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Background: Elasticity of cells is determined by their
cytoskeleton. Changes in cellular function are reflected in
the amount of cytoskeletal proteins and their associated
networks. Drastic examples are diseases such as cancer, in
which the altered cytoskeleton is even diagnostic. This
connection between cellular function and cytoskeletal
mechanical properties suggests using the deformability of
cells as a novel inherent cell marker.
Methods: The optical stretcher is a new laser tool capable
of measuring cellular deformability. A unique feature of
this deformation technique is its potential for high
throughput, with the incorporation of a microfluidic de-
livery of cells.
Results: Rudimentary implementation of the microfluidic
optical stretcher has been used to measure optical deform-
ability of several normal and cancerous cell types. A dras-
tic difference has been seen between the response of red
blood cells and polymorphonuclear cells for a given opti-

cally induced stress. MCF-10, MCF-7, and modMCF-7 cells
were also measured, showing that while cancer cells
stretched significantly more (five times) than normal cells,
optical deformability could even be used to distinguish
metastatic cancer cells from nonmetastatic cancer cells.
This trimodal distribution was apparent after measuring a
mere 83 cells, which shows optical deformability to be a
highly regulated cell marker.
Conclusions: Preliminary work suggests a deformability-
based cell sorter similar to current fluorescence-based
flow cytometry without the need for specific labeling.
This could be used for the diagnosis of all diseases, and the
investigation of all cellular processes, that affect the cy-
toskeleton. © 2004 Wiley-Liss, Inc.

Key terms: optical stretcher; cell marker; diagnosis; mi-
crofluidics; breast cancer; metastasis; stem cells; RBC;
PMN; optical deformability

Flow cytometers can measure and sort cells based on
their various distinguishable features. Apart from size and
surface characteristics found by analyzing forward- and
side-scattered light, flow cytometry conventionally relies
on the use of fluorescent cell markers (1). With the advent
of a new laser tool, the optical stretcher (2,3), we exploit
cellular deformability, a novel inherent cell marker capa-
ble of adding a completely new dimension to this field.

For eukaryotic cells, the mechanical properties depend
mainly on the cytoskeleton, an intricate polymeric net-
work that spans the whole interior of the cell (4). An
active, highly nonlinear, dynamic system far away from
thermal equilibrium, the cytoskeleton requires significant
energy to maintain its structure as well as to carry out
important cellular tasks (4). Actin filaments, semiflexible
polymers that are involved in cell motility and division,
form an actin cortex that is the key component of their
elastic and viscous response. Microtubules are stiff rods

that act as intracellular highways and are mostly respon-
sible for ribosomal and vesicle transport and the separa-
tion of chromosomes. Intermediate filaments are flexible
polymers that offer cell strength at large deformations
(5,6). These three polymeric components, whose inter-
play is already apparent because they all contribute in
some way to mitosis and mechanotransduction (7,8), com-
bine to form a heterogeneous soft-matter structure.

This polymeric structure will vary depending on a cell’s
function, one illustrative example of which is a malig-
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nantly transformed cell. Proteomic and microscopic tech-
niques have shown that the available polymeric network
undergoes a significant restructuring during this process,
changing from an ordered, rigid structure to a more irreg-
ular and malleable state, including an overall reduced
amount of accessory proteins and cytoskeletal polymers
(9–11). These alterations are intuitive, as malignant cells
are known for replication and motility, neither of which
relies on a rigid cytoskeleton.

Similar cytoskeletal alterations are found during the
normal development of cells. Stem cells are immortal and
replicating “master cells” that spawn all differentiated cell
types. Many signaling pathways involved in the differen-
tiation of stem cells, which are being discovered, involve
proteins that are either directly or indirectly involved in
the organization and regulation of the cytoskeleton (8,12).
The differences found between differentiated and undif-
ferentiated cells included changes in the absolute amount
of the cytoskeletal proteins, cytoskeletal polarization, and
thickness of the cortical actin ring (13,14).

All these findings about cytoskeletal changes consist of
molecular details that cannot be easily measured directly
for identifying the function of a single cell. The combined
effect of these changes in cytoskeletal content and struc-
ture, however, should also be reflected in the overall
mechanical properties of the cell, which would mean that
measuring a cell’s rigidity may be viewed as a new biolog-
ical marker sensitive to cell function. The relationship
between structural content and elasticity is described by
polymer physics; one very relevant result is that the shear
modulus of a solution of actin filaments scales with the
actin concentration raised to a power of 2.2 (5). This
means that even small molecular changes may be strongly
enhanced in the overall elasticity measured in the cell.

There have been past direct experimental attempts that
point toward this connection between deformability and
cell function, but the measurement techniques have been
limited in a variety of ways. These include mechanical
contact of the probe causing adhesion and active cellular
response, special preparation and handling leading to
measurement artifacts, and, most importantly, low
throughput resulting in poor statistics. The historically
prevalent technique for measuring single cells in detail has
been micropipette aspiration (15), which has found a 50%
reduction in elasticity and a 30% reduction in the viscous
response of malignantly transformed fibroblasts as com-
pared to their normal counterparts (16). Here, a micropi-
pette is carefully placed onto the surface of a cell. By
applying a negative pressure, a portion of the cell is
aspirated into the pipette in inverse proportion to its
rigidity. More recently, atomic force microscopy (AFM)
has been used for the determination of cellular rigidity
(17,18), including the investigation of normal human blad-
der endothelial cell lines and complimentary cancerous
cell lines, for which it was found that their rigidity differed
by an order of magnitude (19). Other notable techniques
include cell pokers (20), microplate manipulation (21),
microbead rheology (22), and the manipulation of beads
attached to cells with optical tweezers (23).

There are some techniques that can assess the deform-
ability of many cells simultaneously, such as cell-pellet
rheology (24) or ektacytometry (25). Both techniques
share the problem of performing ensemble measure-
ments, in which the presence of a few very different cells
goes unnoticed and is lost in the noise. Even if detectable,
a separation of a few cells with these techniques would be
impossible.

These various methods have sufficiently indicated a
strong correlation between elasticity and function of cells
and suggest using cellular deformability as a general inher-
ent cell marker. What has been missing is a technique
capable of measuring a large number of individual cells in
a short period of time. The microfluidic optical stretcher
is the first experimental tool that is able to do this using
the viscoelastic properties of individual cells. In addition
to its quickness, it has the added advantage of being
noninvasive; the cells need no marker, or any sort of
mechanical attachment.

MATERIALS AND METHODS
The Microfluidic Optical Stretcher

The optical stretcher (Fig. 1) utilizes two divergent
counter-propagating, fiber-optically aligned laser beams,
which act as a stable trap at low laser intensities (2,26). At
higher intensities, measurable deformations are observed
due to forces induced at the surface by momentum trans-
fer (Fig. 2) (2). This enables a suspended cell to be
trapped, and subsequently to undergo a light-intensity-
and duration-controlled deformation experiment, using
the same beams that compose the trap.

For two identical, opposing, light beams, the cell be-
comes trapped along the beam axis at the midpoint be-
tween the two sources. Its stability comes from the restor-
ing force of this configuration; any cell displaced along the
beams will feel a net scattering force directed back toward
the midpoint, while any cell displaced away from the main
axis will feel a gradient force toward the more intense
center of the beams’ Gaussian profiles (3). The fact that
the optical stretcher can automatically trap and center
cells is of paramount importance for high throughput.

While a cell is in the trap, the light passing through it
exerts a stress normal to the surface and toward the less
optically dense surrounding medium (2). The maximum
occurs at the two points where the surface encounters the
beam axis, while the minimum occurs in a line around the
middle of the cell, where the surface is perpendicular to
the direction of light propagation and the magnitude of
the stress is zero. If the stress is high enough to deform the
cytoskeleton, the cell will be stretched out along the beam
axis. The stress profile can be calculated for a Gaussian
beam incident on a spherical object using ray optics (Fig.
3). In this approximation the stress depends on the laser
power, the ratio of the beam and cell radii, and the index
of refraction of both the cell and the surrounding medium.
The power generally ranges from trapping powers as low
as 5 mW for some cell types up to a maximal stretching
power approaching 2 W in each beam. A wavelength of
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1,064 nm is used in order to minimize any cell damage
caused by the absorption of laser energy by the cell (3).
The beams undergo diffraction-limited divergence, so
their radii in the trap region are controlled by the distance
of the two sources. The index of refraction of the medium
can be measured directly, while that of the cell can be
determined using index matching (3).

The peak force on a cell trapped in 1-W laser beams is
in the 200–500 pN (piconewton) range. This is enough to
deform most cells, while the divergence of the beam
ensures that the cells are not damaged despite the rela-
tively high powers used (27).

Microfluidic Delivery

Different cells of the same cell type will not be identi-
cal, meaning that one would expect to measure a distri-
bution of values for a certain cell type. To learn what this
distribution is (to reasonable accuracy) required the mea-
surement of more than a few cells, necessitating the de-
velopment of a delivery system that enables a high through-
put of individual cells into and out of the trap (Fig. 4).

This was achieved with two different configurations.
One setup used a microfabricated polydimethylsiloxane
(PDMS) structure that aligns optical fibers perpendicular

to a flow channel on the order of about 80–100 �m wide
and tall. By molding the PDMS over a variety of photoresist
structures, the dimensions of the flow channel could eas-
ily be varied from one setup to the next, and extra chan-
nels could be incorporated for possible sorting applica-
tions. The second, simpler setup used a microcapillary
tube as the flow channel, with externally aligned fibers.

Size-Corrected Percent Stretch

To measure each cell’s response to the optically in-
duced stresses, video phase-contrast microscopy was
used. Image analysis using edge detection software gave a
time series of a cell’s shape over the course of the exper-
iment.

The percent stretch was determined by measuring the
relative aspect ratios of a cell over time. The aspect ratio
is defined as the minor axis divided by the major axis of
the trapped cell. By measuring this throughout a cell
stretching experiment, the percent stretch, �, was calcu-
lated in the following way:

� � 100 � ��nx/ny�t – �nx/ny�0�/�nx/ny�0,

FIG. 2. A cell is stably trapped between two opposing divergent laser
beams. At high enough intensities, the cell will be stretched out along the
laser axis.

FIG. 3. Stress profile at the surface of a spherical cell trapped by two
opposing laser beams with Gaussian profiles. The forces are always
normal to the surface, and toward the less optically-dense surrounding
medium.

FIG. 1. Schematic diagram of the microfluidic
optical stretcher. An optical fiber connected to a
fiber laser is split evenly into two fibers, each
with one-half of the initial beam. These fibers are
aligned opposing each other and within a mi-
crofluidic chamber (see inset). Data is gathered
using phase contrast microscopy.

205DEFORMABILITY-BASED FLOW CYTOMETRY



where nx and ny are the cell dimension along and perpen-
dicular to the laser axis, respectively, in units of pixels,
while (nx/ny)0 is the aspect ratio of the cell at t � 0.1 s,
and (nx/ny)t is the aspect ratio of the cell at time t.

The aspect ratio was chosen over a simple length mea-
surement in order to minimize errors that could come
from slight changes in the cell’s position relative to the
focal plane from one image to the next.

Variation in cell size was also taken into account. A
stress profile was calculated as a function of cell size in an
otherwise fixed trapping scenario. By calculating the total
stretching force parallel and perpendicular to the beam
axis, an aspect stress ratio (i.e., the stress profile along the
beam axis divided by the stress profile in the perpendic-
ular direction), was calculated for each cell. A reference
aspect stress ratio was then chosen to normalize the cal-
culated percent stretch values, and this one reference
value was used for all cell types. The end result is a
calculated size corrected percent stretch, �s, for each cell:

�s � �Aref /Acell��,

where Acell is the aspect stress ratio (fx/fy) for a particular
cell, fx and fy are the calculated stretching force along the
beam and perpendicular to the beam axis, respectively,
and Aref is the reference aspect ratio selected for all cells
and types (fiducial point).

Cell Lines

Red blood cells were harvested as previously described
(3). Polymorphonuclear cells (PMNs) were separated from
whole blood using density gradient centrifugation (HIS-
TOPAQUE; Sigma Diagnostics, St. Louis, MO) according to
the product information provided.

MCF-10 and MCF-7 cell lines were obtained from the
American Type Culture Collection (ATCC) in Rockville,
MD. MCF-10 cells are normal, noncancerous mammary
epithelial cells that have been immortalized. MCF-7 cells
are nonmotile, nonmetastatic epithelial cancer cells. Phor-
bol ester 12-O-tetradecanoylphorbol-13-acetate (TPA), in
the amount of 100 nM, was used to treat MCF-7 cells for
18 h to produce modMCF-7 cells. The action of TPA on
MFC-7 cells has been well characterized (28), the result
being a significant (18-fold) increase in cellular invasive-
ness. Each cell type was harvested using trypsin-EDTA and
washed and suspended using PBS before being measured
in the microfluidic optical stretcher.

RESULTS
A first result was the successful combination of the

optical stretcher with a microfluidic delivery system (Fig.
5). This increased throughput leads to better statistics,
allowing for the investigation of optical deformability as a
very sensitive measure of some of the more subtle changes
in a cell’s functioning. As a first proof of principle, exper-
iments were performed to measure and compare the op-
tical deformability of two easily distinguished cell types;
red blood cells (RBCs) and polymorphonuclear cells
(PMNs) (Fig. 6). RBCs were stretched by about 20% at a
laser power of 0.086 W from each beam. PMNs were
stretched on the order of 5% at about 10 times the power
at which the RBCs were quickly torn apart (data not
shown). Thus, RBCs, which lack internal structure, have a
much higher optical deformability than PMNs, as ex-
pected.

After these initial experiments, we wanted to show that
we can also distinguish between cells with more subtle
differences in their cytoskeleton. For this, we investigated
the malignant transformation of human breast epithelial
cells, using normal human breast epithelial cells (MCF-10)

FIG. 4. 3D representation of a generic flow chamber. Design shows
several factors: a well controlled flow path, excellent optical alignment of
the fibers, and an uninhibited view field. The trapping and stretching
region, seen here where the two divergent beams cross, is situated at the
center of the flow channel. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com].

FIG. 5. Cells are flowing in a microfluidic optical stretcher with chan-
nels constructed in polydimethylsiloxane (PDMS). One cell has been
trapped and stretched out, while two others are being microfluidically
transported. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com].
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and their cancerous counterparts (MCF-7, modMCF-7).
MCF-7 cells are nonmetastatic, while modMCF-7 are cre-
ated using phorbol esters known to induce metastatic
behavior in MCF-7 cells (28).

Plotting the size-corrected percent stretch, �s, of MCF-
10, MCF-7, and modMCF-7 cells shows a clear trimodal
distribution with no overlap within one standard error
(Fig. 7). A Student’s t-test was performed to check that the
data sets for these three cell types were distinguishable
(data not shown).

Cancer cells (MCF-7) were found to stretch about five
times more than normal cells (MCF-10), while metastati-
cally-competent cells (modMCF-7) were found to stretch
about twice as much as nonmetastatic cancer cells (MCF-
7). Additionally, there was no overlap at all between the
normal cells and the metastatically competent cells, indi-
cating a clear cut-off point between the two, as indicated
in Figure 7. This was achieved while measuring a mere 83
cells total with rudimentary implementation of flow and
automation, which shows that optical deformability is a
very good, highly-regulated cell marker.

DISCUSSION
The goal of cytomics is to understand the structure and

function of individual cells in relation to their molecular
makeup (29). The microfluidic optical stretcher, which
utilizes a cell’s optical deformability as a cell marker, is a
new and powerful tool in this area, as exemplified in the
context of cancer diagnostics. While specific molecular
markers have more recently been employed to diagnose
some cancers, these specific markers are often not
present. Rather, cancers are characterized by changes in
molecular data patterns that are difficult to utilize directly
for fast detection of diseased cells. Here we show that,
instead, optical deformability can be used to assess the

cumulative effect of these molecular changes as reflected
in a cell’s elasticity. This can be done in cytological sam-
ples obtained by minimally invasive methods (fine-needle
aspiration, cytobrushes) (30), which has obvious advan-
tages over traditional methods of cancer diagnosis that

FIG. 6. Deformation of a red blood cell
(RBC) and a polymorphonuclear cell (PMN)
are shown. The left images show cells at low
trapping powers, while the right images
show the same cells being stretched at higher
laser powers, with values given in each im-
age. The RBC shown here has a percent
stretch � � 19 	 0.5%, while the PMN has a
mere � � 5 	 0.3%, despite a much higher
applied stretching power.

FIG. 7. Optical deformability of normal (MCF-10), cancerous (MCF-7), and
metastatically competent cells (modMCF-7). The stretch distribution is rep-
resented by a diamond. Its height shows one standard error about the mean
percent stretch, while the width shows the relative number of cells of each
type. The independent horizontal lines indicate one standard deviation about
the mean percent stretch. A line is drawn to show a reasonable cutoff
between normal and metastatically competent populations using the size-
corrected percent stretch. Exact number measured is given under each cell
type.
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rely on the optical inspection of histological sections, and
in which biopsies are required to obtain a coherent tissue
sample. Additionally, cancer can often times not be clearly
distinguishable from inflamed tissue (dysplasia) histologi-
cally (31). Thus, optical deformability could be seen as a
complimentary, and in some cases alternative, method of
cancer detection.

Cancer is only one set of examples of disease that can
effect changes in the cytoskeleton. There are many other
examples that point toward a strong connection between
disease and cytoskeletal status: cytoskeletal alterations of
blood cells that cause capillary clogs in circulatory prob-
lems (32); genetic disorders of intermediate filaments and
their cytoskeletal networks that lead to problems with
skin, hair, liver, colon, and motor neuron diseases such as
amyotrophic lateral sclerosis (ALS) (33); various blood
diseases, including sickle-cell anemia, hereditary sphero-
cytosis, or immune hemolytic anemia (34); and the phago-
cytosis disorders of macrophages suspected to cause cer-
tain autoimmune diseases, such as systemic lupus
erythematosus (SLE) (35).

While disease is an example of a rather extreme restruc-
turing into a completely new kind of cell, experiments can
also aim to investigate structural changes over the life of a
single cell type. By synchronizing the cell cycle within a
cultured population, the optical deformability of many
cells could be measured as they progress toward division.
It is known that the cytoskeleton undergoes significant
changes during this process, including microtubules sep-
arating chromosomes and an actin contractile ring pinch-
ing off daughter cells (1); these changes could be moni-
tored with the microfluidic optical stretcher and
correlated with known cell-cycle markers such as DNA
content. Ultimately, a cell’s position in the cell cycle could
be determined by optical deformability measurements
alone.

Another possibility would be to monitor optical deform-
ability during differentiation. Following this kind of cellu-
lar process would be the reverse of studying malignant
transformation, with cells developing a more rigid cy-
toskeleton rather than degrading its structure. This would
lead to the distinguishing of stem cells from differentiating
cells in much the same way one can discern cancer cells
from normal cells.

The next logical step from detecting subpopulations
would be to sort them. This would be done microfluidi-
cally, and would have the potential for high accuracy.
Characterization and sorting of blood cells are an obvious
application, because they reside naturally in suspension
and are easily accessible. In addition, some blood cell
types can be clearly identified by specific surface markers,
enabling a measured correlation between their optical
deformability and the expression of their surface markers,
which can be measured simultaneously on each cell when
the microfluidic optical stretcher is mounted on a micro-
scope prepared for fluorescence. This would be an ele-
gant way of confirming the reliability of deformability as a
cell marker, and could then be used to gather data on cells
that are inaccessible to fluorescence markers. This in-

cludes the identification and separation of the 1% hema-
topoietic stem cells (HSCs) normally circulating in blood.
Enriched HSC suspensions are currently used for a large
number of novel therapeutic approaches. Optical deform-
ability as an inherent cell marker has several advantages
over antibodies tagged with fluorophores or magnetic
beads, in that it does not require any specific preparation
or labeling, it does not trigger signaling pathways like the
binding of antibodies to surface proteins (36), and the
cells remain immaculate. This is important for therapeutic
applications because cells contaminated with fluorescent
dyes or magnetic particles could not be used in humans.

Using step-stress experiments, the cells’ immediate elas-
tic response (normalized by the size-corrected stress),
currently defined as optical deformability, has been suffi-
cient to distinguish cells. It is, however, only one of
several parameters that can be measured. Because cells
are viscoelastic, the multidimensional phase space is
spanned by magnitude and duration (or frequency) of
applied stress as well as magnitude and time- (or phase-)
dependence of the observed deformation. In one or more
of these dimensions, the cells will most likely differ. This
kind of experimental flexibility, along with high through-
put, allows for a wide range of investigations involving
variation of cellular structure.

In conclusion, the microfluidic optical stretcher is a
new tool that can probe a cell’s deformability with a
resolution capable of diagnosing diseases and identifying
cells based on cytoskeletal changes, which are involved in
many cellular functions. A comparison can be drawn with
early flow cytometry, some 25 years ago, when advances
were first being made on the road from measuring a few
fluorescent cells on a glass slide toward the current ability
to measure the fluorescence of hundreds of thousands of
cells per minute. With proper technological improve-
ment, including automation and parallelization, measuring
the deformability of several thousand cells per minute
now seems possible. The microfluidic optical stretcher
faces its own challenges en route to a similar end, but the
result would be a completely noninvasive, non–marker-
specific alternative to current cytometry, which would be
a valuable tool for the human cytome project.
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