-free environment (Al- Here, we present a study in which we used SFM (Binnig

et al., 1986) and QCM (Buttry and Ward, 1992) techniques

to investigate the adhesion of functionalized vesicles ad-
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the bilayer structures can be explored as demonstrated Iystem was placed in a water-jacketed chamber thermostatted at 20°C. The
Laney et al. (1997). frequency change of the quartz resonator was recorded using a frequency

- - . -1 counter (HP 53181A, Hewlett Packard, Palo Alto, CA) connected via RS
Irj this study, umIa_m(_aIIar vesicles of DPPC doped Wlth 232 t0 a PC (Janshoff et al,, 1996),
various amounts of biotin-X-DHPE were used to study their The freshly evaporated gold surfaces of the quartz plates were first
binding to avidin/streptavidin-covered surfaces. The objeccleaned in an argon plasma cleaner for 10 min (Plasma Cleaner, Harrick,
tive of the present work was twofold. First, we attempted toNew York, NY) before incubation in a 1-mM solution of 3-mercaptopro-
describe the Spreading of the vesicles to garner insight intgionic acid in ultrapure water for 30 min. Successful chemisorption was

- : . checked by contact angle measurements and impedance spectroscopy as
the Change of vesicle morph0|09y as a function of adhesmlﬁeported previously (Steinem et al., 1997). The quartz plate mounted in the

energy govemed by adeStment of the ”pid CompOSition'Teﬂon cell was rinsed thoroughly with buffer (10 mM TRIS/HCI, 20 mM
The formation of planar bilayers on solid substrates due t®acl, pH 8.0) and then placed in the thermostatted chamber at a constant
vesicle-rupture at critical adhesion energy was visualized byuffer flow of 0.2 mi/min. Avidin was deposited by first dissolving the
SEM. The second issue addressed by this paper is a criticalotein in the same buffer and then adding it to.a' vial connectgd to the
consideration of the used methods with emphasis on th u5art'\z/I chamber by Teflon tubes. The final avidin concentration was
explanation of the frequency response. Although the QCM" e

technique is used in many fields of biophysical research and

biosensor development, little is known about the effectsgurface functionalization and SFM imaging

which determine the frequency response on adsorption of

proteins, nucleic acids, cells, and Iiposomes. The mos%FM was performed using a Multimode/Nanoscope llla (Digital Instru-

. did ible f he deviati f ments, Santa Barbara, CA). Protein layers and vesicles were imaged in
prominent candidates responsible for the deviation 'OMontact mode at room temperature. A Teflon plate with a small mica sheet

Sauerbrey’s (1959) equation are currently viscoelasticity Ofnounted in the center was used as the liquid cell. A droplet of buffer
the biomaterial and the change of surface properties such a@smains on the mica sheet due to the low surface tension of the surrounding
roughneSS' hydropath|c|ty' po]arity’ and surface Charge_ \Weéeflon (entrapped droplet technique). Commercially available silicon ni-

could demonstrate that the frequency shift observed b}t{ide tips (Park Instruments, Sunnyvale, CA) with a pyramidal shape were
sed. The spring constants of the cantilevers were determined by the

Ilposomg adhesion is largely due t‘? the Con_taCt area of thﬁ‘ﬁermal noise method (Hutter and Bechhoefer, 1993). Typical spring
basal bilayer rather than to the viscoelastic body of theonstants were around (0.61 0.003) N/m. Imaging was performed at a
liposome. This has considerable consequences for data isean rate of 0.8 Hz with a typical load force of 100 pN. To control the load

terpretation of cell adhesion on quartz resonators. force during imaging, we recorded force versus distance curves at the
beginning and end of each image and accounted for the drift during

imaging. Tip characteristics were estimated before imaging from scanning

electron micrographs and test structures. Typical tip curvature radii and
MATERIALS AND METHODS wall slopes were (5@ 20) nm and 35°, respectively. Protein layers in air
Vesicle preparation were imaged in TappingMode (Digital Instruments, Santa Barbara, CA) to

obtain better resolution using etched silicon tips with an average tip radius
Vesicles were prepared from mixtures of DPPC and biotin-X-DHPE of 10 nm.
(Avanti, Alabaster, AL), in molar ratios of 99:1, 95:5, 90:10, 80:20, and  The functionalization of the mica surfaces was performed by incubating
70:30. Mixed lipid films were prepared by drying the lipids dissolved in freshly cleaved mica sheets-8 X 3 mn?) in a 1-mg/ml biotinylated
chloroform under a stream of nitrogen while heating above the main phasbovine serum albumin (BBSA) solution (carrying8 biotins per protein)
transition temperature of DPPQ{ = 41.5°C) followed ly 2 h under  for 20 min. After rinsing with buffer (10 mM TRIS/HCI, 20 mM NaCl, pH
vacuum. Multilamellar vesicles were prepared by first swelling the lipid 7.4), the pretreated surfaces were incubated in a streptavidin solution (0.1
films in aqueous solution while heating aboifg, and then vortexing ~ mg/ml) for 30 min. Finally, the samples were thoroughly rinsed with buffer
periodically for 30 s. The resulting multilamellar vesicles were subse-and incubated in the vesicle suspension (0.01-0.1 mg/ml) for 20 min
quently sized by a miniextruder (LiposoFast, Avestin, Ottawa, Canadafollowed by a buffer rinse.
through polycarbonate membranes with 100-nm nominal pore diameters
above T, resulting in large unilamellar vesicles (LUVs). LUVs were
suspended in buffer (10 mM TRIS/HCI, 20 mM NaCl, pH 7.4 for SFM and RESULTS
10 mM TRIS/HCI, 20 mM NacCl, pH 8.0 for QCM measurements) at
different lipid concentrations. QCM analysis of avidin adsorption on self-

assembly films of 3-mercaptopropionic acid

Surface functionalization and QCM setup The quartz crystal microbalance technique is a versatile

o , method for in situ quantification of protein-, lipid-, and
Plano—plano AT-cut quartz plates (14 mm in diameter) with a 5-MHz NA-ad ti f ti lized £ A isit
fundamental resonance frequency (KVG, Neckarbischofsheim, German -adsorption on functionalizeéd surfaces. A prerequisite

were coated with gold electrodes on both sides, each exhibiting an area 40F the investigation of biotin-doped vesicle adsorption is a
0.33 cnt. The quartz resonator was placed in a crystal holder made otomplete surface coverage with avidin serving as the recep-

Teflon, exposing one side of the resonator plate to the aqueous solutioRor matrix. Avidin has a pl of 10-11 and can therefore be
Equipped with an inlet and outlet that connects the crystal holder to a}.ead”y immobilized on negatively charged surfaces at

peristaltic pump, the setup allows adding proteins and vesicles from outside,. . . . .
the Teflon chamber. Electrical contact of the quartz plate with the oscillatorSllghtly basic PH, which renders it a better choice than

circuit (SN74LS124N, Texas Instruments, Dallas, TX) was ensured byStreptavidin in this particular case. To realize immobiliza-
gluing copper wires to the gold surfaces using a silver adhesive. The entirion of avidin, we chose 3-mercaptopropionic acid mono-
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layers self assembled on gold surfaces, which are negativeJHPE was investigated. The biotin-X-DHPE-doped LUVs
charged at pH 8.0 (pK5.6). Figure 1 shows the observed with a diameter of 80—-120 nm, which was estimated by
frequency shift Af ., = (50 = 5) Hz) after exposing the light scattering experiments, were added to the avidin func-
resonator to an avidin solution with a final concentration oftionalized surface at 20°C while recording the resonant
1.5 uM. This frequency shift is indicative of an avidin frequency. After addition of liposomes, the solution was
monolayer and essentially identical to the resonator’s refirst pumped through the quartz chamber for 10 min before
sponse upon adsorption of a streptavidin or avidin monostopping the flow. The response of the quartz crystal to the
layer on a biotin functionalized surface. Adding more avidinliposome adsorption was monitored for 180 min under
did not alter the frequency, indicating that the surface is‘stand by” conditions before starting to rinse with buffer
covered at its maximum. After incubation for 1 h, the quartzunder continuous flow. Generally, it took (8G90 200) s
surface was rinsed thoroughlyrfé h toremove nonbound after stopping the buffer flow before the resonance fre-
and loosely attached avidin before starting the experimenquency started to decrease, indicating that adsorption of the
on vesicle adhesion. To verify that the binding capabilitiesliposomes was taking place (FigA}. For better clarity, all

of the immobilized avidin are preserved, we assayed thérequency time traces were set to the time at which the
adsorption of BSA versus BBSA, in which only addition of frequency started to decrease. The frequency versus time
BBSA resulted in a frequency decrease of (822) Hz, traces depend on the biotin-X-DHPE amount in the vesicles.
representing a protein monolayer as deduced from fittingrigure 2B shows the frequency shift due to adsorption of
parameters of a Langmuir-type isotherm to the data (dataesicles doped with various biotin-X-DHPE concentrations
not shown). Formation of alternating avidin/BBSA multi-

layers further confirmed preservation of their binding capa-

bility. It is noteworthy that both proteins, although bearing A
approximately the same molecular mass, exhibit different

frequency responses in solution. It has been shown that 0
Sauerbrey’s equation, assuming a rigid mass attached to the

resonator surface, applies only in a few cases concerning

1 mol%

dry biomaterials and a shear resonator operating in air. In 3":‘ -200
fact, the deviation from Sauerbrey’s equation can be con- =
siderably large (Steinem et al., 1998; Wegener et al., 1998). < _400}

Effects including viscoelastic properties of the adsorbed

material, entrapped water, enhanced roughness, and charge
distributions (Gouy—Chapmann layer) are discussed in this 600 t0——p——t——
respect (Yang and Thompson, 1993a,b).

Adhesion of biotinylated vesicles on avidin B
monolayers monitored by QCM

The frequency change of the QCM in response to the 6001
adhesion of vesicles with various amounts of biotin-X- N I
T k3
| T 400}
0 E I
R z [ 1
i 3 200}
N _ L 4 1
N-20 .
-~ N . 1 1 N L
Y
< 40l %0 01 02 03
) Abiotin-X-DHPE
‘600 2'0 ' 4'0 ‘ 60 FIGURE 2 @) Time-dependent frequency traces showing the adsorption
. of liposomes doped with different amounts of biotin-X-DHPE on an avidin
t/ min layer. The injection time of the liposomes leading to a final lipid concen-

tration of 0.3 mg/ml is indicated by = 0. The buffer flow was stopped
FIGURE 1 Representative time-dependent frequency trace showing thafter 10 min. After 180 min, the cell was rinsed with buffer. The experi-
adsorption of avidin to a 3-mercaptopropionic acid monolayer chemisorbedanents were performed at 20°C in a buffer composed of 10 mM TRIS/HCL,
on gold. The arrow indicates the injection time of the avidin solution (1.520 mM NaCl, pH 8.0.B) Frequency decreasaf(= f — f,) after 3 h after
uM). The experiment was performed at 20°C in a buffer composed of 10iposome addition. All experiments were done twice, the errors are the
mM TRIS/HCI, 20 mM NacCl, pH 8.0. mean error of the data.
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after 180 min. Liposomes containing 1 mol% biotin-X- A
DHPE show a frequency decrease of only 20 Hz. However,
increasing the biotin concentration up to 10—-30 mol% led to
a decrease of more than 500 Hz after 180 min. Rinsing with
buffer gave rise to an increased frequency shift, which is
presumably due to enhanced lateral shear forces resulting i
a facilitated rupture of vesicles on the surface. This indicates
that, even after 180 min, the process of spreading is noi
completed. Under flow conditions, adsorption of vesicles
could not be detected, even at high biotin-X-DHPE concen-
trations, which is probably due to shear stress under flow.

5 nm

0 nm

SFM imaging of BBSA and streptavidin
monolayers on mica

A freshly cleaved mica sheet was first incubated with BBSA

(1 mg/ml), rinsed with buffer and treated with streptavidin B
solution (0.1 mg/ml). After each incubation step, the surface
was imaged by SFM both in buffer (contact mode) and in air
(TappingMode) to obtain better resolution as a result of the
sharper tip. Surface topography images after a 20-min in-
cubation period with BBSA revealed high protein coverage
exhibiting only few defects in the protein monolayer (Fig.

3 A). The thickness of the BBSA layer was determined by
removing a narrow region of the protein layer in buffer (1

x 1 um?) with the SFM tip at high load force and high scan

rate followed by imaging at larger scale £ um?) with

low load force. The height difference between the protein
layer and the mica surface was calculated to be: () nm
obtained from depth analysis, which is consistent with a
BBSA monolayer. Incubation of the pretreated mica surfac&IGURE 3 @) Topographic SFM image (TappingMode) of a BBSA-
with streptavidin for 30 min results in a height increase ofcovered mica sheet measured in air. Freshly cleaved mica was incubated in
the protein layer (5-8 nm) and an increase in surfacé@ 1 mg/ml BBSA solution for 20 min and rinsed with buffer to remove

. . . nonbound proteins before air dryindB)(Topographic SFM image (Tap-
roughness due to the adsorption of streptavidin (Fig).3 . pingMode) of a BBSA-covered mica sheet subsequently immersed in a 0.1

T_he_rIOUghneS.S of the streptavidin layer (RMS: 0.7 nm) iSng/mi streptavidin solution for 10 min. The surface was rinsed with buffer,
significantly higher than that of the BBSA monolayer and air dried. The image sizes arex22 pm?.

(RMS: 0.4 nm).

5nm

0 nm

are also more susceptible to lateral forces, as can be deduced
from a slightly distorted profile. Besides lateral forces,
indentation and adhesion also influence the vesicles’ shape
Incubating the streptavidin-treated mica surface with LUVs(see Scheme 1). Figure 5 shows the dependence of the
(1 mol% biotin-X-DHPE) at a lipid concentration of 0.1 liposomes’ height on the load force resulting from adhesion
mg/ml led to a large amount of aggregated liposomes (Figand indentation. In our experiments, indentation of the
4 A) with few individual vesicles. However, lower concen- liposomes was kept at a minimum by choosing the applied
trations (0.01 mg/ml) resulted in well-separated individualload force as low as possible-(00 pN).

liposomes (Fig. 48B). In both cases, section analysis shows The contour line of a vesicle monitored by SFM can be
oblate spherical structures. Compared to the height of indilargely influenced by tip sample convolution, in particular,
vidual vesicles {-30—70 nm), aggregated liposomes arewhen the sample is high and steep. Reconstruction of a
higher (-90-120 nm), indicating that the elastic propertiesfaithful image from a distorted one can be accomplished if
of the ensemble is different. Although aggregated liposomethe tip geometry is known. Figure 6 shows a center section
could be easily imaged even at higher load forces up to 1-2f a liposome doped with 1 mol% biotin-X-DHPE adhered
nN without damaging, single vesicles were dragged an@dn a BBSA/streptavidin-covered mica surface. The load
flatten at load forces higher than 1 nN. Individual liposomesforce was~100 pN. The solid line is the result of applying

SFM imaging of adherent liposomes
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FIGURE 4 Three-dimensional topographic SFM images (contact mode in buffer) of LUVs adhered to a streptavidiA)layer fgnctionalized surface

was incubated with LUVs doped with 1 mol% of biotin-X-DHPE at a concentration of 0.1 mg/ml for 20 min. Aggregates and single liposomes are
discernible. The height profile of the marked liposoriigi$¢ shown on the right hand sidéB)(The streptavidin-coated surface was incubated with 1 mol%
biotin-X-DHPE-doped vesicles at a concentration of 0.01 mg/ml for 20 min. Mainly individual liposomes are visualized by SFM. The height profile of a

discrete liposome2) is shown on the right hand side.

a deconvolution algorithm from Keller (1991) based on thein which L is the common Legendre transfors(x) the true,
Legendre transformation, i(x') the reported contour line, ani@\x) the geometry of the
tip. The transformecdk axis can be obtained fromm= x’ +

L[s(¥)] = LLi(x)] + L[tAx)], (1)
60
Vesicle in solution i _ _ o.
| 40} o0
€ °
Indentation E o
< 20+
Adhesion ) )
00 1 2
. F.,/nN

SCHEME 1 Schematic drawing depicting the shape of a biotinylated
large unilamellar vesicle specifically adhered to a streptavidin layer byFIGURE 5 Vesicle heighth) versus tip load ;.4 curve of an indi-
biotin—straptavidin interactions. In addition to the central displacement duevidual large unilamellar vesicle doped with 1 mol% biotin-X-DHPE mea-

to adhesion, the height of the vesicle is influenced by the indention of thesured in buffer. The vesicle height decreases as a result of its increased
tip. indentation, and adhesion.
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400 - liposomes. The most striking difference between the differ-
ently doped vesicles is the height. Vesicles doped with 1
mol% of biotin-X-DHPE (Fig. 4B) show an oblate spheri-
300} cal structure with an average height of (50 18) nm.
Increasing the biotin concentration results in a considerable
decrease in vesicle height. Although 10 mol% (Figd)7
200} exhibits an average height of (36 32) nm, 20 mol% (Fig.

7 B) leads to structures with a height of only (#610) nm.

At 30 mol% biotin-X-DHPE (Fig. TC), the topography of
the vesicles changed dramatically compared to vesicles with
1-10 mol%. The general appearance is flat rather than
spherical or ellipsoidal. The average step height of=(2)

z/nm

ofF . nm is presumably indicative of spread bilayers. Notably, the
0 700 200 300 200  bilayer structure exhibits a roughness, which is due to the
x/nm BBSA/streptavidin layer, rendering an accurate measure-

ment of the bilayer height difficult. The histogram shows a
FIGURE 6 Contour line of an adhered DPPC vesicle (diameter 100 nmye€ry narrow height distribution for 30 mol% biotin-X-
doped with 1 mol% biotin-X-DHPE. The thin solid line is the line séé) ~ DHPE (Fig. 8D). Eighty-five percent of all liposomes are
obtained by SFM, whereas the thick solid line displays the deconvolutecgpread’ forming lipid bilayers with typical heights of 5-8
F:ontourline (paraboli_ctip shapR,= 40 nm). The true shape of the vesicle nm, whereas 15% are higher with 10-12-nm thickness,
's presumably spherically capped. which can be interpreted in terms of two bilayers stacked on

top of each other. Intermediate structures are also discern-

ible, composed of a double and a single bilayer. The number
Ax. The morphology of the vesicle can be roughly describedf spread bilayers decreases with decreasing percentage of
as a capped sphere like a sessile drop. This is in accordanb@tinylated lipid. At a biotin-X-DHPE concentration of 20
with theoretical work done by Seifert (1991), Seifert andmol%, only 37% spread bilayer is observable, whereas 30%
Lipowski (1995), and Blockhuis and Sager (1999) dealingexhibit a double bilayer structure and 43% are higher than
with the shape of adhered vesicles. The graph also demori0 nm (Fig. 8B). A very broad distribution was observed
strates some of the limitation of imaging liposomes by SFM.for vesicles doped with 1 mol% biotin (Fig.[3). The height
The part of the liposome contour accessible by the tip iganges from 10 to 90 nm with a maximum at around 50 nm.
limited to ~10-30% of the total contour line length. Al-  An experiment performed at higher lipid concentration
though only a limited part of the liposome can be visualized(0.3 mg/ml) revealed that vesicles with 30 mol% biotin-X-
by SFM, no other technique is capable of imaging smallDHPE spread to bilayers even at higher lipid concentrations.
vesicles in solution. Albersdfer et al. (1997, 1998) suc- This is consistent with observations from Kalb et al. (1992),
cessfully used reflection interference contrast microscopy t®lant et al. (1994), and our own experiments (Steinem et al.,
image the adhesion of giant vesicl&~€ 10 um) mediated 1996). Because vesicles with 30 mol% biotin spread almost
by molecular recognition events at the solid/liposome intercompletely on the streptavidin layer, forming a planar bi-
face. layer with an almost round shape, we managed to calculate
the vesicles’ unperturbed diameter from the measured sur-
face area usingy, = 47RZ,, whereA, andR .. are the area
of the spread bilayer and the radius of the intact spherical
vesicle, respectively. The obtained average valud,pf
The influence of biotin concentration on vesicle adhesion(39,500+ 15,170) nni is equivalent toR . = (56 * 10)
was investigated by SFM. When a vesicle adsorbs on them in good accordance with results obtained from light-
streptavidin layer, both nonspecific and specific interactionscattering experiments of free vesicles (40—60 nm).
forces are involved in the adhesion process. While nonspe-
cific interactions do not change significantly by altering the
biotin-X-DHPE concentration, the increasing molecular
recognition events between substrate and liposome induc&¥e performed friction force microscopy on samples with
a decreasing height of the liposomes. Topographic imagespread liposomes (30 mol% biotin-X-DHPE) to monitor
of vesicles with different concentrations of biotinylated material differences between the protein and the spread
lipids adsorbed on a streptavidin layer are presented in Figiesicles, which might be responsible for the observed fre-
7 together with the corresponding section analysis. Allquency response of 550 Hz upon addition of liposomes
images were obtained at100-pN load force using a lipid doped with 30 mol% of biotinylated lipid (Fig. 9). The
concentration of 0.01 mg/ml to obtain mainly individual images show that the planar bilayers have a significant

Influence of biotin concentration on
vesicle adhesion

Friction force analysis of the adhered vesicles
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FIGURE 7 Three-dimensional topographic SFM images (contact mode in buffer) of large unilamellar DPPC vesicles doped with various biotin
concentrations:A) 10 mol%, B) 20 mol%, ) 30 mol%. The images were obtained at load forces of about 100 pN. Height profiles of individual liposomes
(arrows 1-4 are shown below each imagé\)(Liposomes carrying 10 mol% biotin-X-DHPE appear as deformed ellipsoids or sphericalBppsr the
liposomes carrying 20 mol% biotin, both ruptured and intact vesicles can be obse&yéd.30 mol%, almost all liposomes are spread, forming planar
bilayers.

lower friction coefficient than does the protein layer. The sufficient to cover the entire avidin layer assuming a bind-
observed contrast inversion between trace and retrace scaing constant of 2x 10*° M~ for the streptavidin/biotin
corroborates that contrast has its origin in friction and notcouple (Zhao and Reichert, 1992). (Compared to the bind-
topography. This difference in surface properties of theing constant in solution (£6-10'> M~1), the binding of
protein layer and the planar bilayer could be responsible fostreptavidin to a biotin on surface is, in general, much

the observed frequency shift. weaker due to steric hindrance.) However, taking into ac-
count that not every biotin is capable of binding to avidin

DISCUSSION due.to .steric hindrance gnd inaccessibility, thg Iovyest limit
) ) ] of binding-capable species would be 3 nM. This arises from

Adhesion of vesicles studied by QCM the calculation that one liposome composed of 150,000

Two major questions arise with respect to the obtainediPids and doped with 1 mol% biotin contairs1500 biotin
QCM results. Which effects influence the observed fre-molecules. Assuming that only one biotin-X-DHPE per
quency shifts and, in particular, how does the morphologyiPosome is capable of binding to avidin, an apparent biotin
of the attached liposomes contribute to that effect? At firscconcentration of 3 nM (equivalent to a 98% surface cover-
sight, it may be conceivable that a larger biotin-X-DHPE age) has to be taken into account, which still does not
concentration leads to larger frequency shifts because moexplain the observed difference in frequency shift.

vesicles bind to the surface. A simple calculation reveals, The aforementioned surface coverage was calculated as-
however, that the overall biotin concentration for 1-mol%-suming a Langmuir adsorption isotherm with a binding
doped liposomes is 4,6M in solution, which is more than constant of 2x 10*° M~ Besides, the overall number of

Biophysical Journal 78(1) 487-498



494

100
i A
80 |
< 60F
S a0tk
0 20 40 60 80 100
h/nm
100
i B
80 |
b3
=

0 20 40 60 80 100
h/nm

0 20 40 60 80 100
h/nm

o

20 40 60 80 100
h/lnm

Biophysical Journal 78(1) 487-498

Pignataro et al.

vesicles in solution exceeds the minimum number of vesi-
cles necessary to cover the surface completely by a factor of
1000. Because, for 1 mol% biotinylated vesicles, a fre-
quency change of 20 Hz was detected instead of 485 Hz
(98% of the maximum frequency change of 500 Hz), we
infer, in contrast to Yun et al. (1998), that the frequency
decrease cannot be attributed to different amounts of bound
vesicles to the surface or lack of vesicles in solution. From
our point of view, the interpretation of Yun et al. does not
apply in our case because of the high binding constant of the
streptavidin/biotin couple as outlined above.

We hypothesized instead that the number of contacts to
the surface, i.e., the overall contact area, causes the ob-
served frequency shifts. The SFM studies, which verified
that shape and contact area differ considerably with varying
dopant concentrations, support this hypothesis. More bi-
otin—streptavidin links result in a higher frequency decrease.
The largest frequency shift was obtained from vesicles with
30 mol% forming mostly planar bilayers on the resonator
surface. The idea that vesicle fusion to planar bilayers
contributes considerably to the frequency shift was corrob-
orated by Liebau et al. (1998), who could demonstrate that
polymerized liposomes exhibited dramatically decreased
frequency changes compared to nonpolymerized ones,
which should be attributed to suppressed membrane fusion.
In a similar fashion, vesicle fusion on hydrophobic surfaces
leads to large frequency shiftsAf = 230 Hz at a resonant
frequency of 5 MHz), considerably larger than expected
using Sauerbrey’s equation (Ohlsson et al., 1995; Janshoff
et al., 1996), which can be interpreted in terms of dramatic
changes in surface energies. Previously, Ward and cowork-
ers could demonstrate that self-assembled monolayers of
11-mercaptoundecanoic acid immobilized on gold-coated
quartz resonators (5 MHz) act with tremendous changes in
resonant frequency upon pH changes, rendering the surface
charged or uncharged (Wang et al., 1992). Shifts in fre-
quency were as large as 1200 Hz resulting from a pH
change from 5 to 8-9. Although not well understood, the
considerable shift is most likely due to hydrodynamic ef-
fects, in which the connection between the water layer and
the surface, as well as the water layer itself, changes dra-
matically depending on the charge of the surface. Based on
these findings, we performed friction force measurements to
find differences in material contrast between the protein
layer and the planar membranes. The lateral force images
clearly indicate that friction on the bilayer patches is less
pronounced than on the protein layer due to different sur-

FIGURE 8 Height distribution histograms of large unilamellar vesicles
doped with different amounts of biotin obtained from contact mode SFM
figures imaged at load forces of about 100 pA) { mol%, B) 10 mol%,

(C) 20 mol%, O) 30 mol%. Forty vesicles were analyzed for one histo-
gram. The average height of the vesicles decreases considerably with
increasing amount of biotin.
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40 nm Besides thermodynamic considerations, the kinetics of
A vesicle adhesion exhibits some interesting peculiarities,
which should be addressed. Generally, kinetics of the lipo-
some adsorption can be explained by mass transport. Sedi-
mentation of liposomes onto the resonator surface can be
neglected because it would taket,,, = 1000 h for a
liposome (viscosity of watern?)s = 1.002 x 1072
0 nm g/(cms), density of watep,, o = 0.99823 g/cm, radius of
the liposomeR = 50 nm, density of the liposome (Goor-
maghtigh and Scarborough, 1986, = 1.047 g/cm) to
travel the distance df = 10 mm in water just by sedimen-
tation:
9 N0
B tmax 2 g(pvesicle_ szo)R2 h (2)
Although sedimentation does not contribute much to the
adsorption kinetics of small vesicles, it has a considerable
influence on the mass transport to the surface of seeded cells
and giant liposomes in an unstirred solution. However, it
. could be demonstrated that adhesion kinetics of cells is
practically independent of sedimentation because it is too
fast (Wegener et al., 1998).
The observed time course of the frequency shift can be
attributed to planar diffusion in an unstirred solution. At

high liposome concentrations, i.e., the Langmuir adsorption

C : isotherm has leveled off, diffusion to the surface can be
described by (Delahay and Trachtenberg, 1957):
Af = —p s 3
=- KCL,O s 3)

: D is the diffusion constantg, , the concentration of the
ligand (liposome) in solution]'ro the highest possible
surface concentration, anif, ., the maximum frequency
shift. Assuming a diffusion constai for the liposomes in
buffer of 4.29x 10 8 cn/s, by using the Stoke—Einstein

relationship, a vesicle concentratiap, of 3 nM and a
FIGURE 9 Lateral force SFM images of spread liposomes composed oPinding constant for the biotin-lipid/streptavidin couple of
70 mol% DPPC, and 30 mol% biotin-X-DHPEAY Topography, B) K, = 2 X 10*° M, Eq. 3 reveals a time course, which is
forward-scan direction (trace)C) backward scan direction (retrace). The in the same time scale as the experimental data. Evaluation

observed contrast inversion between forward and backward scan directioaf the kinetics by taking muItipIe binding sites into account
confirms that the contrast is not due to topography but to material differ-

ences. The protein layer exhibits a higher friction coefficient than does théS C“mk?ersc_’mev and t_he deveIOpmem of a more SOphIStI—
planar bilayer, indicating more adhesive interaction with the tip. cated diffusion model is part of the current research.

Another aspect to consider with respect to adsorption
kinetics is the lateral diffusion of receptor lipids within the
bilayer, which occurs on a time scale important for the

face properties leading to a modified interaction with thegpgerved frequency course. Biotin receptors move from the
SFM-tip. Although this experiment does not give direct gpposite side of the liposome to a surface-bound streptavi-
information about the origin of the high frequency shift, it din resulting in a locally increased number of contacts.
gives a first clue about possible reasons involving surfac@lbersdafer et al. (1997) demonstrated that lateral diffu-
properties. More systematic experiments are currently ogion plays a key role in the adhesion of giant liposomes.
the way to seek a more general understanding of the phejsingt = x¥4D with D = 0.5 X 10~ 1° cné/s for DPPC
nomena, which are contributing to the frequency shift ob-below the main phase transition temperature, lateral diffu-
served by deposition of biomaterials. sion on the length scale of = 100 nm is rather fastt (=
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0.25 s), which renders lateral diffusion a minor contributionDepending on the feedback mode and scan direction, the
to the adsorption kinetics. situation can lead to a considerable distortion of the image.

Although diffusion is presumably responsible for the Besides lateral forces, indentation arising from high vertical
observed time course of the frequency response, whabad forces can be tremendous. Indentation of soft structures
causes the delayed frequency response at the beginning lebds to severe difficulties determining vertical dimensions.
the experiment has to be elucidated. The sigmoidal timé-or instance, Miler et al. (1997a) observed, that lipid vesicles
trace at the beginning may be due to a cooperative bindinfprm bilayer structures on mica under a load force exceeding
induced by surface-enhanced vesicle fusion. Seifert and00 pN using standard oxide-sharpened tips (Digital Instru-
Lipowski (1995) pointed out that adhesion favors fusion ofments). However, Shibata-Seki et al. (1996) found, that aggre-
liposomes. Consequently, the liposome size increases, leadated vesicles are more resistant to vertical and lateral load
ing to a larger contact area, thus inducing a larger signalforces than are isolated vesicles. Adhesion also has to be taken
Furthermore, rupture to planar bilayers is favored becausmto account. Load forces applied by the SFM tip lead to
edge tension of the resulting open disc is smaller compareenhanced adhesion forces and therefore larger contact areas,
to individually spread liposomes. resulting in a diminished height of the structures (Seifert and

To some extent, the time trace resembles the kinetics dfipowski, 1995; Seifert, 1991). Deformation due to adhesion
cell adhesion (MDCK II) in the presence of different con- can be of the same magnitude as indentation. Scheme 1 shows
centrations of focal contact-inhibiting peptides (RGD) (We-the two main contributions—indentation and adhesion—influ-
gener et al., 1998). The addition of different concentrationsencing the morphology of the attached liposomes. Because
of the RGD peptides reduces the number of binding sites oihdentation and adhesion are both influenced by the tip load,
the cell, which leads to slower adhesion kinetics. Thisthey cannot be treated separately. However, separate treatment
striking similarity, together with the similar maximum fre- can be helpful to obtain a rough idea about the order of
quency shifts between cell and vesicle adhesion, support theagnitude these effects affect the SFM images. To get an
idea that receptor-doped vesicles are useful model systenapproximation about the indentation caused by the tip-neglect-
for the investigation of cell adhesion phenomena. Thus, wéng adhesion on the one hand, one can apply the theory of
hypothesize that the number of contacts to the surfacelastic body deformation as developed by Hertz (Landau and
causes the different frequency shifts because it alters thiefschitz, 1965). An applied load force & = 100 pN on an
contact area and shape of the vesicles. elastic sphere (Young modullg,.. = 2 X 10° Pa, Poisson

ratio m,es = 0.5,R,es = 50 nm) from a tip Eg, = o, Ry, = 50
nm) (Laney et al., 1997) would cause an indentation of the

SFM-imaging of adherent liposomes elastic body of6 = 7 nm using

Imaging of small liposomes~100 nm) in situ is a chal- RF\231

lenge, which can solely be accomplished by scanning probe 0= (KF) R’ (5)
microscopy techniques. Only a few studies on vesicle to-

pography in buffer solution are available. This is mainly duewith

to the high lateral forces that occur during imaging, result-

ing in unstable scanning, dragging, and disruption of the :4'(1_ \/5es) nd R= RieRip 6
liposomes (Benoit et al., 1997; Shibata-Seki et al., 1996). T 37 \ 7B a T Reest Rip 6)

The lateral force applied on the liposome is a function of

vertical load, aspect ratio, tilt angle of the cantilever, and thé\leglecm}g thlg tip mdegtauon or:jrt]he_other zan(?, tr:je defot:-
friction coefficient between the tip and the object. The Mation of a liposome due to adhesion under load can be

lateral force in constant-height mode is extremely sensitivé:""lculated according to the theory developed by Johnson et

to the angle between tip and object (Benoit et al., 1997). Irf"" (1971) and Israelachvili (1994). The same liposome

fact, the lateral force exceeds the load force, i.e., the vertic&Wﬁu'd defor.m by = Shs nm duetoa Igad force ﬁf: |100.
applied force in most cases. For instance, using an angle PN, assuming an adhesion energybetween the elastic

of 30° between tip and sample, a friction coefficigntof body and the planar surface of610* J/n? according to

0.4, a normalized cantilever stiffnes(kl?) of 0.01 N?%, (RIK)F + 3mRW+ [67RWF + (37RW?2]°%)?3
and a vertical load forc€, ;. Of 100 pN, a lateral force 0= R
Flatera) Of @bout 1.1 nN results by solving Eq. 4 numerically @)
(Benoit et al., 1997):

d <1 2 (6mRRWIK)®>
Fatsra tar{a - arctar(F.atera.z)] 3 ((RIK}{F + 37RW
Frertca K + [6mRWF+ (3mRW?[°S})0

p cosfu + arctanfye.(d/k?))] _ @) It should be pointed out that the above considerations are
w — a + arctanfe(d/kl?) ' only rough estimations, which do not use the general theory
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of shells. For a more sophisticated and detailed analysis db an increase in frequency shift, which is apparently due to
vesicle adhesion, please refer to the comprehensive work @he establishment of an increasing amount of biotin—strepta-
Seifert and Lipowski (1995). vidin linkages. Therefore, the contact area between vesicles
The observed shape and rupture point of the adherednd protein layer increases, which could be confirmed by
liposomes can also be predicted theoretically. The balancghape analysis performed by SFM measurements. If the
between cost in curvature energy and gain in adhesioamount of biotinylated lipids exceeds 30 mol%, rupture of
energy determines the shape of the bound vesicle. Thihe liposome occurs, forming planar lipid bilayers that are
liposomes’ shape can be obtained by solving the variationdirmly attached to the surface. These results clearly indicate
problem, i.e., the corresponding Euler—Lagrange equationthat the formation of streptavidin—biotin bonds is responsi-
(Seifert and Lipowski, 1995). Larger liposomes require able for the observed frequency shift by reducing the distance
smaller minimal adhesion enerdy, to adhere on a given between the attached liposomal membrane and the protein

substrate. The contact area vanishesVibe= W, with layer. Changes in surface properties by depositing planar
bilayers alter the hydrodynamic behavior of the water layer
W = ﬁ 8 on top of the membrane, thus resulting in tremendous fre-
=R ®) . | m
quency shifts. Interestingly, the results are similar to those

) ] ) ] ) of a QCM-study of different mammalian cells attaching to
in which Riis the radius of the unperturbed vesicle and 4,4tz resonators. Because adhesion kinetics and maximum
denotes the Helfrich bending rigidity of the liposome. Ad- froquency shifts of cells and functionalized liposomes show
hesion induces fusion because the gain in energy of WQjmjjar results, vesicles seemed to be good model systems to

bound vesicles fusing is larger than that of two free vesiclesstudy cell adhesion by shear wave resonator measurements.
As the size of the fusing liposome increases, its shape

resembles that of a pancake. Adherent liposomes eventually

rupture if the elastic tension exceeds the threshold for lysisthe work has been financially supported by the habilitation program of the

According to Seifert and Lipowski, lysis typically occurs at Deutsche Forschungsgemeinschaft (A.J.), a Lise-Meitner fellowship (C.S.)

an upper limit ofe _ Ao)/Ao ~ 0.03.A0 denotes the surface and Ministero per I'Universitae la Ricerca Scientifica e Tecnologica

area before andA after stretching. Adhesion-induced BP).

Stretching is usually in the order OA(— Ao)/Ao = Wk, We thank our colleagues Joachim Wegener, Christi&hiBoLi-Feng Chi,

wherek is the area compressibility modulus of the bilayer 8" Steven Lenhert for valuable input.

and is in the order of FomJ/nt. After rupture, the confor-
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