Eur Biophys J (1998) 27: 9-17

© Springer-Verlag 1998

ARTICLE

Chun-Min Lo - Michael Glogauer - Marisa Rossi
Jack Ferrier

Cell-substrate separation: effect of applied force and temperature

Received: 20 June 1997 / Accepted: 24 August 1997

Abstract We measure the changein cell-substrate separ-
ation in response to an upward force by combining tworel-
atively new techniques, Electric Cell-substrate Impedance
Sensing (ECIS) to measure average cell-substrate separa-
tion, and collagen-coated magnetic beads to apply forceto
the top (dorsal) surface of cells. The collagen-coated fer-
ric oxide beads attach to integrin receptors in the dorsal
surfacesof osteoblastlikeROS17/2.8 cells. Magneticforce
is controlled by the position and the number of permanent
magnets, applying an average 320 or 560 pN per cell. Com-
paring model calculations with experimental impedance
data, the junctional resistivity of the cell layer and the
average distance between the lower (ventral) cell surface
and substrate can be determined. The ECIS analysis shows
that these forces produce an increase in the distance
between the ventral cell surface and the substrate that isin
the range of 10 to 25%. At temperatures of 4°, 22° and
37°C, the measured cell surface-substrate distances with-
out magnetic beads are 84+ 4, 45+2 and 38+2 nm. The
force-induced changes at 22° are 11+ 3 and 21+ 3 nm for
320and 560 pN, and at 37° they are5+2and 9+ 2 nm. The
resulting cell-substrate spring constants at 22° and 37°
are thus about 28 and 63 pN nm™ (dyne cm™). Using a
reasonable range for the number for individual integrin-
ligand adhesion bonds givesarangefor the spring constant
of the individual adhesion bond of from about 103 to
107 pN nm™. These data also provide evidence that the
number of adhesion bonds per cell increases with temper-
ature.
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Introduction

Adhesion plays an important role in the movement, pro-
liferation and differentiation of cells, and in tissue devel-
opment and wound healing (Ingber 1990; Hynes and
Lander 1992; Lauffenburger and Horwitz 1996). Cell at-
tachment to extracellular molecules is mediated by the in-
tegrin family of receptors (Hynes 1987, 1992; Gumbiner
1996). The dynamics of integrin-ligand binding and the ef -
fect on cell-substrate adhesion have been studied through
adhesion measurements and mathematical modeling (Bell
1978; Hammer and Lauffenburger 1987; Dembo et a.
1988; Lotz et al. 1989; Ward and Hammer 1993; Ward et
al. 1994, 1995), but many physical properties of the inte-
grin-ligand complex have not been determined.

Adhesion and separation between cell and substrate re-
sultsfrom the interplay between nonspecific repulsion and
specific bonding (Bell et al. 1984; Israelachvili and Wen-
nerstrom 1996). Interference reflection microscopy shows
a variable separation of from 10 to 100 nm between the
ventral surface of adherent fibroblasts and the substrate
(Izzard and Lochner 1976, 1980), depending on the degree
of aggregation of adhesion bondswithinagivenarea(Lotz
et al. 1989; Ward and Hammer 1993).

The cell-substrate separation distance (h) also depends
on the force (F) that the adhesion bonds experience; the
relation between h and F can be described in terms of a
spring constant, k = F/Ah. The main objective of thisstudy
was to measure the overall spring constant for cell-sub-
strate adhesion, and from that to estimate the spring con-
stant for individual integrin-ligand bonds. Theoretical
treatments of cell-substrate adhesion show that the spring
constant plays an important role in determining the force
required to break the adhesion bond (Bell et al. 1984; Ward
and Hammer 1993) and the rate at which adhesion bonds
break when under stress (Ward et al. 1994, 1995). Thisis
because a force, F, applied to a bond with a spring con-
stant ky,,,q, Can increase the potential energy in the bond
by FxAh=F?/k,og, and this energy can contribute di-
rectly to breaking the adhesion bond. A wide range of val-
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ues for ky,ong have been obtained viatheoretical arguments
(Bell et al. 1984; Ward and Hammer 1993), but there have
been no direct measurements of this key parameter. The
effect of temperature on cell-substrate contact also pro-
vides important insights into the adhesion mechanisms
(Ward and Hammer 1993; Lotz et al. 1989), so in addition
to the effect of applied force, we studied the effect of tem-
perature on the average cell-substrate separation.

Electric Cell-substrate Impedance Sensing (ECIS) has
recently been developed to measure cell motion and mor-
phology in tissue culture (Giaever and Keese 1984, 1986,
1993a; Lo et al. 1993). In the present investigation, we
measure the impedance of an electrode blanketed with a
confluent layer of osteoblasts. By comparing the impe-
dance asafunction of frequency with amodel calculation,
the junctional resistance of the cell layer and the average
distance between the ventral cell surface and substrate can
be determined (Giaever and Keese 1991, 1993b; Lo et al.
1995).

We apply an upward force on our cells by using a per-
manent magnet to attract collagen-coated ferric oxide
beads that are attached to the upper (dorsal) cell surface
viaintegrinreceptors. Thismethod of applyinglinear force
to cell surfaces hasrecently been devel oped and quantified
(Glogauer et al. 1995, 1997). Previously, magnetic beads
have been used to apply torque to points on a cell surface,
via the application of a magnetic field that produces a
torque on the beads (Wang et al. 1993; Wang and Ingber
1995). Force application via magnetic beads has also
been used to study the viscoel astic properties of cytoplasm
(Crick and Hughes 1950; Hiramoto 1969) and the force-
velocity relationship for actin filaments (Tregear et al.
1993). Other methods previously used to apply forceto en-
tire cellsinclude fluid flow (Frangos et al. 1996), stretch-
ing of the substrate (Mikuni-Takagaki et al. 1996), touch-
ing by glass micropippete (Sanderson et al. 1990; Xia and
Ferrier 1992), and hypotonic extracellular medium (Lei-
jendekker et al. 1996). The method used here is the only
onethat can target aforce (rather than atorque) directly to
the integrin receptors on a cell surface. An upward force
applied viathis method to the dorsal surface will be trans-
mitted via the cytoskeleton to the adhesion molecules that
link integrin receptors on the lower (ventral) surface of the
cell to the substrate.

Materials and methods
Cell culture

Rat osteosarcomacells(ROS17/2.8) werecultured at 37°C
and 5% CO, in a-minimal essential medium (a-MEM)
with 10% heat-inactivated fetal bovine serum (FBS) (Flow
Laboratories, Maclean, VA) and antibiotic (170 pg/ml pen-
icillin V, 100 pg/ml gentamycin sulfate, and 1 pg/ml am-
photericin; Sigma Chemical, St. Louis, MO). These cells
have many osteoblast-like properties (M ajeska and Rodan
1982; Ferrier et al. 1987, 1990), and have a hemispherical

morphol ogy. Twenty-four hoursafter inoculating cellsinto
electrode-containing dishes at 10° cells cm™2, the normal
medium was replaced by a-MEM without bicarbonate and
with 25 mM HEPES buffer, and 10% FBS. We used an
incubator without CO, and a refrigerator as 37° and 4°C
environments respectively, and the room temperature was
about 22°C. Before taking datawe waited at least 30 min-
utes after changing the temperature.

Impedance measurements and cell-substrate separation

Electrode arrays, relay bank, lock-in amplifier and soft-
ware for the ECIS measurement were obtained from Ap-
plied BioPhysics(Troy, NY). Each electrode array consists
of five wells, 10 mm in height and 50 mm? in area; each
well containsa250 pm diameter gold el ectrode and amuch
larger gold counter electrode. The large electrode and one
of the small electrodes are connected via the relay bank
to a phase-sensitive lock-in amplifier, and AC current is
applied through a 1 MQ resistor to the electrodes (Fig. 1)
at frequencies from 22 Hz to 90 kHz (Giaever and Keese
1984, 1986, 1991, 1993a, 1993b; Lo et al. 1993). There
are two mathematical models for the frequency scan data
measured by ECIS: one for cellswith lower junctional re-
sistance such as fibroblasts and endothelial cells, and the
other for cellswith higher junctional resistance such as epi-
thelial cells (Lo et a. 1995). For the osteoblastlike cells
studied in this paper, we use the smgler model with two
adjustable parameters, a (=r.(o/h)Y?) and R,, to fit the
experiment data:
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where Z. (GQ pm?) is specific impedance (per unit area)
of the cell-covered electrode, Z, (GQ pm?) is specific im-
pedance of the cell-free electrode, Z,,, (GQ um?) is specific
impedance through both ventral and dorsal cell mem-
branes, r. (um) is cell radius, R, (GQ um?) is junctional
resistance between adjacent cells over a unit cell area,
loand |, are modified Bessel functions of the first kind in
order 0 and 1, and
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where p (Q mm) isresistivity of the cell culture medium,
h (nm) is average separation between the ventral cell sur-
face and the substrate, S (um?) is electrode area, R, (GQ)
is measured resistance of the cell-free electrode, f (hz) is
frequency of the AC signal, C,, (pF) is measured capaci-
tance of the cell-free electrode, R,, (GQ pm?) is specific
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Fig. 1 A schematic of the experimental setup. The 1 MQ seriesre-
sistance provides a current source that makes the measured in-phase
voltage proportional to resistance and the out-of-phase voltage pro-
portional to reactance. The AC current delivered to the electrodesis
kept at an amplitude of 1.2 pA or lower, which keeps the voltage
drop acrossthe cell layer below 7 mV. Collagen-coated beads are at-
tached to integrin receptors in the dorsal surface of the cells and at-
tracted by a permanent magnet

resistance of the cell membrane, and C,,, (pF pm~2) is spe-
cific capacitance of the cell membrane.

The specific impedance of the cell-free electrode, Z,,, is
interpreted as aresistor and a capacitor in series as shown
in Eq. (3); R, and C,, are based on the in-phase and out-of -
phase data obtained from the lock-in amplifier at different
frequencies. We also assume that the specific resistance
and capacitance of the cell membrane, and C,, are
100 GQ pm? (10° Q cm?) and 0.02 pF um~= (2 uF cm™2)
respectively, and that the specific impedance of the cell
membrane can be calculated as a resistor and a capacitor
in parallel as shown in Eq. (4). The factor 2 in Eq. (4) is
the additive impedance of ventral and dorsal membranes
in series. Both the in-phase and out-of -phase (resistive and
reactive) components of the voltage signal from the lock-
in amplifier are fit to the model equations at 13 different
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Fig. 2 a Resistance and b capacitance as a function of freguency
obtained from a frequency scan measurement of an electrode with
and without a monolayer of cells

frequencies, allowing a precise determination of the model
parameters. A series of ECIS measurements for five wells
at 13 frequencies takes about ten minutes.

Asan exampl eof themeasurement of cell-substrate sep-
aration, Fig. 2a and 2b show transcellular resistance and
capacitance values as afunction of frequency, for cell-free
electrodesandfor el ectrodescovered withaconfluent layer
of cells, measured at 37°C. To get normalized values, we
divide the impedance values of cell-covered electrodes by
the corresponding quantities of the cell-free electrodes
(Fig. 3). Using Eg. (1), the best fitting values of R, and a
are 0.28 GQ um? (2.8 Q cm?) and 60 QY2 mm. We cal cu-
late h from a by using Eq. (2) with p=540 Q mm and
r.=16 pum. Theresult for the average cell-substrate separ-
ation at 37°C is 38 nm.

Magnetic beads and force application

Ferric oxide beads (Fe;O,, Aldrich Chemicals, Milwau-
kee, Wisconsin) were coated with collagen by incubating
0.4 g of beads at 37°C for one hour with 1 ml collagen so-
lution (3 mg/ml; Vitrogen, Collagen Corp., Palo Alto, Cal-
ifornia), neutralized to pH 7.4 with 100 ul 1 N NaOH
(Glogauer et al. 1995). Foll owing washing of the beads and
sonication to eliminate clumping, beads were added to
dishes containing substrate-attached cells for ten minutes.
The cell layer was then washed three times to remove un-
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Fig. 3 a Normalized resistance and b normalized capacitance for
an electrode with aconfluent cell layer. The curvesare obtained from
Fig. 2 by dividing the measured valuesfor the cell-covered el ectrode
by the corresponding values for the cell-free electrode

bound beads. The collagen coated beads are bound by in-
tegrin receptorsin the dorsal plasma membrane, and there
isaclustering of attachment points of the cytoskeletal ac-
tin microfilaments to integrin receptors binding the beads
(Glogauer et al. 1997). Theforce applied by the beads will
thus be transmitted via the cytoskeleton to the integrin-li-
gand adhesion bonds that attach the cell to the plastic sub-
strate of the culture dish.

The distribution of bead diameters was measured via
electronic counting (Coulter Channelyzer, Coulter Elec-
tronics, Hialeah, Florida), and also by computer analysis
of images obtained via a CCD camera with a phase con-
trast microscope (Optimas image analysis program, Opti-
mas Corp., Bothell, Washington; PentaM AX CCD system,
Princeton I nstruments, Stittsville, Ontario; Nikon Opti phot
microscope with 40x objective, Toronto, Ontario). This
distribution was used to obtain number-weighted averages
for bead diameter (2.5 pm), cross-sectional area (7.0 um?),
and volume (21.0 um®).

A permanent magnet provided the magnetic field (Du-
ramax 8, Dura Magnetics, Sylvania, Ohio). It had dimen-
sions of 152 x 101 x 25 mm, with the larger surfaces being
the pole faces. To apply an upward force to the dorsal sur-
faces of the cells, the center of a pole face was placed
20 mm above the cell layer. The magnetic force per unit
volume of bead at this distance was directly measured by
electronic balance, giving 0.21 pN um™3. Using mean bead

volume and cross-sectional area, this can be converted to
aforce per unit area of bead coverage: 0.63 pN pm~2. We
used a bead coverage of 50% of the dorsal surface, with a
resulting upward forceper cell of 320 pN (3.2 x 10> dyne).
Thisforce is less than 10% of that found necessary to re-
move fibroblasts from a fibronectin covered substrate
(Lotz et al. 1989), and it does not detach cells in our ex-
periments. The applied force can be increased by a factor
of 1.75 by using two magnets placed together (N pole face
to S pole face) and placing the center of apoleface 20 mm
from the cell layer.

Fluorescence measurements of cell ventral area

We carried out a series of fluorescence microscopy meas-
urements of the cell ventral area after loading magnetic
beads on the dorsal surface, with and without applied
force. Cells were loaded with the fluorescent indicator
calcein. Ventral area was obtained from computer analy-
sisof digitized imagesobtained viaacomputer-controlled
CCD television camera attached to a phase-contrast mi-
croscope (image analysissCCD camera system as de-
scribed above).

Results and discussion

Analysisof ECISfrequency scan measurements showsthat
the average separation between the ventral cell surfaceand
substrate, h, increases from 38 to 45 to 84 nm as the tem-
perature decreases from 37° to 22° to 4°C (Table 1). There
isalso anincreasein cell-to-cell junctional resistance with
temperature, which is largely attributable to the tempera-
ture dependence of the extracellular medium resistivity.
However, there seems to be some increase in distance
between the cells upon going from 37° to 22°C, since the
cell-to-cell junctional resistance, R,,, does not increase as
much as the medium resistivity, p.

Theventral surface of adherent cellsisnot perfectly flat
(Izzard and Lochner 1976, 1980). Our results suggest that
the topology of the ventral surface changes with tempera-
ture, with the area of close contact between cell and sub-
strate decreasing as temperature decreases from 37° to 4°,

Table1 Effect of temperature on cell-substrate separation

p(Qmm) R, (GQum?) a (QY2mm) h(nm)

37°C (n=10) 540 0.28£0.01 601 38+2
22°C (n=10) 700 0.29+0.01  63+1 4542
4°C (n=10) 1140 0.51+0.01 591 84+4

Two parameters are used to fit the measured cell layer impedance as
a function of frequency: R,, which is the junctional resistance
between cells, and a (=r;(p/h)Y?), where . is cell radius, p is ex-
tracellular medium resistivity, and h is average cell-substrate separ-
ation. The * values are estimates based on both the reproducibility
of the impedance measurements and the sensitivity of the model im-
pedance curves to the parameters
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Fig. 4 Normalized resistance curves measured at 37°C for a con-
fluent cell layer with collagen-coated magnetic beads attached to the
dorsal surfaces of the cells. The upper curve is with zero applied
force (no magnet), the middle curve has an applied force of 320 pN
per cell (one magnet), and the lower curve has 560 pN per cell (two
magnets). The values of model parameters obtained from the ECIS
analysis of these three curves are R, (GQ pm?): 0.14, 0.07, 0.05 and
a (QY2 mm): 58, 55, 50 (upper, middle, and lower curves, respec-
tively). The resulting h values are 41, 46 and 55 nm
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Fig. 5 Normalized resistance curves measured at 22°C for a con-
fluent cell layer with collagen-coated magnetic beads attached to the
dorsal surfaces of the cells. The upper curve is with zero applied
force (no magnet), the middle curve has an applied force of 320 pN
per cell (one magnet), and the lower curve has 560 pN per cell (two
magnets). The values of model parameters obtained from the ECIS
analysis of these three curves are R, (GQ pm?): 0.23, 0.18, 0.13 and
a (QY? mm): 50, 46, 43 (upper, middle, and lower curves, respec-
tively). The resulting h values are 72, 85 and 97 nm

since the ECIS measurement for h gives the average sep-
aration of the ventral surface from the substrate, including
the close contact areas as well as the areas that are not as
close. This would agree with the results of Lotz et al.
(1989), who showed in an interference reflection micros-
copy study of glioma cell adhesion to fibronectin that the
focal contact area (with cell-substrate separation <15 nm)
isless at 4° than at 37°.

After loading magnetic beads on the dorsal surface of
the cells, we use ECIS frequency scan measurements to
obtain the change in cell-substrate distance, Ah, resulting
from force applied via a permanent magnet placed 20 mm
above the cells. Figures 4 and 5 show how the normalized
resistance curve (normalized resistance vs. frequency)
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Fig. 6 Time course of measured resistance following initiation of
force application (320 pN at 37°) and following termination of force
application. These time courses show that there are rapid changes
following a change in force, which are indicative of an elastic
response, as well as slower changes suggestive of a viscoelastic
response. |n these measurementsthe resistance hastwo components,
one being resistance to current flow beneath the cell layer, which
depends on cell-substrate separation, and the other being resistance
to current flow between the cells, which depends on cell-cell separa-
tion. To distinguish between these resistance components the fre-
guency scan measurements must be used

changes in response to applied force. After each ECIS
measurement with an applied force, the magnet isremoved
and the measurement repeated: at 37° thereis reversal of
the force-induced change in h in aimost every measure-
ment, at both force levels, with the frequency scan curves
and the resulting h values being close to the pre-force val -
ues; at 22° thereisusually reversal at 320 pN per cell, but
most measurements at 560 pN per cell show incomplete
recovery. Figures 4 and 5 also show that junctional resis-
tance between the cells, R, decreases with applied force.
This decrease implies that the cell-to-cell separation in-
creases with applied force, but only of the order of tens of
nanometers.

The measured electrical variables change too quickly
following force application and force removal to allow a
time course for h to be obtained via ECIS frequency scan
measurements. However, we can carry out asimpler resis-
tance vs. time measurement. We use a 1 JA injected cur-
rent at afrequency of 4 kHz. This measures the sum of re-
sistanceto current flowing beneath the cells, and resistance
to current flowing between the cells. These measurements
show atime course with at least two time constants, sug-
gesting that there are both elastic and viscoelastic pro-
cesses at work (Fig. 6).

Our fluorescence measurements show that the ventral
area of the cells changes little during application of
320 pN per cell: the 99% confidence interval for theratio
of ventral area measured before force application to that
measured during force application, seven minutes after in-
itial force application, is 0.993 to 1.008 (n=8). Further-
more, this force is almost certainly not strong enough to
cause significant distortion of the ventral surface topol-
ogy, as shown by a calculation based on the elastic prop-
erties of actin filamentsin the Appendix. With a constant
topology, the changein cell-substrate separation would be



14

uniformly equal to our measured Ah over the entire ven-
tral surface.

Another way to look at this is that, in the absence of
dynamical peeling of the adhesion bonds (Ward and Ham-
mer 1993), the force applied to the dorsal surface of the
cell via the magnetic beads should be transmitted to all
of the adhesion bonds on the ventral surface viathe cy-
toskeleton. Even using alow estimate for the number of
adhesion bonds, Nyonq=10° (Bell et al. 1984; Hammer
and Laufenburger 1987; Ward and Hammer 1993; Ward
et al. 1994, 1995), the applied force per bond, F (=Fq,/
Npong =320 pN/10°=0.3 pN), would be two orders of
magnitude below the force required to break individual
receptor-ligand bonds as measured by atomic force mi-
croscopy (at least 70 pN per iminobiotin-avidin bond;
Florin et al. 1994). With F.y, =320 pN at 37°, the poten-
tial energy increase resulting from stretching theintegrin-
adhesion molecule complex, given by Fceg Ah/Nponds
would be no greater than 1.6 pN nm (1.6 x 10+ J), which
islessthan the average thermal energy per degree of free-
dom (kgT/2). These low values for force and energy in-
put per adhesion bond are a strong indication that our ap-
plied force is not causing significant ventral surface def-
ormation.

To obtain the overall spring constant for cell-substrate
binding, k.y, we divide the applied force by Ah:
K.a; =F/Ah (Table 2). Our measured valuesfor Ah are pro-
portional to the applied force, giving the same k., for both
force levels used. Under our conditions of measurement,
inthe presence of fetal bovine serum, adhesion should con-
sist of integrin-fibronectin and integrin-vitronectin bonds
(Preissner 1991; Hayashi 1993), and we have confirmed
using an enzyme-linked immunosorbent assay (ELISA)
that both fibronectin and vitronectin are present under our
cells (unpublished data). A reasonable range of numbers
for the adhesion bonds per cell is 10° to 10° (Bell et al.
1984; Hammer and Laufenburger 1987; Ward and Ham-
mer 1993; Ward et al. 1994, 1995). Using these numbers
for Npong, OUr measured values for k., at 37° give arange
for the spring constant of the individual adhesion bond,
Koond (=Kot /Noona), Of from 6x 10 to 6x 1072 pN nm™
(dyne cm™). This range for k,,,q Overlaps the lower end
of the ranges used in anumber of mathematical modelsfor
cell adhesion (Bell et al. 1984; Dembo et al. 1988; Ward
and Hammer 1993; Ward et al. 1994, 1995). The high end

Table2 Effect of force on cell-substrate separation

of our range is close to the “best estimate” of Bell et al.
(1984) of 10~ pN nm™ (dyne cm™).

Theoretical estimates of ky,.,q vary widely, from 102 to
10° pN nm™ (dyne cm™), with the lower values based on
the assumption of arandom coil, and the higher ones based
onthepropertiesof arigid a-helix (Bell et al. 1984; Dembo
et al. 1988; Ward and Hammer 1993). For a random coil,
Koona =Kg T/N?=4 pN nm/h?, where kg is Boltzmann’s con-
stant and T is absolute temperature. Using our measured
value at 37° of h=40nm, this gives a value of 2.5x
10~3 pN nm~2. Although fibronectin and vitronectin are not
random coils, they contain a number of flexible regions
that could impart a high degree of flexibility to the mole-
culeasawhole. Moreover, the el astic propertiesof the cell-
substrate bond will be influenced by forces generated by
the numerous oligosaccharide chains attached to the cell
surface, which are very flexible. Our values for kg4 thus
may be describing the el astic properties of the integrin-ad-
hesion molecule complex and its surrounding oligosaccha-
rides.

The spring constant of most macromol ecules would be
expected to show little change upon going from 22° to
37°C. On the other hand, if this temperature increase
would induce a melting-type phase transition, as from an
a-helix to arandom coil, thiswould lead to adramatically
reduced kyonq- Thus, in either case, our measurements
showing that k., has an increase of approximately 100%
upon going from 22° to 37° are evidence that Nygnq iN-
creases with temperature. Thermodynamically, the inte-
grin-ligand affinity should decrease as temperature in-
creases (Hammer and Lauffenburger 1987; Ward and
Hammer 1993), which would lead to a decrease in the
steady state ratio of bound to unbound adhesion receptors
as temperature increases. This means that the increase in
Npong With temperature that our measurementsimply must
involveactivecellular processesrather than being apurely
physicochemical effect.

In this paper we have reported the first direct measure-
ment of the effect of an applied force on the cell-substrate
distance. Our results provide valuesfor the spring constant
of the cell-substrate distance, and allow us to estimate the
range of possible valuesfor the spring constant of individ-
ual adhesion bonds. Our data also provide strong evidence
that the number of adhesion bonds increases with temper-
ature. Further development of the methods employed here
should provide considerable insight into the mechanisms
of cellular adhesion.

F (pN) Ah (nm) Keet (PN nM™)
37°C (n=5) 320 5%2 64 (46 0107) Appendix: estimation of ventral surface distortion
37°C (n=5) 560 9+2 62 (510 80)
ggg Eﬂgg ggg %ﬁg %2 ggg g% Inthis appendix we present an approximate cal cul ation for

The change in cell-substrate separation, Ah, produced by the force
applied via the magnetic beads, F, provides the overall spring con-
stant for cellular adhesion, k.o =F/Ah. The + values for Ah are es-
timates based on the reproducibility of theforce-induced shiftsinthe
measured impedance curves, and the sensitivity of the model impe-
dance curves to the parameters o and R, (see Table 1)

the distortion of the ventral surface of the cell that isin-
duced by the applied force. In Fig. 7awe have arepresen-
tation of the cell and its cytoskeleton. The integrin recep-
tors on the dorsal surface that are binding magnetic beads
are connected by actin filament bundles to points on the
ventral surface of the cell, including both integrin recep-



Fig. 7 a Represents amodel for the vertical cross-section through
acell, showing pointsof force application onthedorsal surfacewhere
magnetic beads are bound to integrin receptor complexes (force is
indicated by the arrows). Cytoskeletal elements (represented by the
vertical and diagonal lines) connect these force application points
to points on the ventral surface, where in some cases there are at-
tachment bonds that link integrin receptorsin the cell membrane to
the substrate. We will assume that the diagonal elements are actin
filament bundles, while the vertical elements could comprise micro-
tubules and intermediate filaments as well as actin filaments. The
ventral and dorsal surfaceswill be strengthened by the cortex, com-
prising various elements of the cytoskeleton in amesh-like structure;
there could also be actin filaments running between the points on the
ventral surface, and between the pointsonthedorsal surface. b Shows
one unit of this structure

tors bound to extracellular attachment proteins, and inte-
grins or other cell membrane bound proteins that are not
attached to extracellular proteins. We can first consider a
basic unit of thisstructure, comprising asingleintegrinre-
ceptor complex on the dorsal surfacethat isbinding amag-
netic bead, two ventral surface points of attachment to the
substrate, and a point between these two attachment points
where an actin filament bundle connects to the ventral
membrane (Fig. 7b).

NotethatinFig. 7, thearrowsindicatethe applied mag-
netic force, but the geometry shown is for zero force.
When force is applied, the points at which the actin fila-
ment bundles connect to the ventral membrane without a
link viaattachment proteinsto the substrate will move up-
ward relative to the points that have such links to the sub-
strate, by an amount to be calculated below. This calcula-
tion is based on the effect of the applied force on the ac-
tin filament bundles, and of course does not include the
stretching of the attachment bonds that link the cell to the
substrate.

The equations for force balance for the system in Fig.
7b are:
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where Ty, Ty and Ty, aretension in the actin filament bun-
dles that have lengths W, U and V, the magnetic force ap-
plied to the magnetic bead is F, and Ah' is the force-in-
duced change in h (the substrate-ventral membrane dis-
tance midway between the points of attachment to the sub-
strate) that results from an upward bending (distortion) of
the ventral surface of the cell.

The equations for stretching of the actin filament bun-
dlesfor the system in Fig. 7b are:

-
AW=—W,
kw
-
AU =-Y
ku
and
-
AV =2V
ky '

where ky,, k;, and ky, are spring constants for the actin fil-
ament bundles. Each k will be equal to (EA)/L, whereE is
the Young's modulus of the actin filament, A is the cross
sectional area of the total number of filaments in the bun-
dle, and L is the length of the bundle. We can also write
for each bundle: k= (K,nitiength N)/L, Where K it engtn iS the
spring constant for unit length of one actin filament, and
N is the number of filaments in the bundle. In addition to
actin filament bundles, the ventral surfacewill be strength-
ened by the cortex, containing actin and other cytoskele-
tal elements, which has a mesh-like structure (Janmey
1991). However, the elastic properties of the ventral sur-
face have less importance in these cal cul ations than those
of the vertical and diagonal elements, as seen in the deri-
vation below, and in the results of the more detailed com-
puter calculations shown below.
An important geometrical relationship is:

' - OWQoO
Ah'+ AU = DUDAW'

Giventhat AU will begreater thanzerofor an upwardforce,
thisrelationship showsthat Ah' must belessthan (W/U) AW
for an upward force.

Solving all of the above equations, it is straightforward
to show that:

cOWIF F

Ah' < 000 2ky

If the vertical bundles of actin filaments are much thicker
than the diagonal ones, then k, > ky, and this inequality
comes close to being an equality. From the measurements
of Nishizaka et al. (1995), in which an optical tweezer is
used to apply force to a single actin filament bound to a
heavy meromyosin molecule which is attached to arigid
substrate, a lower bound on the the spring constant of a
5 umlong singleactin filament can be obtained. For afully
stretched filament, this value is 0.6 pN nm. For a1 um
filament length, this becomes 3 pN nm™. Using 100 as a
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typical value for N in the diagonal bundles, and using
U=1umandW=v2 pm, thisgivesky,= 200 pN nm™, and
for a magnetic force per bead of 4 pN, we have
Ah'<0.02 nm.

Extending the system shown in Fig. 7b to three mag-
netic beads and three points on the ventral surface attached
to the substrate, with two points between these attachment
pointswhere the actin filament bundl es connect to the ven-
tral membrane, acomputer cal culation (usingthe TRUSSD
program by Hsieh and Mau, 1995) gives Ah'=0.02 nm.
Thisresult iswith k, =k, =ky . Increasing k, to 10 x ky,in
this calculation, decreases Ah' by about 30% (because
some of the diagonal bundlesthen have less affect on Ah'),
while varying ky, from 10x greater than ky, to 10x less
changes Ah' by less than 20%. This computer calculation
gives similar results when extended to the system shown
inFig. 7a

The number of actin filaments per bundle is avariable
that depends on many factors. In the extreme case of hav-
ingonly tenfilamentsper diagonal bundle, thevaluesgiven
above for Ah' would be increased by a factor of 10. These
valuesarestill considerably smaller than our measured val -
uesfor Ah, the increase in distance between substrate and
ventral cell surface with applied force. Our measured Ah
includes not only the distortion effect calculated here but
the stretching of the bonds that attach the cell to the sub-
strate. The calculations presented here thus show that the
stretching of the attachment bonds resulting from our
applied forceismuch greater than the distortion of the ven-
tral cell membrane resulting from the same force.
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