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Elasticity and Adhesion Force Mapping Reveals Real-Time Clustering
of Growth Factor Receptors and Associated Changes in Local
Cellular Rheological Properties
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ABSTRACT Cell surface macromolecules such as receptors and ion channels serve as the interface link between the
cytoplasm and the extracellular region. Their density, distribution, and clustering are key spatial features influencing effective
and proper physical and biochemical cellular responses to many regulatory signals. In this study, the effect of plasma-
membrane receptor clustering on local cell mechanics was obtained from maps of interaction forces between antibody-
conjugated atomic force microscope tips and a specific receptor, a vascular endothelial growth factor (VEGF) receptor. The
technique allows simultaneous measurement of the real-time motion of specific macromolecules and their effect on local
rheological properties like elasticity. The clustering was stimulated by online additions of VEGF, or antibody against VEGF
receptors. VEGF receptors are found to concentrate toward the cell boundaries and cluster rapidly after the online additions
commence. Elasticity of regions under the clusters is found to change remarkably, with order-of-magnitude stiffness reductions
and fluidity increases. The local stiffness reductions are nearly proportional to receptor density and, being concentrated near the

cell edges, provide a mechanism for cell growth and angiogenesis.

INTRODUCTION

Receptors and ion channels transmit regulatory information
from the outside environment to the cell interior and play
a crucial role in maintaining metabolic homeostasis and in
the sustenance of organisms (Pawson, 1995; Antonova et al.,
2001; Horio et al., 1997; Sugiyama et al., 1997; Jefford and
Dubreuil, 2000; Rameh and Cantley, 1999; Crouch et al.,
2001). The molecular basis of receptor/channel action is
being studied extensively using biochemical strategies, but
little is known about the spatial localization, density, dis-
tribution, and molecular structure involved, although these
spatial features are thought to exert localized control over
cell function. For example, the clustering of growth factor
receptors, e.g., vascular endothelial growth factor receptor
(VEGFR) is implicated in endothelial cell growth and mi-
gration (Thomas, 1996). To obtain such direct structural in-
formation it is crucial to develop and apply techniques for
molecular-resolution imaging of cellular specimens in their
native hydrated states.

Several new scanning probe techniques are being de-
veloped to map membrane macromolecules. Of these, atomic
force microscopy (AFM) allows molecular resolution
imaging in aqueous media (Lal and John, 1994) and the
study of intermolecular interactions using functionalized
AFM probes (Zhang et al., 2002; Baumgartner et al., 2000;
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Yuan et al., 2000; Boland and Ratner, 1995; Dammer et al.,
1996; Hinterdorfer et al., 1996). Single-molecule force
spectroscopy was previously used to examine cell-cell ad-
hesion properties (Benoit et al., 2000). Although such an
approach would be useful for mapping overall interactions
between small cells, its relevance to mapping regional dis-
tribution of macromolecules in the cell plasma membrane is
uncertain. Another approach maps the local ion channel
currents, from which the channel density and distribution are
derived (Korchev et al., 2000). Application of this approach
for mapping membrane receptors without any channel-like
activity is limited. However, recently modified commercial
AFMs, linked to a confocal microscope, have been suc-
cessfully used to measure and map adhesion forces between
ligands and receptors on the surface of living cells (Horton
et al., 2002; Aileen and Moy, 2000).

Here we apply a similar method that uses AFM force-
volume mapping (Quist et al., 2000; Rhee et al., 1998) to
identify and map regional distribution as well as ligand- or
antibody-induced real-time clustering of receptors on the cell
surface. The approach allows simultaneous imaging of the
resultant changes in micromechanical properties and cyto-
skeletal reorganization with nanoscale resolution (Quist et al.,
2000; Shroff et al., 1995; Parbhu et al., 1999).

As an appropriate physiological sample, we have exam-
ined spatial distribution of VEGFR, the receptor for vascular
endothelial growth factor (VEGF). VEGF is an important
angiogenic factor in human and animal tissues. VEGF acts
selectively on vascular endothelial cells to increase their
permeability to circulating macromolecules and stimulate
endothelial cell growth (Thomas, 1996; Wang et al., 2001).
VEGEF is a homodimeric glycoprotein that interacts with its
receptors in the plasma membrane of vascular endothelial
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cells. Three cell membrane receptors tyrosine kinases, Flt
(also designated as VEGF-R1), Flk-1 (also designated KDR
or VEGF-R2), and Flt-4 are involved in endothelial cell
growth (Meyer et al.,, 1999; Neufeld et al., 1999). Two
members of this receptor class, Flt and Flk-1, have been
shown to represent high affinity receptors for vascular endo-
thelial growth factor. At present, very little is known about
the molecular structure, distribution, and clustering of VEGF
receptors in endothelial cell plasma membrane. Moreover,
the VEGFR clustering-induced short-term and dynamic
cellular biophysical changes are not well understood.

We have used AFM tips conjugated with anti-Flk-1
antibody for semiquantitative measurements of binding (or
unbinding) forces between anti-Flk-1 antibody and VEGF-
R2 (Flk-1). Measurements were made both in vitro as well as
in live (in vivo) endothelial cells. Distribution and density of
VEGFRs were mapped in the cell plasma membrane using
the receptor-antibody interaction and force-volume mapping
technique. Antibody and ligand induced real-time clustering
and redistribution of VEGFRs. VEGFR clustering altered
cell local elastic properties significantly.

MATERIALS AND METHODS
Chemicals and reagents

Silane (3-aminopropylmethyldiethoxysilane) was purchased from Sigma-
Aldrich (St. Louis, MO). VEGF was purchased from PeproTech (Rocky
Hill, NJ). Flk-1 (a VEGFR?2), goat affinity-purified, site-directed, polyclonal
anti-Flk-1 antibody, and the blocking peptide (the peptide against which the
antibody was raised) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

Cell culture

Bovine aortic endothelial cells (KOM-1 cell line) were cultured on sterile
plastic petri dishes as described (Bhatia et al., 2000), in Dulbecco’s
modified Eagle’s medium containing glucose, 10 mM HEPES, 2 mM
glutamine, 100 units/ml penicillin, 100 mg/ml streptomycin, and 10% heat-
inactivated calf serum (Life Technologies, Rockville, MD) (Yauch et al.,
1997). Cells were grown in an incubator maintained at 37°C temperature
and 5% CO..

Immunofluorescence labeling

Donkey anti-rabbit-IgG conjugated with cy-3 was purchased from Jackson
Laboratory (Bar Harbor, ME). Cells grown on glass coverslips were fixed
with 4% paraformaldehyde for 10 min, and washed with PBS, and PBS
containing 3% bovine serum albumin and 1% donkey serum, to minimize
any nonspecific binding. Cells were then incubated with antibody against
Flk-1 (0.1 pg/ml) in PBS containing 3% BSA and 1% donkey serum for
1 h. After washing, the sample was incubated, for 1 h, with a cy-3
conjugated donkey anti-rabbit antibody (1:400 dilutions) under the same
condition as for the primary antibody. Immunofluorescence images were
captured with a Bio-Rad MRC 1024 laser confocal microscope (Bio-Rad
Laboratories, Hercules, CA) using a 60X Nikon Plan Apo oil-emersion
lens with 1.4 NA.
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Atomic force microscopy and preparation of
functionalized AFM tips

AFM images and force measurements were recorded with either a com-
mercial multimode AFM (Digital Instruments Nanoscope III, Veeco
Instruments, Santa Barbara, CA) or a bioscope AFM with an integrated
inverted light microscope (a prototype of Digital Instruments Bioscope)
using the NanoScope III software (Version 4.23R2; Digital Instruments) as
described (Quist et al., 2000).

Standard commercially available, 200-um long SizN, cantilevers, with
integrated tips (Digital Instruments) and a nominal spring constant, k, of
0.06 N/m were used. The approximate nominal spring constant value was
verified by measuring the spring constants on five cantilevers from the
same batch with the thermal fluctuation method (Hutter and Bechhoefer,
1993) in both air and fluid. Our measurements yielded similar results in
air as in a fluid. The measured value was k = 0.063 = 0.003 N/m, in-
cluding a 16% correction due to the calibration of the amplitude in static
mode. Due to systematic errors, we estimated the uncertainty to be at least
15-20%. The cantilever tips used in our study were conjugated with
antibody. The spring constant of silanated and antibody conjugated tips
were kK = 0.060 = 0.005 (n = 5). Such correspondence is consistent with
previous studies by Cleveland and the Hansma group (Cleveland and
Manne, 1993) which indicated that a small increase in the tip mass (as
would occur when the antibody is conjugated to the tip) does not change
the spring constant significantly. Moreover, whenever feasible, we used
the same conjugated tip for experiments involving internal control—for
example, in mapping interactions between antibody and receptor alone,
adding online inhibitor of their interactions (e.g., blocking peptide). Also,
although semiquantitative estimate of interaction forces are described,
the main emphasis is on the relative change as a function of specific
perturbations.

The cantilever tips were functionalized by silanization with 3-amino-
propylmethyl-diethoxysilane by vapor deposition or by immersion in
a solution of 2% silane in toluene. A drop of 2 ug/ml of anti-Flk-1 IgG was
then placed on the silanized tip for 10 min, to adsorb to the functionalized
tip. The antibody-conjugated tips were then washed thoroughly with PBS
and water to remove loosely attached antibodies. These tips were used
immediately, without being dried, for obtaining the interaction-force curves
and the force-volume maps.

Sample preparation and force measurements
In vitro force spectroscopy

The mica surface was silanized and imaged to ensure the uniformity of
the silane layer. Flk-1 receptor (10 ug/ml; 10-20 ul vol) was adsorbed
on the silanized mica for 10 min at room temperature. Unattached or
loosely attached receptors were removed by washing the mica surface
thoroughly with water. AFM was used to image the presence and the
distribution of Flk-1 receptors in fluid. Once a low concentration of
individual VEGF receptors were identified in an AFM image, the tip-
receptor interaction force curves were recorded after positioning the tip
over a receptor. A series of force curves were recorded in MilliQ water or
PBS, in vitro, between the anti-Flk-1-antibody conjugated to a function-
alized tip and the Flk-1 receptor adsorbed on mica to measure the specific
unbinding forces.

To determine the specificity of the antibody-VEGFR interaction, the
blocking peptide (the peptide against which the antibody was raised) was
then added online and successive force-curves were measured again after
10 min of incubation with the blocking peptide. As additional control
experiments, the force curves were also recorded: 1), with a nonspecific
antibody (Mouse IgG) conjugated to the functionalized tip in identical
experimental conditions; 2), between the nonfunctionalized tips and the
receptors; and 3), between the nonfunctionalized tips and the fresh
silanized mica.
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In vivo force-volume maps

The same technique used to measure the unbinding force in vitro was used to
measure the unbinding forces in vivo, i.e., between the anti-Flk-1 antibody
(conjugated to AFM tip) and the VEGF receptors present in the plasma
membrane of live, cultured endothelial cells. The force curves were recorded
in HEPES-buffered OPTI-MEM reduced serum medium (7.3 pH) in petri
dishes on cells 2-3 days after seeding (Bhatia et al., 2000). The usage of this
medium was necessary to maintain normal cell morphology and viability
(Bhatia et al., 2000). The force mapping between isolated VEGFR and its
antibody was conducted in a more defined operating environment—water or
PBS. No significant difference in the interaction force between single
receptor and antibody was observed in vitro. As the main focus of the whole
study is to examine real-time receptor clustering in the cell plasma
membrane and this required relative change in overall force field and not
the actual single receptor-antibody/ligand adhesion/de-adhesion force, the
imaging medium is presumed to play very little (if any) role in our analysis.

Force-volume data were collected by the force-volume map technique as
described previously (Quist et al., 2000; Rhee et al., 1998). It allows force
curves to be acquired as a function of the lateral position on the specimen
surface. One complete force curve was recorded at each position while the
AFM tip was raster scanned across the surface of the sample in 64 X 64
measuring points. The force curves were collected with a z-deflection rate of
15-20 nm (ms)~' and with a maximum cantilever deflection (relative
trigger). The total recording time for a complete image was typically 7-8
min. The relative trigger point was typically set to 20 or 40 nm (1.2 or 2.4
nN). A topographic image (64 X 64 pixels) was stored simultaneously in the
force-volume map.

The specificity of the antibody-VEGFR interaction in the cell plasma
membrane was determined as described above for in vitro study: the
blocking peptide was added online and successive force maps were collected
at 10-min intervals. As additional control experiments, the same cell was
imaged before the addition of VEGF or antibody, with either a regular Si;Ny,
or a tip functionalized with a nonspecific antibody (Mouse IgG). Real-time
receptor clustering was imaged by collecting successive force-volume maps
with an anti-Flk-1-antibody-functionalized tip, after the addition of VEGF or
anti-Flk-1-antibody in the imaging medium, respectively. All AFM imaging
was performed at 25-27°C room temperature and the data were analyzed, as
described below, with the previously described protocols developed in our
lab.

AFM data analysis

A complete AFM force curve (force-displacement curve) is a plot of the
measured forces, on the AFM cantilever probe, as function of the z-piezo-
displacement, z, for a complete cycle of the AFM probe approaching and
retracting the sample. The measured force is F = k8, where £ is the cantilever
spring constant and & is the cantilever deflection. Force curves were
analyzed to investigate: 1), force-induced dissociation of the single
molecular bonds; 2), the total de-adhesion between antigen-antibody
complexes by evaluating qualitative differences in dissipated energy; and
3), the sample elasticity. The AFM force-volume data was imported and
analyzed offline with tools developed within the IGOR Pro 4.00 (Wave-
metrics, Lake Oswego, OR) data analysis software.

When the antibody-conjugated tip is brought into contact (the approach
phase) with the cell surface receptors, the antibody and its specific receptors
bind with attractive forces. Upon tip retraction, the antibody-receptor bonds
(adhesion) keep them in contact to a certain retract distance (the hysteresis
phase). The antibody-receptor bond breaks then and the measured de-
adhesion force is equivalent to the antibody-receptor unbinding force.
However, the retrace phase of the force curve may contain multiple
quantized staircase steps (multiple bond-breaking points), each representing
specific molecular interactions or unbinding events. Several different
methods were used to evaluate the unbinding forces. The retract force
curves were evaluated to find all individual force de-adhesion steps. The first
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and second derivatives of a curve were used to find all local force minima
and maxima and calculate the unbinding forces. To minimize effects from
noise, a step was only counted when the second derivative and the step
height were above the manually specified threshold values. This automatic
evaluation of the unbinding forces from these force curves is nontrivial since
the measured rupture forces are small and are the result of multiple
unbinding, sequential breaking, and possibly nonspecific molecular inter-
actions, molecular stretching, etc. Sequential unbinding events without any
specific effect is recognized in the force curves as the unbinding force drops
to zero in between the different ruptures. In the case of multiple specific
bindings, for example from the different binding sites of the antibody,
parallel breakage, as multiples of the single specific bonds, would be
detected. The analysis is complicated if the detected broken interactions arise
from a number of different interacting molecules or variable strength of
bonds. Then the weakest bonds will break first and the measured forces will
not necessarily reflect the unbinding strength. However, at the last unbinding
(de-adhesion) step, the measured unbinding force is still accurate and hence
eventual single unbinding events can be detected. Therefore, the last step
representing the final break point during hysteresis phase of the tip retraction
was used to estimate the single-molecule unbinding force (Gad et al., 1997,
Benoit et al., 2000).

The last de-adhesion (unbinding) force steps of the antibody-receptor
interaction force curves were compiled into histograms or used to plot
spatially resolved unbinding force images. Still, it was shown that
histograms of all the force steps yielded similar qualitative result as when
measuring only the last step. The grouping interval in the histograms was set
identical to the sampling interval in the digitally stored AFM force curve
data, typically a few picoNewtons. The sampling bin was smaller than the
nominal AFM force resolution of 10—15 pN (Cappella and Dietler, 1999).
Altogether, since unbinding is a stochastic process in nature, a specific
unbinding event should show up as a peak of several bins in the histogram.
Since the absolute value of the measured unbinding force depends on the
z-position scan rate, we used similar scan rates in all experiments.

The force-volume measurements were also used to visualize spatially
resolved maps of the total de-adhesion between antigen-antibody com-
plexes. Generally, such maps, for each data point, show the maximum
adhesion force or an area in the force curve plot. Dissipative forces give
hysteresis between the trace and retrace force curves; the hysteresis
corresponds to the amount of dissipated energy. The relative dissipated
energy can be calculated as the area between the trace and retrace force
curves (Stark et al., 2001; Marti et al., 1995; Berry et al., 2001). Maps
of relative dissipated energy discussed in this article are evaluated by
a trapezoidal integration of the area enclosed by the force curves in force-
displacement coordinates. As the force curves could contain hydrodynamic
drag component, the force values were first subjected to a minor correction
before the integration.

Modeling sample elasticity

Sneddon mechanics (Sneddon, 1965) was used to evaluate sample elasticity
from the force-volume measurements. Calculations were made for both
a spherical indenter and a conical indenter. We used the latter in this study
since the so-called Sneddon exponent (VanLandingham et al., 1997)
generally indicated a more conical than spherical indentation geometry. In
the case of a conical indenter, the piezo position, z, versus cantilever
deflection can be expressed as

k(1 —v)
2F cot

Z_Z():d_do"l_ d_do (1)

Here v is the Poisson’s ratio, « is the semivertical angle of the indenter, i.e.,
7r/2 minus half the opening angle (70°) of the cone, and z, d,) are the contact
point and the free deflection value, respectively. We assume v = 0.5 and use
k = 0.06 N/m for the calculations in this article. A nonlinear, two-parameter,
numerical curve fit was used to fit the model to the force distance data in
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a previously used iterative procedure (Almqvist et al., 2001). The contact
point was estimated as the intersection between the extrapolated line-fit of
the zero-force part of the curve and the curve-fit of the contact part of the
curve. Therefore, precautions were taken for any linear change of the force
curve in the noncontact region and the dy-value was corrected accordingly.
We also reduced the influence of substrate effects due to thinning of the cell.
At a certain indentation of the sample, the AFM tip senses the underlying
substrate and the force curve is significantly influenced with a steeper slope.
For this reason, our automatic task of extracting the Young’s (elastic)
modulus E makes a curve fit to the model between d, and the point where the
slope of the force curve is 90% of the ‘‘hard surface slope”” measured on the
substrate. In addition, we also used manual inspection of the force curves
and of the surface heights.

RESULTS AND DISCUSSION
Unbinding forces

We first examined the specific molecular interaction force
between the isolated receptor Flk-1 (VEGF-R2) adsorbed on
a silanized mica surface and the antibody (anti-Flk-1 IgG)
conjugated to the AFM tip. The functionalized AFM tip was
positioned above an individual receptor and a number of
force curves (10-50) were measured over a series of ex-
periments to qualitatively measure the unbinding force be-
tween receptor-antibody pairs. The upper force curve in Fig.
1 A reveals large unbinding steps (arrows) between the
antibody-conjugated tip and the VEGFR adsorbed on to
a mica substrate. The lower curve is a more typical curve for
the interaction between receptor and antibody. Fig. 1 B
shows a histogram of the correspondent manually measured
unbinding forces.

The specificity of the antibody-receptor interaction was
determined by complementary sets of control experiments.
The unbinding force (Fig. 1 A) was abolished, i.e., the
hysteresis in the force curve was eliminated when the
blocking peptide (the peptide against which the antibody was
raised) was added online (Fig. 1 C). Preliminary data suggest
that, by sequential competitive binding, the blocking peptide
could reveal multiple receptor-antibody bindings and, as
such, could be used to find single binding events even when
there are complex interactions. Also, no appreciable un-
binding force was observed between the Flk-1 receptors and
the regular, non-antibody-conjugated silicon nitride tips
(data not shown). Similarly, no hysteresis in the force curve
was observed when imaging a freshly cleaved mica surface
with non-antibody-conjugated silicon nitride tips under iden-
tical fluid conditions.

Generally the unbinding forces varied between 60 and 240
picoNewtons (pN). However, manual inspection yielded
frequent occurrence of unbinding forces 60—100 pN, and
possibly multiples thereof. For example, unbinding forces of
240 pN could correspond to simultaneous breaking of four
60-pN interactions. The absolute value of the unbinding
force is semiquantitative, at best. However, it is apparent that
the technique and our approach are sufficient to determine
specific receptor-antibody interactions. As described in
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Materials and Methods, force measurement errors are at-
tributed to the following: 1), a lack of precise determination
of the spring constant of the antibody-conjugated AFM tip;
2), a rather large z-position scan rate (overestimated force);
3), neglecting eventual geometric effects of the finite-sized
tip radius; and 4), surface forces due to the eventual presence
of an electrical double layer.

Previous studies have reported unbinding forces, from in
vitro study, of 60 = 10 pN for biotin/antibiotin (Dammer
etal., 1996), 49 = 10 pN for ferritin/antiferritin, and 40 = 4
pN for fluorescein/antifluorescein (Ros et al., 1998) single
antigen-antibody interaction, and higher multiples for mul-
tiple interactions. Our semiquantitative result of a VEGFR-
antibody unbinding force of 60 = 10 pN is consistent with
these studies.

The binding/unbinding forces measured in our study are
specific to antibody-receptor interactions and not due to un-
specific binding processes. An important control for this is the
absence of binding events, presumably due to the blocking of
the binding sites when the blocking peptide was added in the
imaging medium and/or due to a decrease in the total number
of binding events when an excess amount of antibody was
added in the medium. Moreover, no measurable binding force
was observed between the VEGF receptor (Flk-1) adsorbed
on mica and a nonspecific antibody mouse IgG onto the tip
(unpublished data).

The same technique, as used to measure the unbinding
force in vitro (between the isolated VEGF receptor adsorbed
on the mica surface and the anti-Flk-1 antibody conjugated
to the AFM tip), was used to measure the unbinding forces in
vivo, i.e., between the anti-Flk-1-antibody (conjugated to
AFM tip) and the VEGF receptors present in the plasma
membrane of live cultured endothelial cells. In the in vivo
condition, multiple unbinding forces were observed in most
of the force curves at each receptor surface (Fig. 1 E), in
contrast to predominantly single unbinding steps observed
between isolated receptors adsorbed onto mica and the
antibody-conjugated tip. In the presence of the blocking
peptide (which was added online after the force-curves
between the antibody and VEGFRs had been acquired), the
interaction between the antibody and VEGF receptor was
inhibited, and basically no hysteresis was observed in the
force curves (Fig. 1 F), i.e., the unbinding force was elim-
inated. The force curves in Fig. 1 E indicates a larger adhe-
sion force versus no adhesion force in the presence of the
blocking peptide (see also Fig. 1 F).

The binding force measured between the receptors in the
cell plasma membrane and the antibody (anti-flk1) anchored
to the AFM tip show correspondence to the in vitro experi-
ment. However, on addition of excess anti-Flk-1-antibody in
the imaging medium, there was a significant decrease in the
total number of binding events but not a complete inhibition.
This could be due to the complexity of physicochemical
factors and cellular processes involved in the case of recep-
tors present in the cell surface.
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FIGURE 1 Adhesion  (unbinding/
binding) forces between VEGF recep-
tor and its antibody. (A) Adhesion force
between isolated VEGF receptor (flk-1)
adsorbed on the mica substrate and
AFM tip conjugated with an antibody
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curve, respectively. The retract curve
reveals large multiple de-adhesion steps
(arrows) and specific interaction be-
tween the antibody (anti-Flk-1) on the
tip and the receptors on mica surface.
The last unbinding step (green arrow)
is attributed to unbinding of a single
receptor-antibody pair. The lower blue
curve (with deflection scale to the right)
shows a more typical interaction. The
expected single pair unbinding is ~100
pN and might correspond to single/
double binding. (B) Probability histo-
gram of manually measured unbinding
forces from force curves measured as in
A. (C) Control; competitive inhibition.
The force curve in A between the
antibody on the tip and the receptors
on mica surface is abolished by online
addition of the blocking peptide against
which the antibody was made. (D)
AFM tapping mode amplitude image
of the VEGF receptors sparsely distrib-

1100 pN
100 nm

uted on a silanized mica surface. (£) Adhesion force between VEGF receptor (flk-1) on endothelial cell and AFM tip conjugated with an antibody (anti-flk-1).
(F) Force curves on the cell after adding the blocking peptide. The force curves in E indicates larger adhesion force versus no adhesion force in the presence of

the blocking peptide (F).

The interaction-force histograms obtained using the tip
without any antibody and the tip with a nonspecific antibody
were similar, suggesting that these tips interact nonspecif-
ically with the cell surface. Various glycoproteins, sugar
molecules, adhesion molecules, and other macromolecules
present in the cell plasma membrane could contribute to such
nonspecific adhesions.

The multiple unbinding steps present in the force
measurement curve, when using anti-Flk-1-antibody-conju-
gated tips, could be due to the presence of two Fab fragments
of the antibody. Two Fab fragments could bind to a single
receptor producing two separate unbinding (de-adhesion)
steps on retraction, or two Fab fragments could bind in-
dependently depending on a number of factors like the
distribution of receptors on the cell surface and the orien-
tation of the antibody. Moreover, since the cell surface is
soft, the contact area between the AFM tip and the cell
surface will be large, which further favors the occurrence of
multiple molecular bonds and large adhesion. The likelihood
of single molecular interactions should be significantly
higher in the in vitro experiments, since the density and the
distribution of the interacting molecules (VEGFRs, in this
case) can be optimized.

Redistribution and clustering of plasma
membrane receptors

With standard contact mode AFM imaging, the endothelial
cells could be imaged without any imaging-induced
structural artifacts for an extended period of time as
described previously (Bhatia et al., 2000). Fig. 2, A and B,
shows examples of real-time AFM imaging of endothelial
cells. Online addition of 25 nM VEGF, an important
angiogenic factor in human and animal tissues, induced
cytoskeletal reorganization and cellular growth. However, as
expected, within a short period (2 h) of imaging, the cell
growth/reorganization was very small, and was normally not
observable under light microscopy. AFM images show
a clear difference in the image contrast reflective of differing
viscoelasticity; cells after VEGF incubation show fewer
cytoskeletal details (Fig. 2 B, top cell) and a changing cell
boundary. Previous studies have reported considerably
pronounced cell growth after a longer duration (8—10 h or
longer) of VEGF incubation. In the present study, the cell
elastic property changed considerably (see below) and the
endothelial cells became softer after the addition of VEGF or
anti-VEGFR-antibody in the imaging medium. A qualitative
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change in the cell softness is reflected as a loss of
ultrastructural details (Fig. 2, A-B).

The presence of VEGF receptors in the endothelial cell
plasma membrane is evident from immunofluorescence
labeling of these receptors with anti-Flk-1-antibody and
fluorescently labeled with cy3 conjugated secondary antibody
(Fig. 2, C and D). Fig. 2, C and D, show single slices in
confocal images of immunofluorescence labeling and show
alack of label above the cell nucleus. However, the integrated
confocal image of whole-cell immunolabeling indicates that
VEGF receptors are distributed throughout the cell surface but
at a slightly higher density along the cell periphery (data not
shown). The punctuated immunolabeling pattern with ahigher
density along the cellular periphery (Fig. 2, C and D) is
consistent with the presence of punctuate regions of different
elasticity measured in our study, as discussed later.

Receptor clustering and distribution were examined using
force-volume mapping as described earlier and not by the
method used for the force measurements shown in Fig. 1.
The force maps were first recorded with a regular Si;Ny tip
(which serves as a control), then with a tip conjugated with
anti-Flk-1 antibody, and then again after the excess antibody
was added in the solution. Fig. 3, A—C, shows the result with
the conjugated tip before addition of the antibodies. The
unbinding forces in the in vivo whole-cell experiments
varied between 30 and 400 pN. There was a more complex
set of unbinding forces than in the in vitro experiments.
Significantly, there were multiple interactions between in-
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FIGURE 2 AFM images of endothelial
cells showing VEGF induced cytoskeletal
reorganization, (A) before adding VEGF
and (B) 2 h after adding VEGF (25 nM).
Cytoskeletal reorganization as well as
a change in the elasticity is observed. Cell
softness is reflected in a loss of fine
ultrastructural details. (C—D) Immunoflu-
orescence labeling of Flk-1 receptors in
the plasma membrane. Endothelial cells
show immunolabeling with a polyclonal
anti-Flk-1 antibody followed by cy-3
conjugated secondary antibody. D shows
a zoomed image of a portion of C.
Receptors are distributed throughout the
cell surface with a higher density along the
cell periphery. (£) Endothelial cells show
no immunolabeling with a nonspecific
antibody followed by cy-3 conjugated
secondary antibody.

dividual receptors with the antibody present on the tip and
the receptors on the cell surface (Fig. 3 B). The final force
step, after which the receptor and antibody completely
separated, was analyzed to estimate the single antibody-
receptor unbinding forces. Fig. 3 C shows one example of
the data compiled in such histogram. Typically, >3000 steps
were used for the plot. The histogram of the last unbinding
forces, shown in Fig. 3 C, has the predominant unbinding
force ~60-70 pN. This is similar to the unbinding force
observed in vitro. Maps of the spatial distribution of the last
unbinding force between the antibody functionalized AFM
tip and the cell membrane did not reveal any characteristic
features in distribution of plasma membrane receptors. This
is consistent with the uniformly distributed receptors found
with immunofluorescence labeling (Fig. 2). The distribution
of unbinding forces (data not shown), when the tip conjug-
ated with the nonspecific antibody (another control) was
used on the same cell, did not reveal this unbinding force.
Hence, the result from the in vivo experiments semi-
quantitatively agrees with the characteristic unbinding force
measured between the antibody-functionalized AFM tip and
the isolated VEGF receptors in vitro. The correspondence
between unbinding forces measured in vitro and in vivo,
suggests that the force-volume map can be used to map the
heterogeneous distribution of cell surface macromolecules
(channels and receptors) using functionalized AFM tips.
The interaction force was further measured in the presence
of excess antibody in the imaging media. The evaluation of
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these data revealed the appearance of micrometer-sized spots
(clusters) on the cell surface in the excess antibody media.
Representative force-volume images from the Nanoscope
software are shown in Fig. 3, A, D, and G. These images, in
each point, show the tip-sample force at a specified z-piezo
position. There was continuous reorganization of these
clusters and the cluster size increased with time as evident in
the force maps (Fig. 3, A, D, and G), the maps of dissipated
energy (not shown), and in the elasticity maps (Fig. 4 in the
next subsection). Maximum clustering was observed 45 min
after online addition of antibody, and a few of these clusters
are marked with circles and numbered 14 in Fig. 3 G. The
clusters appeared to be concentrating more toward the
cellular boundaries, consistent with the mitogenic activity
of VEGFR and the cell growth pattern. Similar clustering
of VEGFRs was also observed after adding VEGF online,
although the VEGF-induced clustering was less pronounced
(data not shown).

As before, the individual unbinding forces between the
antibody and VEGFRs were analyzed from the single force
curves within a force map (Fig. 3, B, E, and H). The
unbinding mostly occurred in several steps for both the
sequential-type unbindings and the more complex multiple
unbindings. For example, in the force curves of the force
map shown in Fig. 3 A, 43% of the force curves have two or
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FIGURE 3 Force maps on endothe-
lial cells in real-time. (A-C) Specific
interaction probed with a SizNy tip
functionalized with anti-Flk-1. (A)
Force map. (B) Force curves taken at
various points on the cell from the map
shown in A. The curves are offset with
respect to zero force. (C) Probability
histogram of the unbinding forces of the
force curves from the force map in A.
The histogram is fitted with a Gaussian
and the corresponding maxima and o is
indicated in the figure. The dominant
unbinding force ~60-70 pN suggests
breakage of single receptor-antibody
bonds. (D-F) Competitive inhibition
probed with the anti-Flk-1 functional-
ized SizN, tip, 10 min after adding
antibody in the recording medium. The
panels correspond to A—C. The charac-
teristic unbinding force is suppressed

0.03 and the measured forces are shifted

toward higher values. (G-I) Corre-
sponds to A—C, but at 45 min after
adding antibody in the recording me-
dium. The micrometer-sized brighter
spots in G are identified as receptor
clusters. A few of the clusters are
marked by numbers 1-4.

110 £ 57 pN

a 50 100 150 200 250 300
Unbinding force (pN)

more unbinding points and 66% of these curves had in-
creasing unbinding steps outwards from the surface.

In the presence of excess antibody, the number of
measured characteristic antibody-receptor unbinding events
(at 60—70 pN) were reduced (compare Fig. 3 C with F and I),
possibly due to competing inhibition of interactions of the
AFM tip-attached antibody and the plasma membrane
receptors. Hence, we could not identify the spatial dis-
tribution of clusters simply from maps of the final unbind-
ing step. However, the unbinding forces did not disappear
(Fig. 3, E and H). Instead, as seen in Fig. 3 F, additional
unbinding forces appear at a higher magnitude (170-190 pN)
and the force distribution widens out in time (Fig. 3 1).
This could be due to the complexity of other factors and
cellular processes not expected in the in vitro study. Even in
the histogram for the force curves obtained when a regular
SizNy tip (without any antibody and serving as a control)
was used on the same cell, some adhesion between the tip
and the cell surface was observed (data not shown). How-
ever, the magnitude of the unbinding forces was then more
uniformly distributed in the range of 30-95 pN. The images
of calculated total de-adhesion (maps not shown), i.e., the
dissipated energy calculated as the area between the trace and
retrace force curves, reveal the same qualitative features as
the force-volume images. Large total interactions (unbind-
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ing) were detected on cluster-like regions, whereas these
large de-adhesions were not detected at noncluster regions.

The nature of the experimental paradigm suggests that the
excess of the antibody in the imaging medium should
compete with the antibody conjugated to the AFM tip for the
same binding sites on the VEGFRs. Such condition should
give rise to reduced adhesion forces, although individual
antibody-receptor binding would still be present. Consistent
with such possibility, the clusters diminished significantly 60
min after the addition of IgG as was seen in the maps of
dissipated energy (and is further demonstrated in the next
subsection).

The clustering and activation of growth factor receptors
in general has been reported to precede the formation of
receptor dimmers and the subsequent receptor autotyrosin
phosphorylation (Jefford and Dubreuil, 2000). Such receptor
clusterings could be mediated by appropriate ligands (the
ligand-induced clustering) (Kirsch and Betz, 1998) as well as
by antibodies (Yauch et al., 1997; Gao et al., 2000). In our
study, ligand-induced clustering (after online addition of
VEGF) was less pronounced. This is consistent with the
results from several other studies and suggests that VEGF
binding to endothelial cell receptors induces receptor
dimerization, i.e., for each VEGF, two receptors will be
clustered. On the other hand, each antibody could bind to
several receptors and hence the receptor size would be
considerably larger and the clustering would be faster as
well. This results in subsequent binding and phosphorylation
of the downstream mediators, and also leads to increased
cellular calcium (Meyer et al., 1999) and the reorganization
of the actin and microtubule cytoskeleton necessary for the
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FIGURE 4 Elasticity maps of the evaluated Young’s
modulus on endothelial cells in real-time, showing
clustering of VEGF receptors on the cell surface. The
images are color-coded according to the color bar, from
0 kPa (dark) to 200 kPa (bright yellow). The images show
the elasticity at different time points after adding anti-flk-1
antibody in the imaging solution: (A) 10 min after addition;
(B) 25 min after addition; (C) 45 min after addition; and
(D) 56 min after addition. A few regions with lower
elasticity are marked with numbers 1—4 in C. These are the
same regions showing receptor clusters in Fig. 3 G
(marked as 1-4). The regions underlying the receptor
clusters appeared as less stiff.

cell growth and migration. During such reorganization, the
cellular elastic properties would change as well. We ex-
amined such changes in real-time and simultaneously, as dis-
cussed in the next subsection.

Elasticity maps and underlying
cytoskeletal elements

The elasticity maps obtained at different times after online
addition of anti-Flk-1-antibody are shown in Fig. 4. Initially,
the number and total area of low elasticity spots, i.e., clusters,
increased and after 45 min almost 20% of the total cell
surface was composed of clusters. The difference in elasticity
between the individual clusters and the surrounding
cytoskeleton significantly increased during the first 25 min
after the addition of anti-VEGFR-antibody in the imaging
medium (Fig. 4 B). The elasticity maps derived from the
force-maps showed significant changes in the local elasticity.
Interestingly, the regions underlying the receptor clusters
appeared less stiff (compare Fig. 3 G with Fig. 4 C, positions
1-4). The Young’s modulus changes were unexpectedly
large. The modulus was between 50 and 120 kPa on the outer
cell regions and at the leading edge, and ~3—6 kPa around
the nucleus and under the receptor clusters.

The decreased elasticity on the clusters causes the AFM
tip to indent the surface and form a large set of bonds,
increasing the total adhesion upon removal. However, it is
difficult to directly correlate the binding force and the change
in the elasticity. The elasticity distribution depends on the
interaction between the receptors and the cytoskeletal
filaments beneath the cellular surface. The localized re-
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duction in cell stiffness is consistent with a signal trans-
duction mechanism wherein a localized clustering of VEGF
receptors would induce reorganization of the underlying
cytoskeletal network (as required for the cellular growth
and migration). In addition, the VEGF-induced elevation of
cellular calcium (Meyer et al., 1999) will also alter cell
elasticity (Quist et al., 2000). Significantly, the change in
stiffness was observed within minutes of real-time receptor
clustering and was reciprocal to the cluster size, i.e.,
reciprocal to the receptor density. Thus increased clustering
resulted in decreased stiffness. Such real-time mapping of
the receptor clustering and of the resultant rapid changes in
the cellular biophysical properties is unique to the technique
described in this study.

Previous studies have used a longer duration, usually 8—10
h, of ligand- or antibody-induced receptor clustering, to exam-
ine changes in the resulting cellular biophysical properties.
Such a paradigm suggests that the receptor-clustering in-
duced signal transduction process underlying cellular growth
and migration is relatively slow. Alternately, this could reflect
a lack of high temporal and spatial resolution techniques for
simultaneously mapping receptor clustering as well as the
resultant change in the cellular biophysical properties. More-
over, the change in the elastic properties was transient in our
study, suggesting a wavelike change in the local cytoskeletal
network as the cell undergoes progressive growth and
development.

Implications of results

The VEGEF receptor clustering, illustrated in this work, is an
example of the dynamic receptor clustering process that
mediates various physiological cellular activities. For ex-
ample, clustering of neurotransmitter receptors at presynaptic
regions provides the anatomical basis for receiving an array
of synaptic inputs necessary for information processing in
the vertebrate brain (Antonova et al., 2001; Horio et al.,
1997; Sugiyama et al., 1997; Kirsch and Betz, 1998).
Receptor clustering is required for polarized assembly of
ankyrins (Jefford and Dubreuil, 2000). Receptor clustering
and cytoskeletal association is required for receptor-mediated
adhesion to extracellular matrix and for the differential clus-
tering of CD4, and T-cell receptors are required for ligand
recognition (Krummel et al., 2000), etc. Measurements of
such real-time receptor clustering and of the resultant rapid
and order-of-magnitude changes in cellular elastic properties
have not been reported previously. The technique described
in this study is uniquely suited for such investigations, i.e., to
map the distribution and clustering of various biological
macromolecules on the cell surface as well as their resulting
effects on cellular physical properties.

The remarkably large decreases in local cell stiffness
induced by the clustering of VEGF receptors provide
a mechanism for cell growth. The rapidity with which these
effects can be induced by the appropriate stimuli could have
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interesting implications, such as enhancing the prospects for
rapid angiogenesis and accelerated vascularization, which in
turn could help in the recovery of injured vascular tissue
(Gill et al., 2001).
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