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Cell palpation with an optically trapped particle
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Abstract We have developed a cell palpation system to
investigate cell stiffness from the reaction force generated on
a particle that is fixed on a cell. In this method, a particle is
used as a probe, and is manipulated towards a cell using
optical tweezers. Using this method, we can obtain informa-
tion of local stiffness of a cell. We investigate focal adhesion
formation of a cell probed by a particle and we report different
particle coating utilized for attaching certain protein in cell
membrane. Also we discuss the effects of endocytosis.
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1 Introduction

The cell’s cytoskeleton, which is consists of proteins, pro-
vides the mechanical stiffness of the cell [1]. In general,
cytoskeleton is related with cell maturation and disorder,
and is easily affected by any defect in a cell. Cytological
diagnosis is one of the clinical procedures that can identify
certain cell conditions by studying its morphology affected
by cytoskeletal changes, which may be caused by a disease.
Thus, we believe that the cytoskeletal structure and also cell
stiffness can become important parameters to identify dif-
ferent cell conditions. We developed a cell palpation system
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to investigate cell stiffness from reaction force generated on
a particle fixed on the cell, by moving the particle using
optical tweezers [2, 3]. Optical tweezers is a technique to
trap and to manipulate a micron-sized object by radiation
pressure force exerted by a focused laser beam [4, 5].
Optical tweezers has been utilized to measure weak force,
such as molecular-molecular interactions [6—8], to investi-
gate mechanism of force generation of kinesin on microtu-
bule [9, 10], and study the mechanical property of DNA
[11]. We use this technique to apply force on a particle
attached on a cell and to measure the reaction force on the
particle. The advantage of this method is that we can inves-
tigate the local mechanical property of the cell within the
vicinity of the attached particle.

For the measurement of cell stiffness in local, the magnetic
beads methods have been proposed and performed [12, 13].
However, there are some difficulties associated with this
method; the position where the magnetic bead is to be attached
cannot be controlled, and the bead is ingested into the cell
while the bead is being oscillated for stiffness measurement.
Also atomic force microscope (AFM) method has been per-
formed by several researchers [14], although positioning of
AFM probe and probe-to-cell attachment are not easily con-
ducted. There are some other methods for investigating the
mechanical properties of cells, such as micro fluidic cell
method [15, 16] and a microtool method [17, 18]. However,
these methods are for cell level observation, and inappropriate
for local mechanical property measurement.

In contrast optical tweezers method is suitable to investi-
gate local mechanical property because this method enables us
to place the particle onto a cell under optical microscope and
specify measuring point in local. And we can measure the
reaction force shortly after attachment to avoid endocytosis.
The optical tweezers method has been performed also by other
groups [19, 20]. Our cell palpation system has significance on
quantitative measurement capability and sensitivity to apply
small force and detect weak reaction force.
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In this work we investigate the effects of cell adhesion
formation and effects of different surface coatings of par-
ticles to cell palpation with optical tweezers. First we de-
scribe the principle of cell stiffness measurement with
optical tweezers, and explain the actual measurement
scheme in the cell palpation system. Then we report the
results on the measurement of cell adhesion formation using
the cell palpation system and discuss suitable timing of cell
stiffness measurement.

2 Principle of cell palpation

In optical tweezers a small object is trapped by radiation
pressure force exerted by a focused laser beam [4, 5].
Figure 1 shows the schematic diagrams of our optical twee-
zers. Radiation pressure force is caused by the momentum
change of light through light scattering caused by the object.
Radiation force exerts the object to be pulled into a spot of
the laser beam, holds the object and translates it as users
wish. Objects should be dielectric particles, such as polymer
particles and glass particles, for them to be manipulated by
optical tweezers. Also these objects should have higher
refractive indices than that of the surroundings and the range
of the particle size should be from 100 nm to several tens
micron. Since live cells consist of dielectric materials, cells
can also be manipulated by optical tweezers. The exerted
force is roughly proportional to the relative refractive index
between objects and surroundings in cases of glass or polymer
particles (refractive indices n between 1.4 to 1.6) immersed in
water (n=1.33). Radiation force on cell membrane and cell
itself are almost negligible because of very small change in
refractive index.

Laser Beam

Trap Position

Fig. 1 Schematic diagram of optical trapping by a focused laser beam.
A particle is pulled into the laser beam spot by radiation pressure force.
Optical tweezers uses this phenomena to manipulate small objects
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In the cell palpation system, a particle is fixed on the
cell surface, and a laser beam is irradiated onto the particle,
thus causing the particle to move and be used as force
probe. As the particle is fixed at a point, it is observed that
the particle rotates. As shown in Fig. 2, the center of the
particle can be moved by shifting the laser beam spot.
Exerting force on the particle is proportional to the dis-
tance Ar between the center of the particle and the axis of
the laser beam spot. When the Ar is small enough, the
force F can be expressed as

F = —kAr,

where £ is trapping stiffness. This relation has been utilized
to measure molecular force generated by biomolecules
[6-11]. Trapping stiffness can be determined before actual
measurement, so the force F' can be estimated by measur-
ing the distance Ar in each moment.

Next the particle movement is conducted by applying
sinusoidal displacement of laser beam spot on the particle
attached on the cell surface [2]. As the particle is fixed at a
location, the particle rotates and rolls up the cell mem-
brane. This motion is considered as the particle center
movement. In this condition, motion equation of the parti-
cle is described as
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where ¢ and w are oscillation amplitude and angular ve-
locity of trapping beam, respectively. Yis the cell stiffness,
which represents the elastic coefficient (AF / Ah) of a cell.
h is the roll-up distance of cell membrane. 7),,.; and 7,..;; are
viscosity coefficients of surrounding medium and cell at
the contact point of the particle. In cell palpation measure-
ment, we move the particle in a sinusoidal manner or a
rectangular manner through laser beam spot movement,
and measure the position of the particle at each time ¢.
Then, we can estimate the cell stiffness and viscosity
coefficient of the cell from the parameters in equation
(1). In actual experiments, we employ sufficiently low
movement velocity as the applying force is in equilibrium
with reaction force from cell as shown in equation (1). As a
result, we can investigate the cell stiffness. Major contri-
butions on the cell stiffness are from the mechanical prop-
erties of cell membrane, cell cortex, and cytoskeleton. Cell
membrane and cortex consist of bilayer lipid membrane
containing different kinds of proteins reinforced by mem-
brane skeleton [1]. Cytoskeleton is regarded as a network
constructed by actin and microtubule to maintain cell mor-
phology as described by the tensegrity model [21]. These
structures contribute to the mechanical property of cell.
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Fig. 2 Force generation on a
particle. A particle is fixed at a
point P and is forced to move
by optical tweezers

3 Instrumentation of cell palpation system

Figure 3 shows the schematics of cell palpation system. A
laser beam from an Nd: YVO, laser (wavelength of
1064 nm, 2 W maximum power) is expanded with beam
expander BE. The laser beam is reflected on galvanomirror
GM, is incident to microscope optics and is focused onto a
sample. A particle is trapped by the laser beam, is manipu-
lated to the desired position on the cell, and is attached onto
the cell. The cell is incubated for a certain time (typically
30 min), and then the cell stiffness is measured. The particle
is moved by changing the angle of galvanomirror controlled
by a personal computer. The resolution and accuracy of
particle positioning are 10 nm and 4 nm, respectively. The
movement of the particle is observed through microscope
optics and the images are taken by a CCD camera. The
image is sent to a personal computer to undergo analysis.
The particle position is estimated from the center of gravity
after the binarization of the image.

We use a high numerical aperture water immersion objec-
tive (Nikon, NA=1.20, x60) for the optical tweezers. The

Laser motion
&>

cell laser beam

image of the particle is magnified with relay lens (x4) and
imaged on a 1/3 inch CCD camera. A pixel size of CCD is
equivalent to 30 nm under the microscope. Due to the use of
sub-pixel resolution capability of position estimation and re-
duction of unevenness of illumination, we achieved 4 nm of
noise equivalent position fluctuation. Using the developed
setup, we can measure the precise position of trapped particle.

4 Cell measurement

Figure 4 shows an example of position measurement. The
particle that we used is a collagen coated 2 micron diameter
polystyrene particle. The particle is fixed on a mouse fibro-
blast cell (Balb 3 T3) and is moved in a sinusoidal manner.
Collagen is the main component of extra-cellular matrix and
binds the integrin that exists on the cell membrane. After
fixing the particle on the cell surface, the particle is an-
chored on the cytoskeleton, because the integrin that forms
the focal adhesion is bound to the cytoskeleton. Under this
condition the movement in lateral direction is restricted and

centroid ¢
movement

Fig. 3 Optical setup of cell palpation system. A laser beam from Nd:
YVO, laser (wavelength of 1064 nm) is introduced into an inverted
microscope setup. BE: beam expander, PBS: polarizing beam splitter,
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beam trap
GM: galvanomirrors, L1 and L2: lenses, BS: beam splitter. CCD1 is

used for the measurement of particle position and CCD2 is for the
observation of cell
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Fig. 4 Examples of particle movement. A free particle (a) and a fixed
particle (b) are shown. Solid lines indicate trajectory of laser spot

the particle rolls up on the cell membrane if the particle is
forced to move by optical tweezers.

Although in Fig. 4, the decrease of oscillation amplitude
in four cycles of movement is unclear, the oscillation am-
plitude will gradually decrease as it continuously oscillates
the particle. That is because an adhesion site (focal adhe-
sion, FA) maturates thus increasing the cell stiffness, and the
number of collagen molecules the bind to integrin increases
as particle rotate on cell surface.

By considering the attachment of particle on the cell
surface, there are two possible measurement modes for cell
palpation. One mode is to put and oscillate a particle on a
cell surface and measure the particle movement continuous-
ly (mode 1). The other mode is to put the particle and wait a
certain time, then move it back and forth once and measure
the particle position (mode 2). These modes will give dif-
ferent types of cell property on mechanics. In mode 1, new
bond formation and bond rapture always occur during os-
cillation, so we can investigate one bond formation and
rapture as stepwise change in oscillation amplitude. From
this data, we can estimate one bond contribution on total
adhesion phenomena. Also, we induce mechanical stimuli
on the cell through the oscillating movement of particle.
From this, we can identify the cellular mechanical response
as a result of the mechanical stimuli [22, 23]. In mode 2, we
can investigate natural mechanical properties of cells be-
cause no reactive response is induced on the cell. We need to
select suitable measurement mode in actual situation. In this
work, we aim to investigate cell adhesion formation and
effect of surface coating of particles to cell palpation. For
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Fig. 5 Time courses of focal adhesion maturation observed by cell
palpation system. Two types of cells show the similar time course

this reason, we used mode 2 measurement in following
experiments. Also once a particle attached on cell surface
this particle hardly removed from the cell, because of bond
formation between surfaces of cell and particle. Thus we
usually do not reuse a particle after one measurement, but
utilize a new particle floating around cells as a probe for
next measurement every time.

5 Cell adhesion formation measurement

A cell forms complex adhesion structure through contact
with other cells or substrates. The adhesion structure is
called focal adhesion (FA). FA is important to stabilize a
cell at a certain location and it plays an important role on
cell migration and cancer metastasis. We employed the
mode 2 scheme to investigate the time course of focal
adhesion formation by changing the elapsed time ¢ to a
single back-and-forth movement after putting a particle on
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Fig. 6 Dependency on binding site in cell palpation measurement.
Cadherin binding particle represents immediate increase of cell stiff-
ness, although collagen-coated particle shows gradual maturation of
focal adhesion (same in Fig. 5)
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the cell surface. For each elapsed time, we measured 20
cells. Cells are mouse fibroblast cell (Balb 3 T3) and mouse
osteosarcoma cell (LM8). For the particles, we have
employed 2-micron diameter polystyrene beads coated with
collagen. The particles were moved in 400 nm from a
contact point by use of optical tweezers, which had a spring
constant & of 4mN/m, and measured the magnitude of reac-
tion force from the cell. In this measurement resolution and
accuracy of reaction force measurement are estimated as 2
pN and 16 pN, respectively.

To ensure strong binding between collagen and particle
surface, we used carboxyl polystyrene particle (Spherotech
Inc., CP-20-10) and formed covalent bond between first
amino group of collagen and carboxyl group by use of
cross-linker. Cells are dispersed on glass bottom dish 24 to
36 hours before experiment. The glass bottom dish is coated
with collagen to bind tightly. Finally the cells are incubated
after putting the particles on the cell surface in 37 °C, 5 %
CO, atmosphere.

Figure 5 shows the results as mean values with standard
deviations as error bars. Cell stiffness is expressed as a value
of reaction force when a 2-micron diameter particle is
moved. In the process of focal adhesion formation, during
the first 45 min, cell stiffness increases gradually; at around
60 and 75 min, the stiffness decreases, and then increases
again. This result is interpreted as the corresponding time
course of initial adhesion formation investigated with mo-
lecular biology method. Although the mechanism of the
difference in the values of fibroblast cells and osteosarcoma
cells is still unclear, we speculate that the difference comes
from the structural discrepancy of the cell membranes.

The increase in cell stiffness after 75 min may be due to
the ingestion of the particle through endocytosis. According
to this, we should better choose 60 min after particle contact
to the cell surface can avoid initial adhesion formation and
endocytosis. In addition, since this condition is expected to
depend on cell types, we may choose the suitable condition
for the duration of adhesion maturation.

6 Effect of surface coating on particle

Although in previous experiment we have used a collagen
coated particle for cell palpation, we expect different coating
materials that bind to different target sites can provide addi-
tional information on cell stiffness. Therefore, we have also
done experiments using particles with different coatings. We
have chosen cadherin as the target site, which exists widely on
cell membrane [1]. Cadherin is not a force sensitive protein, as
opposed to integrin, which is a force sensing protein and may
cause reaction against applied force.

To bind a particle to cadherin we used anti-cadherin
antibody fixed on particles. Similar to previous experiments,

we have used cross-linkers to form covalent bond between
antibody and particle surface. The particles used are 2-
micron diameter polystyrene and cells are mouse osteosar-
coma cell LMS.

Figure 6 shows the results as mean values with standard
deviations as error bars. For comparison, the results of the
collagen coated beads are also shown. Stiffness value of
cadherin case is slightly larger, because we suppose that
the number of cadherin site is larger than that of the integrin.
Also the value within 30 min is already almost plateau. This
is because anti-cadherin antibody binds to cadherin protein
immediately after touching, and the contact structure is not
enhanced by applying external forces. After 75 min, the
stiffness value increases, because of endocytosis. We con-
clude that anti-cadherin antibody coating particle is more
suitable for cell palpation, because there is no induced
growth effect on adhesion in case of cadherin.

7 Conclusion

We developed the cell palpation system, which is applicable
to adhesive cells. In current system, we can measure cell
stiffness and investigate the maturation of cell adhesion
processes. Advantages of using optical tweezers are the ease
of probe particle manipulation, flexibility in specifying
which cell location to place the particle, and immediate
measurement of force reaction.

We believe cell stiffness is an important parameter on
monitoring cell activity and malignancy of cancer cells or
other diseases related to cells. We expect the cell palpation
system to be utilized as a useful tool for future diagnostics in
the medical field.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, distri-
bution, and reproduction in any medium, provided the original author
(s) and the source are credited.
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