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Analysis of the Composite Response of Shear Wave Resonators to the
Attachment of Mammalian Cells

Joachim Wegener, Jochen Seebach, Andreas Janshoff, and Hans-Joachim Galla
Institut fur Biochemie, Westfélische Wilhelms-Universitdt Minster, 48149 Minster, Germany

ABSTRACT The suitability of the quartz crystal microbalance (QCM) technique for monitoring the attachment and spreading
of mammalian cells has recently been established. Different cell species were shown to generate an individual response of
the QCM when they make contact with the resonator surface. Little is known, however, about the underlying mechanisms that
determine the QCM signal for a particular cell type. Here we describe our results for different experimental approaches
designed to probe the particular contributions of various subcellular compartments to the overall QCM signal. Using AC
impedance analysis in a frequency range that closely embraces the resonators’ fundamental frequency, we have explored the
signal contribution of the extracellular matrix, the actin cytoskeleton, the medium that overlays the cell layer, as well as the
liquid compartment that is known to exist between the basal plasma membrane and the culture substrate. Results indicate
that the QCM technique is only sensitive to those parts of the cellular body that are involved in cell substrate adhesion and
are therefore close to the resonator surface. Because of its noninvasive nature, sensitivity, and time resolution, the QCM is
a powerful means of quantitatively studying various aspects of cell-substrate interactions.

INTRODUCTION

Cultured animal cells have gained increasing importance aims from solution (Bandey et al., 1997), and even the
model systems in many branches of fundamental and apdetection of molecular recognition events when the quartz
plied biomedical research. The scientific impacts of thesesurface is made specifically functional with receptors and a
model systems might be improved in manifold ways if moreligand is offered from solution (Janshoff et al., 1996a). It is
potent methods were to be made available that are capabieportant to recognize, however, that the shear oscillation is
of monitoring morphological aspects of cultured cells undemot only sensitive to mass deposition on the quartz surface
defined experimental conditions in a quantitative and nonbut is also affected by changes in viscoelasticity of the
invasive way. Lately, the quartz crystal microbalancematerial in contact with the resonator.

(QCM) technique has attracted considerable interest as a When quartz resonators are used as culture substrates for
novel means of performing such measurements. The QCMnchorage-dependent animal cells, the QCM technique is
is based on a thin (AT-cut) quartz disk sandwiched betweegapable of probing the interactions of the cells with the
two metal electrodes. As the quartz crystal is piezoelectricesonator surface. Previously we (Wegener et al., 1998) and
in nature, an oscillating potential difference between theothers (Gryte et al., 1993; Redepenning et al., 1993) have
surface electrodes leads to corresponding shear displacdemonstrated that it is possible to follow the attachment and
ments of the quartz disk. This mechanical oscillation is veryspreading of initially suspended mammalian cells on the
sensitive to any changes that occur at the crystal surfaces, s@sonator surface in real time by resonance frequency re-
that throughout the last few decades the QCM has beepordings. Such measurements provide the kinetics of cell
established as a reliable and sensitive technique for monattachment with a time resolution of less than 1 s. For
toring adsorption processes at solid/gas or solid/liquid inexample, we were able to measure quantitatively the distinct
terfaces (Sauerbrey, 1959; Buttry and Ward, 1992; Martin ethange in adhesion behavior of MDCK-II cells for two
al., 1991). Because of the simplicity of the experimentaldifferent temperatures and the impact of anti-adhesive pep-
requirements and the outstanding sensitivity, most work irtides like Arg-Gly-Asp (RGD) on attachment kinetics.
this field has utilized the resonance frequency of the sheaywhen comparing different cell lines under otherwise iden-
oscillation as the measured quantity. The list of applicationsical experimental conditions, we found that these different
comprises thickness monitoring during the deposition ofcell lines caused individual shifts of the resonance fre-
thin metal films from vapor phase (Sauerbrey, 1959),quency (Wegener et al., 1998). This indicates that cell-type-
growth rate control during electrodeposition of polymer specific mechanical properties may be inferred from QCM
measurements. However, to interpret QCM data in terms of
mechanical properties of the attached cells, it is necessary to
Received for publication 8 November 1999 and in final form 29 February yagcribe the experimental situation by an appropriate phys-
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fully disclosed, there may be new areas of application, even
in whole-cell biosensor devices that have not been consid-
ered so far.

Thus we report here a variety of experimental approaches
designed to provide greater insight into the mechanisms that
govern the response of shear wave resonators to the adhe-
sion of mammalian cells. Because interpretation of the
resonance frequency as the only measured quantity can be =
ambiguous when the resonator is loaded with a complex
material like an attached cell layer, we performed an AC
impedance analysis of the loaded crystal in the vicinity of its
resonance frequency instead. Impedance measurements

1|_|>

over a range of frequencies near resonance provide a more S1-1260
comprehensive and detailed description of the shear oscil- impedance analyzer
lation (Yang and Thompson, 1993). By this means we have I
quantified the QCM response for five different cell species L P |
of epithelial, endothelial, or fibroblastic nature. We have

critically examined the role of extracellular matrix proteins

beneath the cells and the contribution of the medium that

overlays the cell layer. We have evaluated the impact of the B
actin cytoskeleton, and we furthermore report the changes in

the QCM parameters that are associated with the application

of hyperosmotic medium and the corresponding cell shrink-

age. In particular, the experiments employing hyperosmotic L
conditions provide valuable hints about the contribution of

the aqueous compartment that is known to exist between the 1

basal cell membrane and any growth substrate. Co =

MATERIALS AND METHODS

Quartz crystal microbalance
setup and measurement

The QCM setup sketched in Fig.A has been described in more detail

elsewhere (Janshoff et al., 1996b). Briefly, we used plano-plano AT-qu:IGURE 1 @ Experimental setup to record impedance data of quartz

quartz resonatorsi(= 14 mm) with a fundamental resonance frequency of resonators. As described previously (Janshoff et al., 1996), electrical con-
tact with the gold electrode on the bottom side of the resonator was made

5 MHz, with circular gold electrodesp(= 6 mm) on both sides (KVG, ith in that int ted into th tal holder. Contact with
Niederbischofsheim, Germany). The measuring chambers were made gy’ @ copper ring that was integrated into the crystal holder. --ontact wi

mounting glass cylindersi(= 10 mm) on the quartz disks with a silicone txe gold electrode on the upper S".je of the _rgsonator, which serves as a
adhesive (Rhioe-Poulenc, Leverkusen, Germany). As we chose glass cyl-grOWth substrate, was achieved W'th a qunﬁgd gold relay contagt. (
inders with threaded tops, the complete dishes could be closed with Scre\;Bvutt‘erworth—_Van_—Dyke (BVD) equivalent c_lrcun.q Lum_pe_d—element
- . ) equivalent circuit used to model the electrical characteristics of a quartz
caps and handled like ordinary cell culture vessels. The quartz dish Warsesonator in contact to a load material
clamped into the crystal holder as sketched in Fi§.a@ihd connected to the '
continuous-wave impedance analyzer (SI-1260; Solartron Instruments,
Farnborough, UK) by shielded cables.
Impedance analysis was performed at 250 equally spaced data points in . ) .
a frequency range from 4.97 to 5.04 MHz, using a sinusoidal excitationq“artz_ _matena_ll bt_etween the two surface eI_ectrodes, but it also cpntams
voltage of 300-mV amplitude (peak-to-peak). Fig. 2 shows impedance datgara;ltlc cqntrlbutlons of the setup. The motional branch of the eqylvalent
in a Bode presentation as typically recorded for quartz resonators coveregireuit dominates the total impedance of the resonator at frequencies close
with a confluent monolayer of MDCK-II cellsefpty circlel or with to resonance, whereas the parallel capacitaBgaelominates the total
culture medium onlyfilled circles). For data analysis we used the lumped- Impedance away from resonance. The transfer function of the BVD net-
element Butterworth-Van-Dyke (BVD) equivalent circuit (FigB), which work was fitted to the recorded phase dai@ by nonlinear least-square
consists of a capacitdt, paralleled by a series combination of an induc- methods (Levenberg-Marquardt algorithm). Only the capacitéhotthe
tanceL, a resistolR, and a capacito€. The combination of, R, andC is motional branch was fixed to a constant value of 21.655 fF during all fitting
often referred to as the motional branch of the equivalent circuit, as onlyprocedures, because it is exclusively determined by the material properties
these impedance elements are associated with the shear motion of tleé quartz and the dimensions of the resonator "(Nw&l Topart, 1994;
quartz and are used for its description (Yang and Thompson, 1993). Thdanshoff et al., 1996b). The solid lines in Fig. 2 represent the transfer

parallel capacitanc€, arises primarily from the presence of the dielectric functions of the BVD equivalent circuit after parameter fitting.
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Epithelial cells from porcine choroid plexus

Choroid plexus epithelial cells were isolated from the brains of freshly
slaughtered pigs. Details of this preparation are given elsewhere (Gath et
al., 1997). To improve the attachment, spreading, and growth of this cell
type on the resonators, we coated the surface withu§0nl laminin
(Sigma, Deisenhofen, Germany) in water. Twenty-four hours after the cells
were initially seeded, the cultures were washed with phosphate-buffered
saline (1 mM C&" and 0.5 mM Md@") to remove erythrocytes. We used
Dulbecco’s minimum essential (DME)/HAM’s F12 (1:1) basal medium
(Bioconcept, Freiburg, Germany) supplemented with 10% (v/v) fetal calf
serum, 4 mMc-glutamine, 5ug/ml insulin (Sigma), 10Qug/ml each of
penicillin and streptomycin, and 20M cytosine arabinoside (Sigma). The
4.98 5.00 5.02 5.04 addition of cytosine arabinoside to the culture medium served to suppress
contaminating fibroblasts (Gath et al., 1997). The cultures were kept in
incubators with 5% C@atmosphere.

373

Swiss 3T3 fibroblasts were grown in DMEM basal medium supplemented
with 10% (v/v) fetal calf serum, 4 mM.-glutamine, and 10Qug/ml
penicillin/streptomycin. These cells were kept in incubators with a 10%
CO, atmosphere.

BAEC

Bovine aortic endothelial cells were obtained from Dr. S. Zink (Diabetes

4,98 5.00 5.02 5.04 Forschungs-Institut, Daseldorf, Germany). See Zink et al. (1993) for
f [MHz] details of the isolation procedure. Cells were cultured in DMEM basal

medium supplemented with 10% (v/v) fetal calf serum, 4 miglutamine,

) ) ) and 100ug/ml penicillin/streptomycin. Before inoculation quartz dishes
FIGURE 2 Bode presentation of impedance magnidfi¢A) and phase 54 stock culture flasks were first flooded for at least 30 min with 0.5%

shift ¢ (B) as a function of frequency for a 5-MHz quartz resonator near its(W/V) gelatin dissolved in phosphate-buffered saline (PBS) and then
fundamental resonance. Data for a resonator covered with a confluent laygf-shed with PBS. Cells were grown in incubators with a 5%,CO
of MDCK-II cells (O) is compared with data for the same resonator after
the cell layer has been remove®)( For the sake of clarity not all of the
250 data points are plotted. Quantitative analysis yielded the follovng:

R = 1603Q, L = 46.8128 mHC, = 7.12 pF;®, R = 650(), L = 46.8056
mH, C, = 7.15 pF.T = 23°C.

atmosphere.

Adhesion assays

In one set of experiments we followed the attachment and spreading with
time of initially suspended MDCK-II cells on the resonator surface with
time. For this purpose confluent MDCK-II cell monolayers were washed
twice with PBS (without divalent cations) and were then removed from the
culture substrate by 0.25% (w/v) trypsin supplemented with 1 mM EDTA
(10 min at 37°C). Trypsin digestion was terminated by the addition of an
This study includes experiments with the epithelial cell line MDCK (strain excess of complete culture medium. Cells were spun down at<2g@or

I and I1), primary cultured epithelial cells derived from porcine choroid 10 min. The pellet was resuspended in culture medium, and aliquots of the
plexus, the murine fibroblastic cell line 3T3 (Swiss), and bovine aortic Cell suspension were transferred into the quartz dish after the cell number
endothelial cells (BAECs). The respective culture conditions are listechad been determined with a’Ber hemacytometer. When cell adhesion
separately below. In all cases the medium of the stock cultures wa¥'as studied in the presence of peptides related to one of the major integrin
exchanged twice a week. All subculturing of confluent cell layers usedrecognition sequences on extracellular matrix proteins Arg-Gly-Aps-Ser
standard trypsinization (0.25% (w/v)) and centrifugation (24@) tech- ~ (RGDS), a corresponding amount of the peptide stock solution (in PBS; all
niques. Before inoculation, the quartz dishes were treated with an argoRurchased from Sigma) was added to the cell suspension inside the quartz
plasma for 3-5 min, which provides both an intense cleaning of the golcdish. After the inoculated quartz was mounted in the crystal holder (37°C),
surfaces and sterilization of the entire chamber. impedance data were recorded continuously.

Cell culture

Removal of a cell layer but not the underlying
MDCK-I and -II extracellular matrix from a growth substrate

We used Earle’s minimum essential medium as the culture medium (BioTo probe the contribution of the extracellular matrix to the composite QCM
chrom, Berlin, Germany) supplemented with 4 mM glutamine (Biochrom), response for an anchored cell monolayer, we used an experimental protocol
100 ng/ml each of penicillin and streptomycin (Biochrom), and 10% (v/v) that allowed us to remove the attached cells from their substrate, leaving
fetal calf serum (Biochrom). Stocks of these cells were grown in incubatorgheir extracellular matrix behind (Kramer et al., 1985). The confluent cell
with a 5% CQ atmosphere. layers were first incubated with deionized water for 30 min at room
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temperature to gain hyposmotic cell lysis. The remaining cell debris wasstill in very good agreement with the distributed Mason
then removed by applying a phosphate buffer containing 1% (w/v) desynodel (deviationss 1%) (Bandey et al., 1997).

oxycholate and 1% (w/v) Nonidet-P40 (Sigma) for 5-10 min. Light mi- Both the mechanical impedanZﬁ, and the electrical
croscopic inspection of these substrates did not reveal any noticeable cell -load

remains. Indirect immunostainings directed toward the extracellular matri%mpedancezload are complex quantities. The real part of
protein fibronectin, however, revealed the presence of this protein on thm, j0ad COTESPONds to the component of surface stress in
culture substrate in a network-like pattern (data not shown). phase with surface particle velocity and therefore represents
mechanical power dissipation at the surface. The imaginary
part of Z,, ,,aq COrresponds to the stress 90° out of phase
RESULTS with shear particle velocity and represents mechanical en-
Preliminary remarks about QCM data analysis ergy storage at the surface. The real and imaginary parts of
the electrical impedancg,,4 can be formally represented

'Itteclﬁn?nuee 'g (:Qt?agtltrlmgactﬁar?igglly“rcoaleg?eﬂsof?c:]g:r‘]eat(grci:;\lﬂ i by aresistoReaqand an inductandgoqgarranged in series,
g prop VNG Zioag = Road T 1* @g * Ligae With

contact with the resonator surface from measurements of th
electrical characteristics of this piezoelectric device. The Tr Re&(Z 10ad

so-called Mason model (Rosenbaum, 1988) is currently Roat = 1 k% oG 7 (2
regarded as the most accurate and versatile approach to such o -

an analysis (Bandey et al., 1999), as it can be applied tand

composite multilayer systems. In this model the faces of the

quartz resonator are represented as two acoustic ports that L= ™ _'m(zm,loatb 3)

are connected by a transmission line representing phase ad ™ 4. K2+ w3+ Cy Zn g

shift and energy loss experienced by an acoustic wave ) ) o )
during its propagation across the quartz thickness. Th&oad IS @ direct measure of the dissipation of mechanical
acoustic port on that side of the resonator that is covere§N€r9Y, Whereak,q,, is proportional to the mechanically
with an overlayer material of any kind is terminated by aStored energy at the resonator surface.

mechanical impedancg,, oag Zm1oaq iS the ratio of shear It is instructive to brl_eﬂy consider two limiting cases of
stress imposed on the contacting material by the oscillatingn9!e-component loadings: _ _ »
resonator to the resulting surface particle velocity (Bandey 1+ WWhen the resonator surface is coated with a rigidly
et al., 1999)Z,, ,oaqis therefore dependent on the mechan-attached thin mass layer, the surface mechanical impedance
ical characteristics of the material in contact with the reso!®

nator._ The electromechanical coupling within the quartz Zo oag= 1 + wo+ MA 4)
plate is represented by a transformer that couples the acous- ’

tic ports of the resonator to an electrical port (surfacewith the massn deposited on a surface aréa(Bandey et
electrodes), so that the mechanical properties of the resonat., 1999). As the additional mass moves synchronously
tor and the overlaying material can be inferred from elec-with the resonator surface, it increases the stored mechani-
trical measurements. As long as the mechanical impedana=l energy (kinetic energy) but does not lead to any energy
of the surface load is small compared to the mechanicatlissipation (Ref, ,.d = 0). According to Eq. 3 the addi-
impedance of the quar;, ; (Zm j0ad << Zm,¢), the distrib-  tional mass results in a proportional change of the induc-
uted Mason model agrees closely with a much easier-totancel,,,4and can be quantified from impedance measure-
handle equivalent circuit model with lumped impedancements and parameter fitting.

elements. This network describes the electrical properties of 2. When the resonator is loaded with a semiinfinite New-
the unperturbed quartz resonator by the BVD-equivalentonian fluid, the surface mechanical impedance is

circuit and adds an additional impedance elenzpyg, into

the motional branch to account for the surface loadig Zinjoad = \wo* p1* M2+ (1 +1) (5)
:rs1gprt(;port|onal to its mechanical counterpa oasaccord- i, e liquid densityp, and its viscosityn, (Bandey et al.,
1999). AsZ,, ,aq CONtains real and imaginary components,
T Zi toad the presence of a Newtonian fluid induces both energy
Zioag = 4-K2-on-Co Z' (1) dissipation and energy storage, which can be quantified
0 0 m,q

from corresponding changes R4 and L,,,4 The in-
with the electromechanical coupling constagtt and the creased energy storage results from the movement of en-
angular resonance frequenay. For the systems studied trained liquid, whereas the power that is radiated into the
here it is difficult, if not impossible, to confirm the validity viscously coupled liquid in the form of a damped shear
of the low load condition, but recent studies have shown thatvave causes energy dissipation.
even for a heavy mass=(5 mg/cnt) or viscous loading Because it was our primary objective to identify the
(mp = 1000 g-cm™*s™ %), the lumped equivalent circuit is factors that contribute to the QCM response to attached cell

Biophysical Journal 78(6) 2821-2833



Shear Wave Resonator Response to Attached Cells 2825

monolayers, we have empirically analyzed our data by usinJABLE 1 Changes in the motional resistance AR and the
a lumped-element BVD-based equivalent circuit. Besidegnotional inductance AL that are associated with the presence
the impedance elements of the unperturbed reson@gpr ( of a confluent layer of the specified cell species with respect

. . . to the same resonator covered with cell culture medium only.
Ry Cq Ly, the particular surface loading is accounted for

by an additional resistand®,.4 and an additional induc- AR () AL (uH) n
tancel,,,q Within the motional branch of the circuit (Fig. 1 MDCK-| 755 = 36 6.7+ 0.7 8
C). As it is impossible to directly extract the load-specific MDCK-II 992 x 36 105+ 038 7
f . +
parameter®,.4andL,, .4 from a given impedance spectrum gz‘l’z“c"d plexus 22% ig 31(13; (1)2 g
without further measurements, we either describe our exsr5 277+ 20 25+ 0.5 5

perimental data in terms of the total resistaRo®R = R, +
Road and the total inductande(L = L, + Lio,g) OF in terms
of changes of these two parametek®( AL) with respect to
the values of the same resonator without cells but covered

with culture medium. We chose this formalism, as a cell-rameters. It was this observation that encouraged us to
free resonator covered with culture medium was usually thénvestigate the source of these differences in more detalil,
start or end point of any experiment providing a commonbecause a better understanding of the signal sources may
basis without the necessity for further measurements. Fatdisclose the entire potential of the QCM technique in cell
the parallel capacitanc€, determined by the dielectric biology.

properties of the quartz material and parasitic contributions

due to wiring and crystal clamping, we have never observed . = _ . . . .

any significant changes that could be attributed to the prej—nh'b't'on of specific, integrin-mediated adhesion

ence of cells on the quartz surface or any changes in theﬁo the resonator surface

properties. This parameter is very sensitive, however, to anywe next addressed the question of whether anchorage and
perturbations of the electrical contacts with the resonatothe subsequent spreading of the cells on the resonator sur-
and to the presence and position of an additional dippindace are required to influence the shear displacement or if
electrode. As outlined above, the capacita@cgéC = C;)  the sole presence of the cellular body in close proximity to
stays fixed during all data fitting. All other quantities that the surface is already sufficient. To approach this question
are commonly used in QCM studies (e.g., series and parallele added the pentapeptide Gly-Arg-Gly-Asp-Ser (GRGDS)
resonance frequency, maximum admittance, dissipation fagn a 1 mM concentration to a suspension of MDCK-II cells
tor) can be calculated from the numerical values for the fou(final seeding density 5< 10° cm ?) and followed the
BVD parameters given here. adhesion of these cells to the resonator surface by continu-
ously recording impedance data. GRGDS is well known to
competitively block the binding sites of several integrins
(Pierschbacher and Ruoslahti, 1984), a group of transmem-
brane proteins known to anchor cells to certain extracellular
We first examined the individual impacts of different mam- matrix proteins. However, there was no need to precoat the
malian cell types on the characteristic parameters of theesonator surfaces in these experiments as serum proteins
shear displacement. The cells were grown to confluence offom the culture medium, most notably vitronectin and
top of the resonators, equilibrated to room temperaturdibronectin, adsorb to in vitro surfaces almost instanta-
(23°C), and characterized by repeatedly recording impedneously (Vogler and Bussian, 1987). As a control for the
ance spectra. The cell layer was then thoroughly removedpecificity of the integrin blockade we performed the same
from the surface with a rubber policeman and a stream oéxperiment but added the pentapeptide Ser-Asp-Gly-Arg-
medium. The cell-free, medium-loaded resonator was the®ly (SDGRG) n a 1 mM concentration to the seeding
measured again repeatedly. Table 1 summarizes the changegdium instead. SDGRG contains the same amino acids as
in resistanceAR and inductance\L for the different cell GRGDS but in reverse order and therefore cannot interact
types with respect to the medium-covered resonatorspecifically with the integrin-binding sites. Fig. 3 compares
Changes in the motional resistand® range from almost the time courses for the observed changes in motional
1000 for the epithelial MDCK-II cells to only 52 for  resistancéR and inductanc@L with respect to the initial
BAECs. For inductance changa$, we observed a maxi- parameters of the resonator loaded with culture medium
mum average change of (16 1.5) uH for epithelial cells  only. In the presence of SDGR@r(pty circle} the resis-
derived from porcine choroid plexus and a minimum changdance A) starts to increase-20 min after cells were seeded

of ~3 pH for both 3T3 fibroblasts and BAECs. It is and reaches a plateau value after 200 min. This time course
apparent from the data in Table 1 that the presence ofvas also obtained in the absence of peptides, indicating that
different cell species on top of the resonator induces signifSDGRG does not interfere with cell attachment behavior.
icantly different and individual changes of shear wave pa-Experiments using various microscopic techniques (phase

A total of n different quartz resonators were examined for the respective
cell type ¢=SDM). T = 23°C.

Analysis of different cell types at
steady-state-like conditions
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0.8 surface and their loose interaction with the latter by non-
A specific interactions are not sufficient for detection by
06 000000000009 means of shear wave resonators. These findings are consis-
_ 0659“@ tent with experiments published previously (Wegener et al.,
04 o 1998) that used resonance frequency measurements.
o]
o ) o SDGRG
T2 ©
’ o * GRGDS Contribution of the extracellular matrix
Q
0.0 o ccetesscesed A_s outlined in the_ prece_dmg section, specmc_ mtegrln—_me—
I S T diated adhesion is required for QCM detection of animal

cells. Thus there has to be an immobilized layer of adhe-
sion-promoting proteins between the cellular body and the
resonator. These proteins can originate from a precoating of
the resonator surface (as performed with choroid plexus
epithelial cells and BAECs to support their adhesion), the
spontaneous adsorption of serum proteins from the medium,
B PP 000000000000 . .
3 |- S or the secretion of extracellular proteins by the cells
) themselves.
2 - ° We tried to quantify the contribution of this protein layer
to the overall QCM response measured for cell-covered
o SDGRG resonators. In a first approach we incubated the surface of a
o &0 e GRGDS resonator for 24 h with a 5@g/ml solution of collagen G in
PBS to cover the substrate with a protein layer, as com-
-1 _\'——- scese0tecesy monly used in tissue culture. The resonator was then equil-
R ibrated to room temperature and characterized by imped-
0 100 200 300 400 ance data recordings. After removal of the protein layer with
t [min] the same tools as for the cell layers before, the resonator was
examined again. With respect to the resonator loaded with
FIGURE 3 Change in resistanceR (A) and inductanca\L (B) during  PUffer only, the protein coating provides an additional re-
the attachment of initially suspended MDCK-II cells in the presence of 1Sistance contribution cAR = (43 = 15) () and an induc-
mM GRGDS @) or 1 mM SDGRG Q). The cells were seeded at a density tance contribution ofAL = (7.4 = 0.6) uH. Compared to
of 5 X 10° cm™? at time 0, and data acquisition was started immediately o range of values obtained for entire cell layers, the
afterward.T = 37°C. resistance contribution is rather small, whereas the induc-
tance contribution is considerable and well within the range
that we observed for entire cell layers.
contrast, reflection interference contrast) confirmed that the To quantify the contribution of the protein layer that
increase in the motional resistance correlates strongly witlactually exists beneath substrate-anchored cells, we applied
the evolving surface coverage during attachment anén experimental protocol that allowed us to remove adher-
spreading. The presence of 1 mM GRGDOHed circles) ent cells from their culture substrate but to leave this protein
completely abolishes any resistance increase, indicating thatishion behind. It requires killing of the cells by hypos-
cells that are experimentally disabled to make integrin-motic lysis and removal of the remaining cell debris with a
mediated contacts with the protein-covered resonator sudetergent-containing buffer (Kramer et al., 1985). In accom-
face have no measurable impact on the shear displacemepanying studies we experimentally verified by microscopic
Microscopic inspection confirmed that these cells kept theitechniques (phase-contrast, indirect immunofluorescence)
spherical morphology and did not actively spread on thethat the cell bodies were indeed removed by this experi-
surface. The time courses of the inductance chaddes mental sequence, whereas fibronectin, for instance, could be
Fig. 3B show basically the same characteristics as describeclearly detected on the former culture substrate. FigA 4,
for the resistance before. The addition of GRGDie( and B, shows typical results for the changes in resistance
circles) to the seeding medium effectively prevents an in-and inductance derived from experiments with MDCK-I,
ductance increase like that seen with SDGREty cir- MDCK-II, and 3T3 cells, in which we first characterized the
cles. The initial drop in both parameters at the beginning ofresonator loaded with an intact cell laydilléd column$
each experiment arises from the warm-up of the cultureand again after the cellular bodies were removed by the
medium in the temperature-controlled crystal holder and th@bove-mentioned protocobgen columns AR and AL de-
coinciding decrease in the medium viscosity. We concludenote the measured differences in the two parameters with
that sedimentation of the cellular bodies to the resonatorespect to the same medium-loaded resonator after mechan-

0 100 200 300 400
t [min]

AL [uH]
|
o}
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FIGURE 4 Typical resistanced] and inductanceB) contribution of adhesion-promoting proteins beneath the cells. The filled columns represent the
changes of the two parameters induced by a confluent cell layer of the specified type relative to the same resonator after mechanical cleaimigg and load
with medium only. The open columns show the remaining resistance and inductance contributions after the cell bodies were removed by hyposmotic cell
lysis. The error bars correspond to the standard deviation of each parameter derived from repeated impedance dataTee@8i@E andD compare

the corresponding shifts in resistans® and inductanc@lL for a resonator covered with a confluent MDCK-II cell layéiliéd columr), after the cell

bodies were removed by hyposmotic lysiet{ched colump and after an additional 10-min treatment of the surface with trypsin/EDoperf columh

Again, all shifts are given with respect to the same medium-loaded resonator after cldamirgB°C.

ical cleaning. The presented data show consistently for alimpedance measurements afterward. The observed changes
three cell types that removal of the cell bodies decreases tha resistancéR and inductanc@aL (both with respect to the
motional resistance to values that are less thafl3bove mechanically cleaned, medium-loaded resonator) support
the level for the mechanically cleaned resonators. Lookindghe idea that the remaining inductance contributions after
at the inductances, however, reveals that removal of the cetemoval of the cellular bodies are of proteinaceous origin, as
bodies provides only a partial decrease in the measuretthey completely disappear upon trypsin digestion.
values, which are well above readings for the medium-
loaded resonators used as a reference. The remaining induc-
tances can make up 90% of the inductance changes obtain
for the entire cell layers (MDCK-I). Although we could
observe this general phenomenon consistently, we noticefl network of filamentous actin underlies the plasma mem-
considerable variations in the partial inductance decreaseranes of mammalian cells (cell cortex) and is regarded to
after cell body removal, even among experiments with thebe of crucial importance for their mechanical properties
same cell species. (Bray, 1992), which themselves are very likely to contribute
To find further evidence that the remaining resistance ando the QCM response. Besides this membrane-bound net-
inductance contributions arise from extracellular matrixwork, actin also arranges in the form of thick bundles, the
components, we treated the surface with trypsin after theo-called stress fibers, which interconnect different sites of
cellular bodies were removed. Fig. @,andD, depicts the focal adhesion to the substrate. We investigated the possi-
results of a typical experiment in which a confluent layer of bility that disruption of the actin cytoskeleton via the fungal
MDCK-II cells was first removed from the quartz surface toxin cytochalasin D alters the QCM parameters of attached
by hypotonic lysis. But before mechanical cleaning, thecells. In Fig. 5 motional resistand@ and inductancé. are
resonator surface was exposed to a 0.25% trypsin solutiomaced versus time for a typical experiment in which a
(including 1 mM EDTA) for 10 min and characterized by confluent layer of MDCK-II cells was treated with oM

(Efjontributions of the actin cytoskeleton
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FIGURE 5 Time course of the resistariR¢®) and the inductanck (O)
when a confluent monolayer of MDCK-II cells is treated withp/

cytochalasin D grrow). T = 37°C.

cytochalasin D 4rrow). The resistanceR drops from a
baseline value of-1200() to a transient minimum of 1050
Q) within 75 min and starts to recover afterward. The in-
ductance drops with a somewhat slower kinetic ytBbut

Wegener et al.

fluorescence micrographs of MDCK-II cells that were ex-
posed to quM cytochalasin D for 0 (Fig. &), 25 (Fig. 6B),

75 (Fig. 6 C), and 100 min (Fig. B) before fixation and
phalloidin staining. Images were taken with a confocal laser
scanning microscope, and the focal plane was adjusted to
the basal cell membrane. In FigAghe actin bundles inside
the unchallenged cells can clearly be seen to run almost
parallel to the substrate plane, and the actin cortex is visible
as a ring along the cell perimeter. After 25 min of cytocha-
lasin D exposure, the majority of the stress fibers have been
degraded to point-like structures, but some fibers are still
visible. A 75-min exposure to the drug results in an almost
complete absence of the fibers, and this situation is un-
changed for the 100-min sample. Comparison between
these microscopic images and the time course of the QCM
parameters strongly supports the idea that the QCM tech-
nique is capable of probing changes in the actin cytoskele-
ton close to the basal cell membrane.

Medium overlaying the cells

To describe the composite cell resonator system in terms of

apparently does not show any recovery. Control experia mechanical model, it is important to know whether the
ments in which the cell layers were treated with a corre-medium that overlays the cell layer contributes to the QCM
sponding amount of pure dimethyl sulfoxide that was usedesponse. Thus we changed the mechanical properties of the
as a solvent for cytochalasin D did not show these changesverlaying medium and monitored the response of the
in R and L. Only the initial spike-like changes of both QCM. It is important to guarantee in this experiment that
parameters immediately after cytochalasin D addition (shorinedium maodifications do not interfere with the normal
increase in inductance, decrease in resistance) were obsemorphology of the anchored cells. We therefore added
able. To correlate these time courses with the actual disrugolyvinylpyrrolidone (PVP) (molecular mass 360 kDa) in
tion of the actin cytoskeleton, we performed microscopica final concentration of 1% (w/v) to the culture medium,
studies using the fluorescently labeled actin marker tetrawhich increases its viscosity considerably without signifi-
methylrhodamine isothiocyanate-phalloidin. Fig. 6 showscant changes to its osmolarity. PVP is known, furthermore,

FIGURE 6 Fluorescence micro-
graphs of confluent MDCK-II cell lay-
ers in which the actin cytoskeleton
was stained with fluorescently labeled
phalloidin to visualize its changes dur-
ing exposure to cytochalasin D. Mi-
crographA shows cells that were not
exposed to cytochalasin D at all. Ex-
posure to 5uM cytochalasin D for B)
25 min, ) 75 min, and D) 100 min
results in the depicted alterations of
the actin network. The scale bar cor-
responds to 2um. T = 37°C.
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for its cell compatibility. To quantify the associated viscos-
ity change due to PVP addition, we used the QCM as a
viscometer and calibrated our setup (compare Eq. 5) by
measuring the motional resistanBeas a function of the
known density-viscosity products of different glycerol/wa-
ter mixtures (Janshoff et al., 1996b). The viscosity of a fluid
of interest is then accessible from readings for the motional
resistance and an independent determination of its density
(Gay-Lussac pyknometer). After replacing ordinary culture
medium in contact with a quartz resonator by culture me-
dium containing 1% PVP, the motional resistance increased
by (383 = 12) ), which is equivalent to a change in
viscosity from 0.011 g/crs for medium without PVP to an
apparent viscosity of 0.042 g/esnfor medium with PVP
(We prefer to use the term “apparent viscosity” for PVP-
containing solutions, as we did not consider frequency-
dependent viscous effects due to PVP addition.) In the same
type of replacement experiment with a quartz resonator
covered with a confluent layer of MDCK-II cells, the mo-
tional resistance increased by only (2613) ), while the
inductance decreased by (Gt60.6) uH. As the changes in
both parameters are barely significant when the apparent
viscosity of the medium on top of the cell layer is changed
by a factor of 4, we conclude that the overlaying medium
does not contribute to the overall QCM response to
MDCK-II cells and that the shear wave does not escape the
cellular bodies with significant amplitude.

We also determined the height of all cell species that
were used in this study by confocal laser scanning micros-
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copy. MDCK-II cells, which were used in PVP experiments,
were found to have the smallest average height ({4.5) FIGURE 7 Time course of motional resistarRgA) and inductance.
um) of all cell types examined (BAECs are excluded from (B) when the osmolarity of the culture medium covering a confluent
this comparison, as these cells behave differently for reamonolayer of MDCK-I cells is gradually increased from 290 mOsm/kg
sons discussed later). As the shear wave does not propagate?_(isotonic) to 415 mosmikg 40 (1), to 560 mOsm/kg KO (2), to

. .~ 1100 mOsm/kg HO (3) and subsequently back to isotonic conditions in
across MDCK-II cells, although they show the highest im-,, "o Stepsi6. T = 23°C.
pact on the motional resistance (Table 1) and the least
height, we conclude that this is also true for all other cell
types in this study with lower motional resistances andsubsequently decreased through a reversal of the same steps
increased cell heights. (4—6). The osmolarity of the medium was adjusted by
adding corresponding amounts of sucrose and verified by
freezing point depression. Control experiments in which we
performed exchanges from isotonic back to isotonic me-
Data presented thus far clearly demonstrate that cell layerdium (not shown) ensured that the exchange procedure itself
dissipate motional energy from the resonator and therefordid not provide measurable disturbances. An increase in
behave like a lossy and viscous material. More recent studnedium osmolarity leads to dose-dependent, reversible, and
ies by Periasamy et al. (1992) have shown that the cytovery pronounced increases in both the motional resistance
plasmic viscosity of adherent MDCK cells increased byand the motional inductance. Note that the motional resis-
50% when the cells were kept in hyperosmotic culturetance increases in an almost step-like manner and has in-
medium (1200 mOsm/kg D). We therefore examined the creased by 3500} when medium with the highest osmo-
changes in QCM parameters when confluent cell layerdarity is applied. For comparison, the motional resistance of
were challenged with hyperosmotic media. Fig. 7 shows tha cell-free resonator changes by ornki150 ) under the
time courses of the motional resistance and inductance for same experimental conditions. The observed changes in
confluent layer of MDCK-I cells when the osmolarity of the resistance were highly reproducible, whereas we have found
culture medium was gradually increased from 290 (isotonic)minor but noticeable deviations in the inductance changes—
to 415 (1), to 560 @), and to 1100 mOsm/kg 4O (3) and  especially within the exact time profiles—when repetition

Application of hyperosmotic media
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experiments were performed. We extended these studies tpency Af ~ 500 Hz withf, = 5 MHz). These frequency
confluent MDCK-Il and 3T3 cell layers and focused on the shifts were, however, significantly smaller than expected
more reproducible alterations of the motional resistancefrom the Sauerbrey equation for the actual cell mass (
Fig. 8 compares the relative resistance changes measuré@000 Hz):

for the two epithelial cell species with those obtained for

fibroblastic 3T3 cells, when the medium osmolarity was Af = —2-f5-Am
altered from isotonic to the specified hyperosmotic value. A \]‘uq. Pq (6)

For all three cell species the motional resistance increases

linearly with medium osmolarity. Although quite different with electrode surface are® shear stiffness of quartz,,

in cell dimensions and morphology, MDCK-II cells behave and its densityp,. Because the Sauerbrey equation is only
very similarly compared with MDCK-I cells in these exper- valid when a thin layer of a foreign material is homoge-
iments, and we observed-a3.5-fold increase in motional neously and rigidly deposited on the device surface (e.g., an
resistance for the highest osmolarity applied. The fibroblasevaporated metal film), the observed discrepancy was the
tic 3T3 cells, however, responded distinctly differently, andfirst hint that cells might not simply behave like an addi-
the motional resistance increased by less than twofold fotional mass layer. In an initial impedance study (Janshoff et
the highest osmolarity. Preliminary measurements of thel., 1996b) we were able to show that the presence of a
associated cell volume changes for these three cell typasonfluent cell layer attached to the resonator increased both
have not shown significant differences in the degree of celenergy dissipation AR) and energy storageAl) at the
shrinkage or osmotolerance. We therefore suggest that theystal surface. This observation indicated that the cell layer
restricted diffusion of hydrophilic compounds across epi-has to be treated like a lossy overlayer material rather than
thelial cell layers due to the formation of tight intercellular a rigid mass, which would only alter the motional induc-
junctions is mainly responsible for the observed differencestance (compare Eq. 4). Our findings were later indepen-
In the following Discussion section we will introduce our dently confirmed by Fredriksson et al. (1998), who used
understanding of these particular data, based on the insightémultaneous resonance frequency and dissipation factor
we gained from all experiments mentioned in this paper. measurements. We tried to interpret the observed changes of
R andL mechanically by treating the cell layer as a semi-
infinite layer of an entirely viscous material with a wetting-
DISCUSSION like contact with the resonator surface (Janshoff et al.,
In one of the first reports on using the QCM technique t01996b). However, the applied model assumption could not
probe anchorage of mammalian cells to an artificial sub-explain all experimental observations, as we found incon-
strate, Redepenning et al. (1993) demonstrated that th&stencies between the observed changeR end L and
attachment and spreading of cells on a resonator surfadtose predicted by the model. We concluded that the devel-
gave rise to considerable changes of the resonance frepment of a more detailed and appropriate model for such a
complex system like an attached cell monolayer requires
first of all an understanding of what parts of the cellular
body and its adhesion machinery contribute to the overall
QCM response. This knowledge should also disclose pos-
sible applications and limitations of this technique in fun-
damental cell biology as well as biotechnology.

The data summarized in Table 1 provide a strong first
indication of the importance of cell-substrate interactions
for QCM measurements with mammalian cells. The highest
impact on the load resistan&awas found for epithelial cell
layers (MDCK-I, MDCK-II, choroid plexus epithelial
cells), whereas 3T3 fibroblasts cause significantly lower
| | | I resistance changes, and BAECs are barely detectable. From
02 04 06 08 10 1.2 handling and observing BAECs in routine cell culture, we
already noticed that these cells were only weakly anchored
to the surface and were easily detached form their culture
substrate as intact sheets. This indicates that intercellular
FIGURE 8 Increase in the motional resistance as a function of mediungontacts between BAECS were more resistant to mechanical
osmolarity for MDCK-I (), MDCK-II (®), and 3T3 cell layersi(). The  gtrags than were their interactions with the substrate. As

resistance value measured 20 mR.4,,) after isotonic medium was .
exchanged for medium of specified osmolarity normalized to its valuereportecj earlier (Wegener etal., 1999), we also learned from

immediately before medium exchand®,(,). Each data point represents Cross-sectional images using confocal laser scanning mi-
the average result of two experimeris= 23°C. croscopy that these cells show a very large spacing of more

osmolarity [Osm/kg H,O]

Biophysical Journal 78(6) 2821-2833



Shear Wave Resonator Response to Attached Cells 2831

than 500 nm between their basal plasma membrane and theceptors (Janshoff et al., 1997). These previous studies
substrate. Keeping in mind that the shear wave that isinderline the necessity to consider preadsorbed or secreted
launched from the resonator surface into pure culture meprotein beneath the cells and are in complete agreement
dium of densityp,,.qand viscosityn,,.qhas a characteristic with the data presented here.
decay lengthd = {2 * Ned(® * Pmed} 2 Of ~250 nm, We have found consistently, for either preadsorbed col-
these cell layers are obviously too far from the substrate téagen films or the extracellular matrix underneath the cells,
be reached by the shear wave with considerable amplitud¢hat the presence of adsorbed proteins induces significant
Epithelial cells, however, tend to attach very firmly to changes in the motional inductance and minor changes in
artificial surfaces with small average cell-substrate separahe motional resistance compared to the values for intact
tion distances (Lo et al., 1995). Fibroblasts show only smalktell layers. However, according to Eqg. 4 an ideal mass load
areas of close adhesion to the substrat8d nm), whereas of the resonator causes changes only in the motional induc-
the remaining areas of the basal plasma membrane atance. The small but measurable effects of the protein films
farther apart (Parak et al., 1999). The resistance data ion the motional resistance may be due to 1) trapped liquid
Table 1 can be arranged in a similar order, supporting th¢hat moves inside or in and out of the porous protein
concept that cell-substrate separation distance and actual caessembly or 2) the viscoelastic properties of the protein
tact area are decisive for the outcome of QCM experiments.itself (Rodahl et al., 1997). Because of these deviations from
The adhesion experiments in the presence of the GRGDeal mass behavior, the impedance contributions of the
pentapeptide that blocks integrin-binding sites and preventsxtracellular matrix and those of the complete cell layers
the cells from forming close contacts with the resonatorcannot be treated in a strictly linear fashion (Bandey et al.,
surface are entirely consistent with this viewpoint. Assum-1999), as a dissipative layer close to the resonator surface
ing a homogeneous distribution of the spherical cells on theauses an acoustic phase shift that affects the impedance
resonator surface and their radiygo be 5.8um (Wegener contributions of all upper layers. The observed variations in
et al., 1998), the seeding density applied in the experimentest inductance after the cell bodies were experimentally
(Fig. 3) was formally sufficient to cover-70% of the removed will be addressed in future studies. It is important
available surface area, but the shear displacement was afw understand whether these variations are indeed caused by
parently not affected. Because of the spherical morphologgifferent amounts of protein beneath the cells, whether the
of the cells under these conditions, only a small portion ofexperimental sequence applied here does not consistently
the basal plasma membrane is at the smallest distance frolmave all of the extracellular protein behind, or whether an
the surface, and the separation distance itself may be comven more involved explanation applies.
siderably enlarged as specific interactions are omitted. It is Anchorage of mammalian cells to protein-coated artifi-
interesting to correlate these results with combined QCMEial substrates is mainly accomplished by integrins. These
scanning force microscopy (SFM) studies that were directetransmembrane proteins are intracellularly connected to the
toward vesicle adsorption (Pignataro et al., 2000). It wasactin cytoskeleton that underlies the plasma membrane. It is
found that the frequency shift associated with the adsorptiothis connection to the actin network that delocalizes and
of receptor doped vesicles (large unilamellar vesicles) on distributes mechanical forces over the entire cell body and
resonator surface made functional with immobilized ligandshereby provides the mechanical stability of cell-substrate
increased with the amount of receptors incorporated into theontacts (Bray, 1992). The fluorescent micrographs in Fig.
liposome shells. SFM studies on the same model syster show the well-known effect by cytochalasin D of disrupt-
revealed a concomitant increase of the contact area betweémg the actin cytoskeleton inside the cell and reducing
the adsorbed vesicles and the substrate, which is therefofermer fibers to point-like actin accumulations. Comparison
responsible for the observed QCM response. between the stage of actin disrupture and the impact on
The development of an appropriate electromechanicathear wave parameters (Fig. 5) at corresponding times
model for animal cells cultured on acoustic devices requirestrongly indicates that the actin depolymerization can be
identification of the respective signal contributions of all detected by the QCM technique. It remains, however, an
major components in this composite system. Therefore ouopen question whether the associated alterations of the
findings that the protein film between a basal cell membranenechanical stiffness of the plasma membrane or induced
and a surface may have considerable influence on the reshanges in the adhesion pattern are ultimately responsible
sponse of shear mode resonators are crucial for furthefor this phenomenon.
interpretation of QCM data in terms of viscoelastic proper- The cell-type-specific QCM response, when confluent
ties of the attached cells. It has been shown repeatedly fazell layers were exposed to hyperosmotic media, is another
various model systems that the QCM is sensitive enough tanportant result of this study. As is apparent from Fig. 8,
detect the specific adsorption of small amounts of protein tdhese experiments revealed significant differences between
the resonator surface, for instance, binding of antibodies tthe epithelial MDCK cells (both strains) and the fibroblastic
immobilized antigens (Rickert et al., 1997; Muramatsu et3T3 cells. We have already mentioned above that different
al., 1987) or binding of bacterial toxins to their immobilized sensitivities to hyperosmotic conditions in terms of a dif-
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ferent degree of cell shrinkage are unlikely sources for thesdiscussed. It is interesting to note in this context that the

observations. However, in contrast to fibroblastic 3T3 cellsyviscosity within this aqueous compartment beneath attached
the epithelial MDCK cells express tight intercellular junc- cells has been estimated to range between 0.01 and 1sg/cm
tions. These so-called tight junctions (Wegener and Galla(Gallez, 1994) and can therefore exceed the bulk viscosity
1996) occlude the intercellular diffusion pathway andof water considerably.

thereby enable epithelial cell layers to act as a selective The development of an appropriate model for analyzing

barrier between two different fluid compartments. Accord-QCM data of animal cells more comprehensively is ongo-

ingly, the permeation rate of a membrane-impermeabléng. Based on our current understanding, we think that such
probe across the cell layer is lowered considerably fora model has to include at least three nonpiezoelectric layers:
barrier-forming cell types. For MDCK-I and MDCK-Il cells 1) the water-and-protein-filled compartment beneath the

we found that the permeation rate of radiolabeled sucroseells, 2) the cell membrane itself, and 3) the underlying

amounts to (1.5+ 0.1) X 10’ cm/s and (0.9+ 0.2) X actin cytoskeleton. The rather complex mechanical interac-
107 cm/s, respectively, whereas the corresponding valugions between these layers provide additional complications.
for 3T3 cells is roughly two orders of magnitude larger and

amounts to (1.6 0.3) X 10" ° cm/s. Thus, in the case of

barrier-forming MDCK cells (both strains), the diffusion of CONCLUSION

sucrose, which was used to increase medium osmolarityIr

along the intercellular cleft is limited, and the osmotic S o . .
. adhesion is dependent on a specific, receptor-mediated in-
pressure drags the water not only out of the cellular bodie . . . :
eraction of the cells with extracellular matrix proteins ad-

but also out of the water-filled compartments beneath the .
. ) : . Sorbed or secreted to the quartz surface. Our studies re-
cells (Fig. 9). This phenomenon of osmotically induced

transepithelial water transport is well known for a variety ofvealed that extracellular matrix deposition (or precoating),

epithelia (Reuss, 1991). Water loss in the channel betweetrrl]e. mte_gnty of the actin cytoskeleton, cell sul_:;strate sepa
. : ration distance, and, presumably, the mechanical properties

cell and substrate may then result in a decrease in the )
. . of the narrow cleft between cell and substrate have their

average cell-substrate separation distance, and the remain-,. . . .
) . . " individual impacts on the composite result of QCM mea-
ing water may become highly immobilized. Both processes : . .
. . . surements. However, changes in the mechanical properties

are likely to produce alterations in the QCM parameters as : .
. : of the fluid that contacts the apical cell surface do not

they were actually observed (Fig. 7). In agreement with the
L7 . influence QCM parameters. We conclude that the QCM

data presented in Fig. 8, the proposed mechanism does not ; .
. . : approach is only capable of probing those parts of the

apply to the same degree to fibroblastic cells with open } . ; .
) . cellular body that are involved in cell-substrate interactions.
intercellular clefts. We conclude that the mechanical prop-

: ; . - - . For studies directed toward this particular aspect of living
erties and the dimensions of the liquid- and protein-filled . . . .
. cells in culture, the QCM technique provides an integral,
channels between cell and substrate have to be taken into

account when QCM data of anchorage-dependent cells araeugnutatlve, and noninvasive tool. As the ”_“_“p*_“"‘.’gy of
animal cells—probably one of the most sensitive indicators

for their health and metabolic state—is directly related to
the degree and strength of cell-substrate interactions, the
QCM technique may also be used as a transducer in drug
development and toxicity assays.

he response of shear wave resonators to mammalian cell
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