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Abstract—Cells dynamically interact with their physical
micro-environment through the assembly of nascent focal
contacts and focal adhesions. The dynamics and mechanics of
these contact points are controlled by transmembrane inte-
grins and an array of intracellular adaptor proteins. In order
to study the mechanics and dynamics of focal adhesion
assembly, we have developed a technique for the timed
induction of a nascent focal adhesion. Bovine aortic endo-
thelial cells were approached at the apical surface by a
nanoelectrode whose position was controlled with a resolu-
tion of 10 s of nanometers using changes in electrode current
to monitor distance from the cell surface. Since this probe was
functionalized with fibronectin, a focal contact formed at the
contact location. Nascent focal adhesion assembly was
confirmed using time-lapse confocal fluorescent images of
red fluorescent protein—tagged talin, an adapter protein that
binds to activated integrins. Binding to the cell was verified by
noting a lack of change of electrode current upon retraction of
the electrode. This study demonstrates that functionalized
nanoelectrodes can enable precisely-timed induction and 3-D
mechanical manipulation of focal adhesions and the assay of
the detailed molecular kinetics of their assembly.

Keywords—Mechanotransduction, Focal adhesion, Scanning

ion conductance microscopy, Talin.

INTRODUCTION

There exist many force spectroscopy techniques that
can be used to characterize and manipulate single cells.
These include atomic force microscopy (AFM),6,21,48

optical tweezers,11,31,50,58 magnetic tweezers,12,27,45,56

biomembrane force probes,22 and micro-needle
manipulation.16 Each of these methods is well suited to
a particular force magnitude and positional accuracy
and, collectively, they have contributed immensely to

our understanding of how cells sense force and how
they exert forces on their surroundings. Such data has
led to a detailed delineation of the mechanisms cells
use to organize their environment, an organization
which leads to physiological phenomena including
bone remodeling, blood vessel caliber control, and
embryonic development44 and pathophysiological
phenomena such as cancer, atherosclerosis, hyperten-
sion, and arthritis.19 Although force spectroscopy has
become ubiquitous because of its potential to uncover
details of mechanobiology, there remain some needed
functionalities. First, it would be advantageous to
define the precise timing of the transition between non-
contact and contact of the force probe with the cell so
that molecular assembly kinetics resulting from initial
contact could be measured. Second, the probe site
should be on the order of the typical size of a focal
adhesion, which is a micron or less. Third, the system
should be able to apply prescribed deformations to
cells at a prescribed location in order to test the
hypothesis that mechanically-induced changes in cells
are spatially heterogeneous. The technique to accom-
plish these design goals must be compatible with
multiple microscopy imaging techniques and be able to
be implemented in an environmentally controlled cel-
lular sample chamber, in order to maintain cells under
physiological conditions. One imaging modality that
can delineate cell surface topography at the nanometer
level is scanning ion conductance microscopy
(SICM).28 In this method an electrode is brought close
to a sample, and scanned laterally. During this scan-
ning, the electrode current is read continuously and the
pipette position is controlled in a feedback manner to
maintain constant electrode distance from the sample.
Motions necessary to maintain ion current are con-
verted to sample topography. The lateral spatial reso-
lution of this method is limited primarily by the size of
the pipette tip, which can be as small as 10 nm, and the
axial resolution (distance from cell) can be as small as
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10 s of nm subject only to the ability to measure small
current flow through the electrode. Thus, SICM pro-
vides a means to have nanometer-scale topographical
information in a non-contact mode.34 Use of a non-
contact mode has a particular advantage since cellular
topography can be imaged over many hours without
damaging the cells and without inducing changes in the
cell that might be related to contact and force appli-
cation.25

To date there are no reports on the use of SICM
with functionalized electrodes. Such an innovation
could assist in assessing the role of adhesion events in a
number of contexts. In addition, taking advantage of
SICM’s ability to detect distance from current means
that contact timing and location can be quantified and
prescribed. This method would enable experiments
that seek to test the role of contact and deformation on
the kinetics of reactions on the surface and inside cells.
In this study we have developed such a tool. By func-
tionalizing a SICM nanoprobe with fibronectin and
mounting the system on a high speed confocal micro-
scope we show that we can induce nascent focal
adhesion formation on the apical surface of a cell with
precise timing and position. Furthermore, by trans-
fecting the cell with fluorescent focal adhesion pro-
teins, we show that the dynamics of protein
recruitment can be assessed from the moment of con-
tact onward. Such information will allow us in future
studies, to determine the precise kinetic parameters
related to molecular transport to focal adhesions.
Furthermore, we show that prescribed deformations
can be applied to the cells. Such deformations should
yield insight into long-range coupling of cellular con-
stituents as well as provide the capability to assess the
role of deformation in the kinetics of focal adhesion
assembly.

MATERIALS AND METHODS

Experimental Setup

A schematic representation of the experimental setup
is shown in theFig. 1 (top).Bovine aortic endothelial cells
(BAECs) were cultured and plated on a temperature-
controlled chamber (Bioptechs, Butler, PA, USA) and
placed on a piezoelectric stage with resolution of 0.2 nm
and 100 lm range of motion (NanoView & NanoDrive,
MadCity Labs,Madison,WI, USA), which was, in turn,
mounted on a joystick-controlled xy stage with 20 nm
resolution and 25 mm range of motion (Mad City Labs
Inc., Madison, WI, USA). Both stages were controlled
with dedicated LabVIEW-based software programs. The
piezoelectric stagewas also controlled byVoxcell imaging
software (Visitech International, Sunderland, UK).

An inverted Olympus IX71 microscope with a 100 W
halogen light provided brightfield illumination for phase
contrast which was used for initial positioning of the

FIGURE 1. Top: Experimental setup. Middle: Probe Devel-
opment. (a) Electron micrograph of tip and probe at 69,0003
magnification displays an inner radius of 252 nm. (b) Phase
contrast images of probe. (c) Fluorescence Microscopy image
of functionalized probe. Fibronectin labeled with Alexa-Fluor
568 allows visualization of functionalized probe. Bottom:
Probe voltage and cell positioning sequence. Time sequences
of piezoelectric stage in z-direction movement (green line) and
applied voltage by the probe (blue line), x-axis = time. t1:
approach phase: the stage moved the cell closer to the probe
while the nanoelectrode applied a constant voltage. t2: reac-
tion phase: once in contact, the stage was not moved,
allowing the functionalized probe to react with the cell. Volt-
age was (dashed blue line) or was not (solid blue line) applied
during this phase. t3: retraction phase: the stage was moved
such that the probe-cell distance increased. During this
phase, the nanoelectrode applied a constant voltage.
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probe. Imagingwas donewith anoil-immersion objective
(PlanAPON60X/1.45NA, TIRFM-2,WD0.15 mm).A
multibeam laser confocal scanner (VT-Infinity3; Visitech
International, Sunderland, UK) was used to visualize the
real-time changes of fluorescence in cells. A high-perfor-
mance electronmultiplying cooled charge-coupleddevice
(EMCCD) digital imaging camera (Sensicam-EM;
Cooke Corporation, Romulus, MI, USA) performed
image capture.

The nanoelectrode probe was mounted on a com-
puter-controlled micromanipulator (MP-285; Sutter
Instruments, Novato, CA, USA). A patch clamp
amplifier (Model 2400, A-M Systems, Inc., Carlsborg,
WA, USA) with a 20 MX probe were used to monitor
current changes through the nanoelectrode and to
apply computer-controlled external voltages to it. A
LabVIEW-based software program that received data
from a data acquisition board (NI PCI 6229, National
Instruments, Austin, TX, USA) was used to analyze
amplifier signals. Combined, this system enabled feed-
back positional control of the nanoelectrode through
micro-manipulation, piezoelectric stage positioning,
ion conductance monitoring, and data acquisition.

Probe Development

The probe was prepared from fire-polished, thin-
wall borosilicate glass capillaries (O.D. 1.0 mm, I.D.
0.78 mm, Sutter instrument, Novato, CA, USA) with
an internal electrode filament (Fig. 1 middle). The
capillary was pulled with a PUL-1 micropipette puller
(World Precision Instruments, Florida, USA) so that
the pipette had a shank as short as possible in order for
it to resist deflection during nano-manipulation, while
maintaining a small tip size (Fig. 1 middle). Finite
element analysis of tip deformation showed that the
lateral spring constant was about 100 nN/nm (data not
shown). Taper length was found to correlate inversely
with probe diameter, meaning the longer the taper
length, the smaller the probe diameter (data not
shown). The probes were fabricated such that tip inner
radii were approximately 250 nm for a ‘‘small’’ (Fig. 1
middle), 500 nm for a ‘‘medium’’, and 1 lm for a
‘‘large’’ sized probe, as verified by electron microscopy.
The electrode resistance was <50 MX.

Probe Set-up

In order to minimize interference with the optical
light path of the microscope, the capillary was bent by
approximately 45� using the heated filament of the
PUL-1 puller thereby decreasing obstruction of phase
contrast microscopy. The tip was filled by capillary
action along the inner filament of the glass pipette.

The back of the probe was first immersed into CO2-
independent media and allowed to passively back fill
for approximately 1 min. The remaining tapered re-
gion was back filled using a 34 gauge MicroFil (World
precision instruments, Inc. Sarasota, FL, USA). Two
electrode holders were tested, the QSW-A10P (Warner
Instruments, Hamden, CT, USA) which uses a Ag
wire, and the KCl bridge electrode holder (model ALA
PPH-KCL-BNC, ALA Scientific Instruments, Inc.,
Westbury, NY, USA).54 The latter was used for the
functionalized probe experiments as it had a more
stable DC current (less drift) and less noise (data not
shown).

Fibronectin Functionalization of the Nanoelectrode

Fibronectin (FN) was diluted with DPBS under
sterile conditions to concentrations of 0, 0.01, 0.05, 0.1,
and 0.5 mg/ml. All functionalization steps, including
incubation, were carried out inside a cell culture hood
under sterile conditions. Borosilicate glass nanoelec-
trode probes were cleaned in H2O/EtOH 80% (v/v)
solution and rinsed twice in autoclaved ddH2O. The
tips were filled with CO2-independent media, and
micropipettes were placed in holders. Tips were then
submerged in FN solution and the setup was then
placed inside a 37 �C incubator for 4 h. When neces-
sary, visualization of the functionalized nanoelectrode
was achieved by fluorescently labeling FN using the
AlexaFluor 568 Protein Labeling Kit (Molecular
Probes A10238) (Fig. 1 middle).

In order to find the optimal concentration for
binding of the nanoelectrode probe, probes function-
alized using FN concentrations of 0, 0.01, 0.05, 0.1, or
0.5 mg/ml were brought to the cell, allowed to bind,
and the ion current was monitored during the retrac-
tion phase, (t3 in Fig. 1, bottom). Specifically, the
probe was halted when the initial current dropped by
2% (e.g., from 2.02 to 1.98 nA) while a 1 mV Vm was
applied. This % current drop ensured cell contact was
made with minimal indentation and falls between the
<2% drop in current used in non-contact mode SICM
and the drop of 20% used in patch clamp indentation
experiments. After contact, binding was assessed by
measuring the current during retraction of the probe
after 10 min of reaction time.

Cell Culture and Transfections

All in vitro experiments were performed on bovine
aortic endothelial cells (BAECs) (VEC technologies,
Rensselaer, NY). BAECs were sub-cultured between
passages 3–10 in T-25 flasks with MCDB-131 complete
medium (VEC technologies, Rensselaer, NY) while
maintained at 37 �C in a gas mixture of 95% air and

FUENTES et al.618



5% CO2 with 90% humidity. The cells were then see-
ded onto chambered coverglasses and placed in the
incubator for 2 h, after which new MCDB-131 media
was added. BAECs were incubated overnight. Cellular
transfection of red fluorescent protein (RFP)-talin
fusion sequenceswere performed the day before imaging
using BacMam technology (Invitrogen) at a ratio of
approximately 10 particles of BacMam per cell.

Assessing Probe-Induced Focal Adhesion Assembly

In order to measure the time course of molecular-
scale activation in newly formed focal adhesions, the
FN-functionalized probe was allowed to come into
contact with BAECs transfected with RFP-talin.
Probes were positioned over the cell to be contacted,
the cell was raised to meet the tip of the probe using the
piezoelectric stage, while monitoring the current
between the tip and the cell as the approach phase (t1)
progressed (Fig. 1, bottom). After contact, as recog-
nized by the electronic signature of the approach phase,
the reaction phase (t2) began and the FN-functionalized
tip was allowed to bind to the cell for intervals of 0, 1, 5,
10, and 15 min. The third phase was retraction (t3),
where the cell was moved away from the probe using
the piezoelectric stage, while monitoring the current
between the probe and the cell. To assess talin accu-
mulation, time-lapsed confocal images of RFP fluo-
rescence were collected during the adhesion phase.

Data Analysis and Statistics

Images were processed using ImageJ software.
Average pixel values in regions of interest of time-lapse
images remote from the probe contact point were
determined in order to characterize degradation of
RFP fluorescence due to photobleaching. These aver-
age values were added back to values of RFP fluores-
cence evaluated at the probe site. The resulting values
were then normalized to initial intensity and then
plotted with respect to time. Where indicated, com-
piled data is represented as mean ± standard devia-
tion. Statistical significance was evaluated using a
Student’s t-test at the p< 0.05 level.

RESULTS

Defining Probe-Cell Contact

A 2% decrease (e.g., 0.04 nA) from the initial cur-
rent (e.g., 2.02 nA) was used to define the timing of
probe-cell contact. This 2% decrease was 4 times
greater than the system noise, calculated at 0.01 nA
(RMS). For an approach phase slope of 0.25 nA/lm,

the uncertainty in position of contact was approxi-
mately 40 nm (RMS/slope). The decrease in current
began when the probe was within 500 nm of cell sur-
face (Fig. 2). Once contact was achieved, the position
of the probe and the cell was maintained. In control
experiments using a non-functionalized electrode,
retraction of the probe resulted in an increase in cur-
rent that mirrored the decrease of current during the
approach phase (Fig. 2), whereas current was main-
tained after retraction of functionalized probes. These
results demonstrate that current transients were good
indicators of adhesion.

Nascent Focal Adhesion Formation

The FN-functionalized nanoelectrode probe was
allowed to come into contact with the cell using the
electronic signature shown in Fig. 2. After probe-cell
contact, the reaction phase took place, allowing for the
induction of a nascent focal adhesion at the site of

FIGURE 2. Approach of probe to the cell. This figure depicts
the changes in current accompanying the last few nanometers
of approach and retraction. During the approach phase, the
piezoelectric stage moved the cell towards the probe and the
current of the nanoelectrode was continuously monitored.
The current displayed a marked decrease once the probe was
near the cell surface, and achieved probe-cell contact as
defined by a 2% total percentage drop from the initial current
value. During the retraction phase, the piezo-electric stage
moved the cell away from the probe and the current increased
when the probe was retracted from the cell surface. For a cell
that was bound to the probe, current did not increase during
retraction.
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probe-cell contact. The time of contact was defined as
t = 0. Initially, there was no evidence of a focal
adhesion at the probe tip (Fig. 3a). However, over a
total reaction time of 15 min, the time lapsed images
(Fig. 3c) of red fluorescence indicated the accumula-
tion of talin resulting from the formation of a nascent
focal adhesion at the site of probe-cell contact. Accu-
mulation of talin is a marker for activated integrins,
which bind to FN during focal adhesion formation
(illustrated in Figs. 3d–3f). Thus, in addition to the
electronic signature during approach, talin accumula-
tion provides unambiguous verification of probe-cell
contact and binding.

Remote Remodeling of Focal Adhesions

Upon contact, the time-lapsed images of RFP-talin
revealed not only the induction of an apical focal
adhesion at the probe site (circle) as seen in Fig. 3c and
in Fig. 4 (t = 80 s), but also the remote remodeling of
basal focal adhesion sites. A z-stack of confocal images
was used to distinguish between apical vs. basal focal
adhesion sites. Selected time points allowed for the
concurrent visualization of initial focal adhesion sites
pseudo-colored in blue at time t = 0 s (contact time),

and real-time location of focal adhesion sites pseudo-
colored in red during the reaction time of 15 min. The
overlay of initial locations (blue) and subsequent
locations (red) can be seen in each of the panels of
Fig. 4. By t = 20 s remodeling of basal focal adhesion
sites was evident. Partial overlap is denoted by the
purple region at t = 20 s and t = 40 s. At t = 60 s
complete translocation of basal focal adhesion sites
occurred, as all sites had new locations. Notably, at
time = 80 s, RFP-talin accumulation at the probe tip
was observed, suggesting that a nascent apical focal
adhesion was forming at the site of probe-cell contact
(circle). At subsequent time points (t = 3 min to
t = 15 min) continued remodeling of remote basal
focal adhesion sites occurred in response to probe-cell
contact and binding. Non-contacted control cells did
not exhibit appreciable basal remodeling over the
15 min observation time (data not shown).

Kinetics of Talin Accumulation

Using an image frame rate of 2 s�1, the kinetics of
RFP-talin accumulation was assayed during the first
90 s of formation of the nascent focal adhesion. Aver-
age fluorescence intensity was measured for each time

FIGURE 3. Induction of focal adhesions upon probe contact: Confocal images at the apical surface verify nascent focal adhesion
formation (a and c). At the time the probe made contact with the cell (t = 0) (a) no RFP-talin was present on the apical surface of the
cell at the probe-cell contact site (circle). After a reaction phase of t = 15 min (b) during which the fibronectin-functionalized probe
remained in contact with the cell, presence of an induced apical nascent focal adhesion was observed via accumulation of RFP-
talin at the site of probe cell contact (c, circle). This induction likely followed outside-in signaling via integrins induced by the
fibronectin functionalized probe (d, e, f). (SFK-Src Family Kinase, FAK-Focal Adhesion Kinase).
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point, corrected for photobleaching and normalized to
initial values. The accumulation profile for talin as seen
in Fig. 5 displays delayed accumulation followed by a
rapid increase starting at 65 s and reaching a plateau at
82 s. The average fluorescent intensity increased by
approximately 50% from its initial value. These results
demonstrate that the ability to monitor the kinetics of
formation of the nascent focal adhesion site subsequent
to a precisely defined initial contact time point.

Further Verification of Probe-Cell Binding

The slope of the retraction electronic signature,
images from phase microscopy, and confocal

fluorescence verified that current failed to increase upon
retraction of a bound probe whereas current increased
upon retraction when the probe was not bound
(Fig. 6a). Even at a distance of 5 lm from the initial
point of contact, the electronic signature was able to
distinguish between a bound and an unbound cell.
Concurrently, brightfield images were able to show that
if the probe was displaced further, the cell remained
bound to the probe (Figs. 6b–6c). Fluorescence images
of RFP-talin showed that when the probe was moved
laterally, the focal adhesionmovedwith it (Figs. 6d–6e).
These results suggest that electrode current can be used
to monitor the extend of binding even during deforma-
tion of the cell by the probe.

FIGURE 4. Real-time response of basal focal adhesions to apical probe-cell contact during reaction phase. Selected time-lapse
images of RFP-talin display concurrent initial location of focal adhesion sites (pseudo-colored in blue at t = 0 or contact time)
overlaid with real time location of sites (pseudo-colored in red). At time = 0 s, no accumulation of RFP-talin at the probe site (circle)
was evident. Remodeling of remote basal focal adhesion sites was observed in response to contact as early as the first time point
of 20 s and throughout the reaction time of 15 min. At time = 80 s a nascent apical focal adhesion site was observed at the site of
probe-cell contact. Subsequent time points (t = 3 min to t = 15 min) displayed continued remodeling and translocation of remote
basal focal adhesion sites.
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Optimization of Probe-Cell Binding

Lastly, a few key parameters were optimized. For
SICM imaging and probe positioning, the scanning
image resolution and sensitivity depends on the tip
diameter and shape. Since the potential to bind to the
cell also depends on the probe size, we determined the
effect of the probe tip size on the ion current pattern of
phase t3. We categorized the probe tip sizes as ‘‘small,’’
corresponding to a tip radius <250 nm and probe
electrical resistance >20 MX, and ‘‘medium,’’ corre-
sponding to tip radii between 250 and 500 nm with a
probe electrical resistance of 10–20 MX. Experiments
were conducted with different reaction times (1, 5, and
10 min) and with different FN concentrations (0.01,
0.05, and 0.1 mg/ml). First, increasing FN concentra-
tion decreased the slope of the current vs. retraction
distance curve (Fig. 7a). Thus the slope can be used to
assess degree of adhesion. Second, as shown in Fig. 7b,
the success rate increased as the FN concentration
increased. With a 10 min reaction phase, a medium

FIGURE 6. Verification of probe-cell binding at nascent focal adhesion: Three simultaneous metrics were used to verify that the
probe remained bound to the cell through the induced nascent focal adhesion. (a) Current increases upon probe retraction from
cells were substantially smaller for a bound cell (bottom curve) vs. an unbound cell (top curve). Final current value was subtracted
from raw current values so that each curve would start at 0 nA. (b, c) Phase contrast images demonstrate that the cell remained
bound to the probe. (d, e) Fluorescence microscopy images reveal that the focal adhesion remained bound to the probe as the
probe was moved during lateral displacement.

FIGURE 5. Time course of talin accumulation at probe site.
Time course of transfected RFP-talin was measured using
average fluorescence intensity at the probe site. Following
probe contact with the cell, there was little to no accumulation
for about 65 s. Subsequently, talin accumulated rapidly
reaching a 50% increase which plateaued at 82 s.
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probe size, and 1 mV Vm, the success rates were 42.8,
50, and 75% at FN concentrations of 0.01, 0.05, and
0.1 mg/ml, respectively. Third, successful probe-cell
binding was observed to be dependent on probe size
(Fig. 7c). With 0.01 mg/ml of FN, 10 min of reaction
time, and 1 mV Vm, the success rates for binding were
12.5% and 70% for using small and medium sized
probes, respectively. Finally, we determined the effect
of reaction time on the success rate of binding. As
shown in Fig. 7d, the success rate increased as the FN
reaction time increased. With 0.05 mg/ml FN concen-
tration, medium probe size, and 1 mV Vm, the success
rates were 0, 33.3, and 50% for reaction times of 0, 5,
and 10 min, respectively.

DISCUSSION

The main findings of this study are that ion con-
ductance through a nanoelectrode can be used to
prescribe the time and location of induction of a focal
adhesion, induced focal adhesions can be mechanically

manipulated, and current transients through the elec-
trode provide a readout of the degree and integrity of
adhesion. These findings were supported by assays for
focal adhesion formation and remodeling indicated by
fluorescently labeled talin, which accumulates at focal
adhesion sites subsequent to activation and dimeriza-
tion of integrins.1,3,7,9,10 This technique was designed
to enable detailed delineation of the identity and
kinetics of the numerous proteins that participate in
focal adhesion formation and reinforcement upon
mechanical manipulation.

Focal contacts undergo a series of remodeling steps
during the process of maturing into focal adhesions.8

Once matured, structural proteins are recruited includ-
ing integrins, extracellular matrix proteins such as
fibronectin, vitronectin, laminin, and intracellular pro-
teins such as talin and vinculin. Integrin activation is
essential for the initiation of focal adhesions in that
conformational reorganization of the integrin dimer
increases its affinity to the matrix ligand.55 This activa-
tion is associated with integrin recognition by talin17,23

and results in binding of talin to the cytoplasmic

FIGURE 7. Parameters affecting probe-cell binding: (a) Slope of current vs. retraction distance after binding as a function of
fibronectin concentration. Small slope indicates tighter binding between pipette and cell surface. (b) Success rate of binding
increases as a function of fibronectin concentration (c) Binding success rate increases as probe size increases, (d) Increased
reaction time increases success rate of binding.
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domains of integrins and connection with the actin
cytoskeleton.20,24,55 Focal adhesions can be induced by
outside-in signaling, they function as both adhesion and
signal transduction organelles, and they serve to inform
the cell about the chemical makeup andmechanics of its
surroundings.

Focal adhesions form due to accumulation of focal
adhesion proteins and it is believed that focal adhesion
proteins, themselves, are sensitive to applied forces.
For example, Bell,5 proposed that the rate constant
governing receptor-ligand binding was dependent on
mechanical force. Numerous other studies have eluci-
dated tethering bond kinetics, slip bonds, catch bonds,
and unbinding kinetics13,33,36,37 of focal adhesion
proteins.4,36,52 Less well understood is the dependence
on force of the kinetics of accumulation of focal
adhesion proteins, especially during the initial stages of
focal adhesion formation. Although previous studies
have provided insight into the development of focal
adhesions from nascent focal contacts,4,36,52 there are
no published reports of the kinetics of focal contact
formation in response to adhesion, likely due to the
difficulty in defining the initial contact time. In this
study we introduce a technique in which induction of
focal contact formation is precisely timed and provide
preliminary data on the real-time kinetics of talin
accumulation in response to initial probe cell contact,
in a spatially localized manner. We also show that the
same electrode can be used to apply a prescribed
deformation to the newly formed focal adhesion.

This study is based on SICM and provides a means
for outside-in induction of a single nascent apical focal
adhesion in a single bovine aortic endothelial cell using
nanoelectrode probe-cell contact. SICM was invented
by Hansma et al.,28 and has been further developed to
image and analyze surface topography of live cells.
SICM is a non-optical imaging method that uses an
electrolyte-filled nanopipette as a scanning probe to
image cell surface structures with resolution at the
nanometer level. SICM records the ionic current
through the probe as the probe is scanned over the sur-
face of a sample immersed in an electrolyte solution. The
current drop used in SICM to define probe cell contact is
typically 2%or less of the initial current. SICM employs
a feedback loop tomaintain a constant distance between
the pipette and the surface, so that the displacement of
the scanning pipette normal to the sample during a scan
represents the topography of the surface.

While SICM emphasizes the non-contact nature of
probe positioning, we have functionalized our nanopi-
pette and used the positioning sensitivity (on the order
of 40 nm) to minimally contact the cell surface with
molecular specificity. In addition, by using the elec-
tronic signature of the nanopipette electrode, we can
assess the integrity of the attachment of the cell surface

with the pipette, in real time, and monitor detachment.
A previous study by Riveline et al.49 also used nanopi-
pettes functionalized with fibronectin for cell manipu-
lation. In that study, remote focal adhesions moved
toward the pipette in response to large mechanical
perturbation of the cell surface. This observation is in
contrast with focal adhesion movement away from the
probe observed in our experiments. It is possible that the
large deformations used in the Riveline caused focal
adhesion translocation in the direction of the force,
which in the large deformation case, is toward the pip-
ette. In the current study, focal adhesions translocated
without applied force. Therefore, it is possible that the
new adhesion point induced by the pipette led to cyto-
skeletal remodeling and subsequent changes in force
distribution in the cell. Although it would be difficult to
predict the directions of forces in this instance, these
changes in force distribution could have led to basal
focal adhesion remodeling. Consistent with this inter-
pretation, in related studies byMathur et al.,38,39 remote
sensing of basal focal adhesions in response to small
forces applied by AFM showed that that the cell
responds globally to the localized applied force. Our
results, therefore, are consistent with other’s observa-
tions15,40,57 that focal adhesions respond to applied
external force. However, our method explores the
additional phenomenon of the response of the cell to
minimal force application. It uses SICM technology to
provide a new tool for timed induction of focal adhe-
sions with nm-scale deformation ranging from near zero
nm to micron scale. Such studies will be useful in elu-
cidating the early events of focal adhesion formation
and reinforcement in response to force.

SICM is a technique complementary to AFM for
assessing topography of cells, and to optical and
magnetic tweezers for force application. For example,
the AFM, a member of the scanning probe family of
microscopes, manipulates a cantilevered probe (tip
radius ranging from a few nanometers to a few
micrometers) for tension or compression load-
ing.29,47,51 A slightly larger version of the AFM tech-
nique facilitates microscale indentation of an entire
cell.32,35 Conventional AFM can detect forces in the
range of 10–100 pN and has a displacement range of
0.5–100 nm. One disadvantage of AFM is that it is
difficult to study biological processes and structures
non-intrusively since by definition the cantilever must
be deflected in order to define contact.42 In our
implementation of SICM, current through the elec-
trode provides the distance measurement and contact
is initiated only at prescribed times and locations.

Optical tweezers, can measure forces on a lm scale
bead of up to 100 pN41,48 with sub-millisecond tem-
poral resolution. When the laser beam is focused
on a dielectric particle, the particle experiences a
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three-dimensional restoring force directed toward the
center of the focused beam.2,48 Even though optical
tweezers have high versatility and precision, focused
laser light can induce cell damage caused by local
heating.42,46,53 More importantly, trap stiffness de-
pends on the gradient of the optical field, which can be
refracted by contaminating substances and adherent
cells. Magnetic tweezers, on the other hand, use a
magnetic field gradient to exert and measure pico- to
nanonewton forces on magnetic particles.26,42 The core
advantage of magnetic tweezers is that it permits par-
allel single-bead measurement because a magnetic field
can exert force everywhere, which would be difficult to
achieve with other force spectroscopy techniques.18

Some limitations are that the bandwidth and sensitivity
are limited by video-based detection and high-current
electromagnets can generate undesirable Joule heat-
ing.14,42 Studies such as optical and magnetic tweezers
which use particles as probes30 must also contend with
internalization of particles due to phagocytosis, the
relatively non-uniform distribution of beads, and large
(3–6 lm2) and ambiguous contact area between the
bead and cell membrane.43 In contrast, the nanoelec-
trode probe used in this study cannot be phagocytosed
or pulled due to its shape and stiffness.

SUMMARY

In summary, we introduce a new method for
induction and manipulation of a focal adhesion on a
single endothelial cell using a functionalized nanoelec-
trode probe. We observed that binding of the probe
onto the cell surface was dependent on the nanoelec-
trode size, fibronectin concentration, and binding
reaction time between probe and cell, which was
accomplished through integrin-fibronectin linkages.
Furthermore, by coupling the technique with high
speed confocal microscopy, we show that it is possible
to assess the dynamics of assembly of the individual
constituents of focal adhesions from the moment of
probe contact onward. This new capability should
allow for the development of new kinetic models of focal
adhesion assembly in the presence and absence of force,
thus opening up new areas of research in the integration
of engineering principles of molecular transport and
biological sensing of the cellular microenvironment.
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