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M
ammalian cells exhibit continu-
ous regional motion and shape
changes controlled by a dynamic

cytoskeleton. The movements of a cell are

orchestrated by a dynamic cytoskeleton

that extends from the fluid lipid bilayer and

underlying Actin cortex to deep within a

cell. The mechanical scaffold of each cell is
composed of relatively stiff components in-
cluding Actin microfilaments, intermediate
filaments, microtubules, and a myriad of
cross-linking, motor, and regulatory pro-
teins that maintain structure and control dy-
namism. Numerous studies link these cy-
toskeletal structures to biochemical signal
transduction pathways to regulate cellular
processes including adhesion, motility,
gene expression, and differentiation.1–7 A
key challenge that remains is connecting
specific structures and signaling to the
changing biophysical properties of the cell
and vice-versa. A critical issue in probe-
based measurements of cell mechanics,
such as AFM and optical/magnetic twee-
zers, is the speed and degree to which a me-
chanical force exerted by a probe propa-
gates across the cell body.8 This is seldom
documented because observing deforma-
tion of the entire cell body with required
speed and accuracy (�1% local deforma-
tion) is experimentally complex, for a vari-
ety of reasons. For example, in most cases
AFM cannot accurately image the mem-
brane of an entire mammalian cell at the
rate of 1�2 Hz, because of the softness of
the cell membrane. Bead-based ap-
proaches, such as magnetic and optical
traps, track the motion of the bead itself
and not the surrounding cellular material
which is unlabeled. Labels can be intro-
duced but this adds considerable complex-
ity. With phase contrast methods organelles

themselves can serve as displacement
probes, but they are not uniformly distrib-
uted. This is a major constraint when inves-
tigating dynamic structures not containing
organelles, such as filopodia.

To address these problems, we have de-
veloped a novel imaging technique, called
live-cell interferometry (LCI), to directly as-
sess the propagation of strain throughout a
single cell in response to locally applied
force. By measuring changes in optical path
length distribution across many points
within the cell simultaneously, we could de-
termine the corresponding redistribution
of cellular constituents, and thus could
quantify responses of the cell body distal
to the point of applied force in real time and
without labeling. Our imaging system (Fig-
ure 1) consists of an optical microscope with
a Michelson interference objective, a fluid-
filled live-cell observation chamber with a
reflective floor, and a matched reference
chamber containing only fluid. It operates
as follows: The illumination wavefront inci-
dent on the observation chamber travels
through the transparent fluid (culture me-
dia) and the transparent cell body and is re-
turned to the interferometer by the reflec-
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ABSTRACT Cancer and many other diseases are characterized by changes in cell morphology, motion, and

mechanical rigidity. However, in live cell cytology, stimulus-induced morphologic changes typically take 10�30

min to detect. Here, we employ live-cell interferometry (LCI) to visualize the rapid response of a whole cell to

mechanical stimulation, on a time scale of seconds, and we detect cytoskeletal remodeling behavior within 200 s.

This behavior involved small, rapid changes in cell content and miniscule changes in shape; it would be difficult

to detect with conventional or phase contrast microscopy alone and is beyond the dynamic capability of AFM. We

demonstrate that LCI provides a rapid, quantitative reconstruction of the cell body with no labeling. This is an

advantage over traditional microscopy and flow cytometry, which require cell surface tagging and/or destructive

cell fixation for labeling
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tive substrate. The index of refraction of the
culture media and the cell body are so close
in value that there is very little reflection of
the light from the cell�fluid interface. How-
ever, the difference in the index of refraction
of the fluid and cell is sufficiently large for
the detection of changes in optical path
length introduced by the cell as the light
travels through it and is reflected back from
the substrate. The optical path length is the
geometrical path the wavefront travels times
the index of refraction distribution n(z) of
the media at a given point. Because the light
reflects from the substrate and returns to
the objective, it travels twice the same geo-
metric distance z, the sample optical path
length can be expressed as

2∫ n(z) dz (1)

While for the light traveling through the ref-
erence chamber fluid, having a uniform dis-
tribution of index of refraction, the reference
optical path length is simply

2znfluid (2)

In the LCI technique, this difference in opti-
cal path is recorded as a shift in phase be-

tween the sample observation and ref-
erence beams.9 The resulting LCI phase
image shows a distribution of the opti-
cal path lengths in the field of view of
the objective. Obtained in this way the
signature of the cell shows that the op-
tical path length is longer through the
cell versus fluid by about 0�400 nm
(Figure 2). This data agrees with the as-
sumption that the index of refraction
of the fluid is about 1.33, the index of re-
fraction for the cell body is 1.4�1.5,
and the maximum thickness of the cell
is about 5�8 �m. Thus, the measured
optical path length represents the dis-
tribution of cells’ thickness and material
index of refraction together.

RESULTS AND DISCUSSION
By comparing optical path length

images taken at two consecutive time
points, we determined very precisely lo-
cal shifts of material within the cell.
This is illustrated in Figure 2. We were
able to reliably detect changes in opti-
cal path length as small as �1 nanome-
ter. Since the cell body appears to be

Figure 1. The interferometric microscope uses a 20� long working-distance
objective, in combination with a Michelson interferometer containing an adjust-
able mirror in the reference arm. A fluid compensation chamber is positioned
in the interferometer’s reference arm to permit measurements inside the media-
filled cell chamber. Dimensions of the compensation chamber were adjusted to
closely match the optical path length between the test and reference arms. Live
cells were imaged in a perfusion chamber maintained at 5% CO2 and 37 °C. A cy-
lindrical rare-earth magnet mounted on a micrometer is positioned below the
perfusion chamber. The magnitude of the magnetic force applied to the mag-
netic microspheres inside the cell chamber was adjusted by varying the distance
between the magnet pole face and the sample.

Figure 2. (Top two panels) LCI interferometric images of a live NIH 3T3
fibroblast taken two seconds apart, before and after the application of
force by two magnetic microspheres on their surface (indicated by black
disks). The optical thickness cross-sections are displayed to the right.
(Lower panel) The change in optical thickness between the two images
is readily apparent in the differential LCI image, created by subtracting
the bottom from the top LCI image. The optical thickness of the cell
body ranges from 0 to 400 nm and the change in optical thickness de-
tectable in the differential LCI image ranges from �6 to �8 nm.

A
RT

IC
LE

VOL. 2 ▪ NO. 5 ▪ REED ET AL. www.acsnano.org842



between 0 and 400 nm in optical thickness, this corre-
sponds to the ability to detect �1% changes in optical
path length over large portions of the cell.

We recorded shifts in optical thickness in regions ad-
jacent to magnetic microspheres undergoing cyclical
indentations at 0.05 Hz for 200 s or 10 cycles (Figure 3).
Two 5 �m diameter microspheres were evaluated si-
multaneously on an elongated NIH 3T3 fi-
broblast. The maximum applied force was
�200 pN for each microsphere. The me-
chanical linkage between the force-driven
and undriven regions of the cell was mea-
sured as the change in the optical thick-
ness profiles over each indentation cycle.
A shift in cell content was not readily ap-
parent in either the intensity image or the
LCI image itself but was detected by com-
paring the difference between two LCI im-
ages. This differential LCI image provided
a quantitative measure of the redistribu-
tion of material in the cell in response to
the indenting body for any two time
points. A digital movie of a single indenta-
tion cycle is attached to Figure 4. In these
experiments two features became appar-
ent: first, the strain field due to the indent-
ing sphere extends across the entire cell,
in a pattern that suggests displacement of
core underlying, rigid structures (Figure 4);
and second, the indentation produces an
immediate, synchronized, and laterally
continuous increase in material at the cell
periphery, consistent with pressure-driven
flow. Detecting these rapid rearrange-
ments in the local material density would
be difficult with noninterference-based
optical methods and is beyond the dy-
namic capability of AFM. Optical

waveguides have been used to observe the
nanometer-scale deformation of a metallic
substrate surface caused by a plant fungus.10

This method is confined to reflective surfaces
however, whereas LCI measures subtle index
of refraction changes of a volume of transpar-
ent material (the cell body).

We analyzed the time-dependence of the
content shift between specific regions of the
cell by measuring the change in average opti-
cal thickness within four subregions of the
cell body (Figure 3 left). The undriven regions
responded at the same frequency as the
driven regions, but with a temporal delay, as
would be expected from a viscoelastic
material (Supporting Information, Figure 2).
The amplitudes of motion of both the driven
and undriven regions increased with time
(Figure 5). In the driven region A1 the ampli-

tude peaked at �100 s and leveled off, while the ampli-

tude of the other region, B1, peaked later (�150 s),

and then began to decline. This behavior suggests that

the local compliance of the cell changed with time

and that this change was distributed heterogeneously

within the cell.

Figure 4. Differential LCI images of three indentation cycles spanning 200 s. The top se-
ries of images shows the effect of probe indentation immediately after force is applied
and the bottom series shows the corresponding rebound after force is removed. The pat-
tern and magnitude of material redistribution appears to change with time.

�w A movie of a single indentation cycle is available.

Figure 3. Intensity (left) and LCI interferometric (right) images of a
single NIH3T3 cell with two magnetic microspheres on the cell sur-
face. As force was applied to the probes, we tracked the change in op-
tical path length in the regions directly surrounding each probe (A1
and B1), and the adjacent regions (A2 and B2). A 200 pN peak-to-
trough 0.05 Hz cyclical force was applied to the microspheres for 200 s.
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After 200 s of cyclically applied force, there was a no-
ticeable, nontransient redistribution of material within
the cell body. The magnitude of this shift was larger
than the transient response, with
maximum local changes in con-
tent of 10�15%, but was still ob-
servable only in the differential LCI
images (Figure 6). Material accu-
mulated in the center of the cell,
preferentially along the “back-
bone” of the long axis. Lamellepo-
dia also formed at either end of the
cell parallel to the long axis. There
was an opposing loss of material at
the edges of the cell adjacent to
the two microspheres, parallel
with the short axis of the cell. No-
tably, the regions with the largest
decrease in material over 200 s
corresponded to the regions of
the cell which saw the most tran-
sient change in content during
each earlier force cycle. The forced
motion was ended at t � 200 s
and the cell was imaged again at t
� 400 s. By this time, the pattern of

material accumulation within the cell had largely re-

versed, the lamellepodia parallel to the long axis re-

tracted, and material accumulated adjacent to each mi-

crosphere, parallel to the short axis of the cell. This

behavior suggests an active remodelling of the cyto-

skeleton in response to cyclic loading.2 Local force-

induced remodeling is known to begin within tens of

seconds following a mechanical stimulus.11 The edges

of the cell retracted and then re-extended at a linear ve-

locity of approximately 180 nm per second, which is

consistent with active, actinomyosin-driven motion.

The accumulation of material along the cell “backbone”

is also consistent with enhanced cytoskeletal contractil-

ity, known to occur in some cells following forced

stretching or similar mechanical deformations.11–13

There was a considerable transient change in content

near the cell periphery during each force cycle, the

same areas that showed the greatest nontransient shift

in material accumulation. Overall, this behavior demon-

strates a global coordination and reorientation of the

cell structure in response to a local, cyclically applied

stress. The mechanisms triggering this content rear-

rangement could include both phosphatase-integrin

complex activation,2,3,5 and membrane stretch-

activated ion channel function.4,14 The latter have been

shown to induce tail retraction in migrating kerato-

cytes and are known to trigger a calcium-dependent

signaling cascade that results in the phosphorylation

of myosin, leading to retraction of filipodia.4,14 The syn-

chronized and laterally continuous increase in material

at the periphery of the cell in response to indentation

seems likely to have disturbed the cell membrane in

these areas and suggests that membrane stretch mech-

anisms need to be considered.2,15

Figure 5. The effect of 0.05 Hz cyclical loading on the adja-
cent cellular regions is seen as a change in average optical
thickness. The cyclic amplitude of the time-varying change
optical thickness of regions A1 and A2 evaluated at fre-
quency � 0.05 Hz show the relationship between the driven
and undriven portions of the cell body (top). Similar behav-
ior is seen in regions B1 and B2 (bottom). The regions adja-
cent to the probes show a clear response, indicating that the
strain field within the cell body extends several probe diam-
eters laterally. Individual data points are collected at 2 s in-
tervals, for a 0.5 Hz sampling frequency. For clarity, the data
have been band-pass filtered with a 0.05 Hz center
frequency.

Figure 6. Differential LCI comparison of material distributions after t � 200 s of cy-
clically applied force (� 200/0) and at 200 s after cessation of force (t � 400 s; � 400/
200). The positions of the microspheres are indicated by black circles. Arrows de-
note regions of material redistribution within the cell.
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In many magnetic/optical tweezer experiments,
and some AFM experiments, the probe is coated with
a peptide ligand to promote specific attachment to cell
surface receptors. In theory, this allows a direct mechan-
ical link to the cytoskeleton, which could propagate an
applied force to other regions of the cell and a vehicle
for studying whole cell mechanical dynamics. However,
in practice the degree of attachment to the cytoskele-
ton is seldom confirmed, and conflicting results have
been reported regarding the degree of force
propagation.2,16 In some cases experimenters have ob-
served the displacement of organelles or injected par-
ticles to infer the strain field, though this produces only

a sampling and not a global measurement.17,18 Vari-
ous labeling schemes can make this sort of measure-
ment more comprehensive, but often require engi-
neered cell lines or tedious labeling procedures that
limit their use. LCI is compatible with these existing ap-
proaches, and addresses one of their significant weak-
nesses by globally capturing the redistribution of cell
material in response to force. This spatially and tempo-
rally detailed tracking of cell material also may have util-
ity in improving computational models of cell mechan-
ics, which are now largely phenomenological19–22 and
have difficulty assigning specific model parameters to
discrete mechanical structures within the cell.

METHODS
Interferometer. The measurement of the microspheres was

performed on the Veeco interference microscope NT 1100
with a green diode (center wavelength 535 m) used for illu-
mination and 20� 0.28 NA Michelson through transmissive
media (TTM) interference objective.23 The NT 1100 in prin-
ciple is an optical microscope with a Michelson interference
objective that allows for the observation of not only lateral
features with typical optical resolution (1.16 �m for the 20�
objective) but also height dimensions below the scale of
one nanometer.24 The Michelson interferometer is composed
of a beam splitter, reference mirror, and compensating fluid
cell. The compensation cell is 0.7 mm thick bounded on both
sides by 0.5 mm optical windows, thus matching the optical
path length of a reflected beam from the test chamber. The
CCD detector array is 640 � 480 pixels, which with a 20� ob-
jective produces a 315 � 240 �m field of view and a spatial
sampling of 500 nm. The phase shifting interferometry (PSI)
method was used to capture phase images of the cell bodies
in situ. During measurement, a piezoelectric translator de-
creases the light path a small amount causing a phase shift
between the test and reference beams. The system records
the irradiance of the resulting interference pattern at many
different phase shifts and then converts the irradiance to
phase wavefront data by integrating the irradiance data us-
ing a PSI algorithm. The phase data are processed to remove
phase ambiguities between adjacent pixels. Average optical
thickness measurements for the regions of interest A1�A2
and B1�B2 were calculated by averaging the optical thick-
ness across all pixels within the region, followed by subtract-
ing the average thickness value from a similarly sized region
adjacent to the cell containing no material. The external re-
gion served as a local reference for zero optical thickness. To
determine the response to the cyclicly applied force (f �
0.05 Hz), the time varying data, sampled at 2 s intervals, was
bandpass filtered around a center frequency f � 0.05 Hz.

Cell Chamber. The cell chamber body was constructed from ma-
chined nonmagnetic stainless steel. Resistive heating elements
with internal thermistors, driven by a feedback controlled power
supply, were used to regulate the chamber temperature to
within 0.5 degrees of 37 °C. The fluid sample was contained
within a 13 mm diameter, 0.7 mm thick sub chamber, having a
1 mm thick optical window on top and a 0.2 mm thick silicon
floor.

Microspheres. Micrometer-sized elemental nickel microspheres
were obtained from Duke Scientific as a dry powder. An aque-
ous suspension of microspheres was diluted 4:1 with 0.2% poly-
L-lysine aqueous solution (Sigma) to inhibit aggregation and im-
prove adhesion to the cell body. This microreflector solution
was shaken vigorously before application to suspend any sedi-
mented particles and reduce aggregates. A 200 �L portion of the
suspension was pipetted onto the sample, and the microspheres
were allowed to settle for 1 min.

Magnetic Force Control. Magnetic force was applied to the
microspheres using a cylindrical rare earth magnet 7 mm in
diameter by 21 mm long, oriented axially along the vertical
direction below the test chamber. The magnet was posi-
tioned with a feedback controlled motorized micrometer, ca-
pable of �10 �m accuracy. The magnitude of magnetic flux
perpendicular to the vertical axis, as a function of axial dis-
tance, was measured with a miniature Hall probe (2 mm � 2
mm) and a F.W. Bell 5180 gaussmeter accurate to 0.1 G. In
the “off” position, the magnet was lowered to �4 cm below
the sample, resulting in negligible field at the sample point.
The magnet was positioned coaxially with the optical axis to
ensure a uniform magnetic flux across the viewing area
(�300 �m � 300 �m with the 20� objective). The force ap-
plied to the nickel microspheres as a function of magnet po-
sition was determined using microcantilever arrays tipped
with elemental nickel or several uniformly magnetic micro-
spheres (Compel 8 �m carboxylated microspheres, Bangs
Laboratories). Each microcantilever is 500 �m long by 100
�m wide and 0.9 �m thick, with a nominal spring constant
of 0.01 N/m. These commercially available arrays were pro-
duced by the IBM Zurich Research Laboratories using a pro-
prietary dry etch, silicon-on-insulator (SOI) process. Using the
optical profiler, the deflection of the reference cantilever
could be determined to better that 1 nm. The volume mag-
netic moment for pure nickel (55 emu/g) was assumed for
both the microspheres and the nickel film deposited on the
cantilever tips. Pure nickel is completely magnetically polar-
ized at field strengths of 200 G and higher, while the lowest
field strength used in measurements was 500 G. Preceding
measurements, the magnet was raised to with 1.5 mm of the
sample, corresponding to a �2 kG flux at the sample point,
to ensure that the microspheres’ magnetic moments were
oriented axially.

In our experiment the range of applied forces are deter-
mined by the applied magnetic field and cover a range from
0 to 200 pN. Optical tweezers typically operate in the 100
fN to 100 pN range. AFM typically operates in the 100 pN and
larger force range. In our case, we are applying �200 pN of
force on a 5 �m diameter bead. At small indentations (�500
nm) this amounts to less than 1 pN applied for per square
nanometer. For comparison, the typical force generated by
a single molecular motor is in the range of several pN, while
the contractile force generated through the cytoskeleton of a
whole cell may range from nN to mN. Antibody�antigen
binding forces are on the order of nN.
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Supporting Information Available: Details of the magnetic
field calibration and an extended discussion of the effects of mi-
crosphere size on cell dynamics and the z-axis resolution of LCI.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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