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Quantitative determination of the motility forces of chromosomes during cell division is fundamental to
understanding a process that is universal among eukaryotic organisms. Using an optical tweezers system,
isolated mammalian chromosomes were held in a 1064 nm laser trap. The minimum force required to move
a single chromosome was determined to be <0.8–5 pN. The maximum transverse trapping efficiency of the
isolated chromosomes was calculated as <0.01–0.02. These results confirm theoretical force calculations of
<0.1–12 pN to move a chromosome on the mitotic or meiotic spindle. The verification of these results was
carried out by calibration of the optical tweezers when trapping microspheres with a diameter of 4.5–15 mm
in media with 1–7 cP viscosity. The results of the chromosome and microsphere trapping experiments agree
with optical models developed to simulate trapping of cylindrical and spherical specimens.

T
he first study to measure the force exerted on a chromosome during cell division was performed on
grasshopper spermatocytes1. In that study a microneedle was used to impale the chromosome through a
stretched cell membrane. The force at which the chromosome stopped moving was determined to be

700 pN1. However, theoretical calculations by several investigators have placed the force values for moving
chromosomes at 0.1–12 pN2–5. More recently, the non-invasive method of optical tweezers (optical trapping)
was used for direct measurement of forces on chromosomes6.

Optical trapping is a precise technique to manipulate objects with length scales from tens of nanometers to
hundreds of micrometers, and measure forces from few to several hundreds of piconewtons7. Given that it is non-
invasive and non-destructive8, optical traps have been used in a multitude of biological studies, such as, the
determination of motility forces of kinesin9,10, human spermatozoa swimming force11, forces associated with cell
adhesion12 and organelle transport13, compliance of bacteria flagella14, and mechanical15 and electromechanical
properties of cellular plasma membranes16.

In optical tweezers studies of forces exerted on a chromosome during cell division6 the resulting forces of 3–
35 pN approached, but did not match, the predicted theoretical calculations and were orders of magnitude less
than 700 pN. The significance of the optical trapping experiments is that there was no physical contact between
the force measurement probe and the chromosomes, hence stretching of the plasma membrane to reach the
chromosomes, as was necessary in the early invasive microneedle study1, was avoided6. In this study6, chro-
mosome movements were stopped by the optical trap. The power needed to prevent the chromosome from
escaping the trap was determined. The usual method of calibrating an optical trap to determine the lateral escape
force is to use movement of the stage to produce fluid flow past the trap, exerting an increasing viscous drag force
on the trapped particle until the particle escapes the trap17,18. However, this requires the trapped particle to be able
to freely move relative to its surroundings, which is not possible for a chromosome within a cell. In addition, it also
requires knowledge of the viscosity of the surrounding medium. As this cannot be easily performed within the
cell, the corresponding forces were estimated by assumption of a range of values for chromosomes trapping
efficiency that was based on previous chromosome fragment trapping experiments8, and experiments to trap
sperm heads after removal of their tails11,19.

Since the optical trapping values were still somewhat higher than the predicted theoretical ones, we conducted a
study to more precisely determine the escape force for a trapped isolated chromosome, outside the cell. In
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addition, it has been suggested that the differences in force measure-
ments on chromosomes between the early needle-invasive study1 and
the recent non-invasive optical tweezers studies6 was due to some
unknown photo-damage effects of the laser20. There does not appear
to be any good basis for that claim, considering the wide range of
biological studies conducted with optical tweezers at irradiances
considerably higher than the ones reported in the recent chro-
mosome trapping studies6. At the wavelength (1064 nm) and power
used (too low for non-linear effects), no significant photochemistry is
to be expected, and the only important effect would be due to heating
generated by absorption of the 1064 nm light by water. Since we can
expect heating by about 1 K/100 mW21–25, no significant heating is
expected. However, it is straightforward to investigate the effect of
heating during the measurement of the escape force, since the vis-
cosity of water, and hence the drag force, varies with temperature.

In the present study we have performed systematic experiments
and theoretical simulations to determine the optical trapping forces
on isolated single chromosomes, and analyzed the force-power rela-
tionship in order to determine the trapping efficiency factor, Q. This
calibration procedure to find the escape force (or escape Q) was
performed using the same optical tweezers system as used for the
measurements on chromosomes within the cell. Therefore, most
features of the trap are identical between the experiments inside
and outside the cell: aberrations, focusing of the beam, etc. For
experiments inside the cell, the only difference in the trap will be
due to propagation of the beam through the cell. Since the refractive
index of the cell is close to that of its surroundings, the effect will be
minor; the most likely effect would be to produce a larger focal spot,
reducing the escape force. That the effect on the focal spot will be
small is evident due to the fact that we can clearly view the interior of
the cell with the microscope. In addition, if the refractive index inside
the cell is higher than that of the medium surrounding the isolated
chromosome, the escape force would also be reduced. Therefore,
measurements on isolated chromosomes can be assumed to give
an upper limit to the escape force within the cell.

First, it is important to test the calibration procedure. In order to
do this, the escape force measurement was performed on polystyrene
microspheres 4.5–15 microns in diameter. A range of powers and
viscosities of the surrounding medium were used. A range of powers
allows observation of the effects of heating; if there is significant
heating, the viscous drag for a given flow speed will decrease, and a
higher flow speed is required for the object to escape the trap (at
about 35uC, a temperature change of 5uC will change the viscosity by
about 10%). In addition, the escape path of a trapped particle affects
the escape force26, and this can be affected by the rate at which the
ratio of viscous drag to optical force increases. Varying the power and
viscosity allow this ratio to be varied, checking for effects on the
calibration of the trap. These measurements provided a verification
of the calibration of the system and its independence from variation
in power and viscosity of the medium.

Since size, shape, and refractive index of the microspheres were
known, the optical forces acting on them could be predicted theoret-
ically. The microsphere trapping experiments were simulated by an
optical model calculating forces and trapping efficiency of micro-
spheres using the T-matrix method. This allowed the development of
an accurate model of the trap, including the effects of aberrations.

Next, chromosomes from Chinese hamster ovary (CHO) cells
were isolated using standard procedures27 and optically trapped with
a range of in situ trapping powers. Trapping forces on isolated chro-
mosomes were calculated based on Stokes’ equation for cylinders,
followed by determination of chromosome trapping efficiency at
each trapping power. Measurements were made for two different
viscosities.

Using electromagnetic field calculations for cylindrical objects, an
optical model was constructed to simulate trapping of isolated chro-
mosomes at 1064 nm, and to determine the optical forces and trap-

ping efficiency of the chromosomes. Our experimental results and
numerical simulations on isolated chromosomes confirm that the
amount of force necessary to move a single chromosome on the
spindle is in the range of 0.1–12 pN.

Results
Trapping of microspheres. Polystyrene microspheres with
diameters of <4.5–15 mm were trapped at 1064 nm in a range of
in situ powers and in media with varying viscosity of 1–7 cP. At each
trapping power, trapping forces exerted on the microspheres were
determined using the viscous drag method described in the
Microsphere trapping of the Methods section. Briefly, the particle
(microsphere or chromosome) escapes the trap when the viscous
drag force is greater than the optical trapping force. Based on the
Stokes’ equation, the viscous drag force exerted on a sphere in a fluid
flow with very low Reynolds numbers (Re=1) can be calculated by
the following equation:

Fdrag~6pmrvb ð1Þ

Fdrag is the viscous drag force (N), m is the dynamic viscosity (N.s/m2)
of the surrounding media, r is the radius of the microsphere (m), v is
the velocity of the fluid flow (m/s) at which the microsphere escapes
the trap in our experiments. b is a correction factor for the viscous
drag force arising from proximity of the trapped microsphere to the
surface of the petri dish and can be calculated from the following
equation17:

b~t1{
9
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where h (<20 mm in our experiments) is the distance from the glass
surface to the center of the trapped microspheres.

The calculated trapping forces versus trapping powers are shown
in Fig. 1a for 4.5 mm microspheres suspended in 3 and 7 cP sur-
rounding media. As seen in this figure, the trapping forces increased
as the trapping power increased. This was the case for all viscosities.
The force values were a linear fit to power (R250.99). This indicates
that no unusual heating occurred.

The trapping force is correlated with the trapping power by the
following equation17,28:

F~
QPn

c
ð3Þ

F is the total trapping force (N), P is the incident laser power at the
specimen (W), c is the speed of light (m/s) in a vacuum, and n is the
refractive index of the surrounding medium. The parameter jQj is
the dimensionless trapping efficiency which indicates the fraction of
the incident light momentum transferred to the trapped object and
varies from 0 to 218,28. Using Eq. 3 and the escape velocities, the
maximum transverse trapping efficiency (QEscape) of the trapped
microspheres were calculated at each trapping power. The values
of QEscape versus trapping power in the range of <20–60 mW are
shown in Fig. 1b. Based on these measurements, QEscape is independ-
ent of trapping power and media viscosity in the ranges examined.

For calibration purposes, trapping experiments were repeated on
microspheres with diameters of 10 and 15 mm over a range of trap-
ping powers, and in media with viscosities of 1–7 cP. The trapping
forces increased linearly with trapping powers similar to that seen
with the 4.5 mm diameter microspheres. The values of QEscape

remained unchanged at different trapping powers and were inde-
pendent of the media viscosity, but increased with the diameter of the
trapped microspheres. Values of QEscape obtained from trapping
experiments for microspheres with different sizes are summarized
in Table 1.

Simulation model of trapped microspheres. The verification of the
escape forces exerted on microspheres was investigated by a
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numerical simulation model. The simulation used the optical
tweezers toolbox with the T-matrix method to calculate the optical
forces on microsphere in the trap29,30. This model described by
equation 4 recreated the experiment. The microsphere is initially at
the equilibrium position of the trap. The microscope stage is moved
in a transverse direction with a linearly increasing velocity, which
moves the microsphere out of the trap. The time interval, Dt in
equation 4 is defined such that xi - xi-1 is not too large, less than

0.5% of the particle radius, so that the optical force does not change
too greatly. In order to reproduce the experimental results of the
escape trajectories of the microspheres it is important to consider
not only the optical forces but also viscous and mechanical forces.
The behavior of the particle in a fixed orientation is modeled using
the following equation:

xi~xi{1z C{1 fo(xi{1)zg½ �zvi{1

� �
Dt ð4Þ

Figure 1 | Experimental and numerical simulation results for optical trapping of microspheres. (a), Trapping force-power measurements for 4.5 mm

polystyrene microspheres trapped at 1064 nm wavelength. (b), Maximum transverse trapping efficiency (QEscape) versus trapping power for 4.5 mm

polystyrene microspheres trapped at 1064 nm wavelength.

Table 1 | Calculated values of maximum transverse trapping efficiency (QEscape) (mean 6 s.d.) for microspheres with different diameter
sizes suspended in surrounding media with various viscosity values

Surrounding media viscosity (cP)

Microsphere diameters (mm)

4.5 10 15

1 Not determined 0.1934 6 2.4e-3 0.23 6 3e-3
3 0.1436 6 0.003 0.1923 6 2e-3 0.2313 6 1.5e-3
7 0.1431 6 6e-4 0.1898 6 2.2e-3 0.2291 6 2.8e-3
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where the particle is moved from its current position to a new
position by the sum of the forces acting on it. The forces in our
simulation model are: the optical force created by the optical
tweezers, fo(xi-1); the buoyancy force of the particle, g; and viscous
drag force due to fluid flow around the particle. The drag force is
generated in response to movement of the stage at velocity vi-1 giving
rise to a force value of Cvi-1 where C is the drag tensor. Eq. 4 is
obtained assuming motion at terminal velocity such that the total
force is equal toC(xi - xi-1)Dt. As the sphere is displaced in the optical
trap by the flow, it also experiences an optically induced torque which
changes the orientation as a function of time. The simulation also
accounts for rotational drag; this doesn’t affect the motion of the
spheres, due to their rotational symmetry, but is important for
chromosomes. Brownian motion of the trapped particle is ignored
in this simulation model. The particle should escape the trap when
the external forces overcome the optical force. The escape force is
taken to be the greatest radial optical force acting on the particle
during the escape process wherein the particle moves from the
centre toward the outside of the optical trap. The values of the
escape forces obtained from the simulation model are shown in
Fig. 1a versus trapping power for 4.5 mm diameter microspheres
suspended in media with 1–7 cP viscosity. The corresponding
values of QEscape obtained from the simulation model for 4.5 mm
diameter microspheres are shown in Fig. 1b.

Trapping of chromosomes. Individual whole metaphase
chromosomes isolated from Chinese hamster ovary (CHO) cells
were optically trapped with a 1064 nm laser tweezers. Metaphase
chromosomes are elongated cylinders of condensed chromatin with
relatively smooth surfaces. Recent reports have determined the length-
to-diameter ratio of chromatids vary between <9–19 with an average
value of <1331. Consistent with these observations, the average length-
to-radius ratio of the metaphase CHO chromosomes in our
experiments is <14 (see the Phase contrast imaging and chro-
mosome size measurements in the Methods section).

Using the viscous drag method, escape velocities of the individual
trapped chromosomes were measured at each trapping power as
described in the Chromosome trapping of the Methods section.
Optical forces exerted on chromosomes by laser tweezers were cal-
culated based on hydrodynamics of long slender bodies according to
Stokes flow equations (Eqs. 5–6):

F\~
4pmvL

ln L
a z0:193{

3L
8h

ð5Þ

FE~
2pmvL

ln L
a {0:807{

3L
16h

ð6Þ

where FH and Fjj are the forces on the cylinder with the fluid flow
normal and parallel to the cylinder longitudinal axis, respectively.
The parameter m is the dynamic viscosity of the surrounding media
(N.s/m2), v is the fluid flow velocity (m/s) at which the chromosome
escapes the trap, parameters L and a are the length and radius of the
cylinder (m), respectively, and h is the distance of the center of the
chromosome from the bottom surface32. These equations have been
used in motion studies of other biological slender bodies at low
Reynolds numbers, e.g. in eukaryotic ciliary motion32, propulsion
in Escherichia and Salmonella flagellated bacteria33, mechanics of
discharge of ascospores in Giberella zeae34,35, and growth of cellular
protrusions36.

The corresponding trapping force-power measurements of indi-
vidual chromosomes for a range of the trapping powers and in media
with 1–3 cP viscosity are shown in Fig. 2a. The trapping forces on the
chromosomes linearly increased with the trapping powers at each

individual viscosity as shown by linear regressions represented by the
dashed red lines on Fig. 2a.

Using the trapping force-power measurements of the individual
chromosomes, the transverse trapping efficiency of the chromo-
somes was calculated at each trapping power based on Eq. 3. Since
the force measurements were performed at the escape velocity at
which the chromosomes left the trap, the Q in our measurements
is equivalent to the maximum transverse trapping efficiency and is
denoted as QEscape. The QEscape values of the chromosomes versus the
trapping power for experiments performed in 1 and 3 cP media are
shown in Fig. 2b. At each media viscosity the QEscape is independent
of the trapping power as there are no statistically significant changes
between the QEscape values at different trapping powers. Thus, it is
safe to assume that no unusual heating occurred. The QEscape values
are higher for chromosomes trapped in 3 cP media compared with
the ones trapped in the 1 cP media. The mean 6 s.d. value of the
QEscape for the trapped chromosomes in 1 and 3 cP media are
respectively, <0.011 6 0.002, and <0.019 6 0.005. This variation
indicates that escape trajectory differed for the different viscosities.

Simulation model of trapped chromosomes. Chromosomes at
metaphase have a cylindrical structure31,37,38 of densely packed
chromatin. The optical properties of homogenous cylindrical
structures can be modeled using calculations of electromagnetic
field theory and the behavior of such objects influenced by optical
tweezers can be determined. Using an optical tweezers calculation
package29,30 we constructed an optical model of chromosomes using
nano-cylinders with refractive indices of 1.36 and 1.4, radius of
500 nm, and length of 6 mm. Using this model, we calculated
optical forces acting on a trapped cylinder when dragged from the
center of an optical trap. Alignment torques arising from the optical
tweezers will tend to change the orientation of the cylinder. Fig. 3
shows the results of the optical chromosome model using two
trajectories. Fig. 3a where the trapped chromosome is dragged
perpendicular to the trapping laser and in Fig. 3b the chromosome
is dragged along the optical axis of the laser beam. This configuration
constitutes the ‘best’ and ‘worst’ cases of chromosome trapping. Due
to the viscosity dependence observed in the chromosome escape
experiments, it is important to consider the limiting cases. The
actual escape trajectory is likely somewhere between these two
extreme trajectories and at a slight angle to the lengthwise escape
trajectory. Since the simulation includes both optical and drag forces
and torques, the orientation of the chromosome varied during the
simulated escape. The peak transverse restoring force of the optical
tweezers, the escape force, corresponds to the escape Q of jQEscapej<
0:019–0.028 as calculated in the model (Fig. 3c) for the chromosomes
leaving the trap in horizontal orientation. For vertical escape, the
QEscape varies between 0.013 and 0.019 (see Fig. 3d). These
theoretical results agree well with the experimental findings of
jQEscapej < 0:019. This value lies between the ‘best’ and ‘worst’ case
orientations discussed above; this supports our expectation that the
real escape is between these limiting cases. A result of this dynamic
simulation (including Brownian motion) is shown in Fig. 4. In this
simulation we use the same parameters as in figure 3. The escape Q
(QEscape) in x direction is <0.023, which compares well with
experimental results. An animation simulating the escape of a
trapped chromosome from the optical tweezers is provided as
Supplementary Movie M1.

Discussion
Optical trapping and determination of forces on the isolated
chromosomes. The motion of chromosomes during cell division
(mitosis or meiosis) is mediated by the forces exerted on their
kinetochores via microtubules and associated proteins, and
quantitative measurement of these forces is fundamental to
understanding a biological phenomenon that is universal among
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eukaryotic organisms. This leads to the importance of employing
both an experimental technique, and a simulation model, to
determine the forces exerted on chromosomes.

Given its extensive biological application, optical tweezers is an
ideal technique to study the dynamics of chromosomes inside a live
cell during cell division and, particularly, to quantitate the associated
motility forces. These forces can be calculated by measuring the in
situ trapping powers required to stop the chromosomes, as long as
the trapping efficiency (Q) of the chromosomes is known. Therefore,
knowledge of Q is essential. Since the number of kinetochore micro-
tubules can change throughout the cell division process39,40, and the
velocity of chromosomes can be ten times faster in prometaphase
compared to anaphase20, it is likely that different amounts of forces
are exerted on the chromosomes at different phases of the mitotic/
meiotic process. Therefore, trapping of chromosomes in order to
quantify these forces will require different in situ trapping powers
at different stages of cell division. For this reason, we studied trapping
behavior of isolated chromosomes in a wide range of in situ powers
used in other biological studies such as trapping single kinesin

molecules (15–63 mW)41, buckling and trapping of microtubules
(1–25 mW)42, and trapping kinetochores in mesostoma (5–
23 mW) and crane-fly spermatocytes (28–65 mW)6.

Assuming similar trapping properties for the objects under study,
knowledge of the trapping efficiency of objects at a given wavelength
enables calculation of the optical trapping forces at a given trapping
power. In a recent study measuring motility forces on chromosomes
inside live cells using optical tweezers6, the value of Q for chromo-
somes was assumed to be between <0.06–0.16. This resulted in
calculated force values of 3–12 pN for prometaphase mesostoma
spermatocyte chromosomes and 6–35 pN for prometaphase and
anaphase crane-fly spermatocytes. A Q value of 0.06 was calculated
based on a previous report where 440 mW laser power was needed to
trap chromosome fragments with an associated trapping force of
30 pN8. However, the power measurement reported in that study
was likely before the objective lens rather than at the laser focal point
inside the cell. Additionally, in a study trapping tail-less primate
sperm heads, which are morphologically different than chromo-
somes, a Q of 0.16 was reported11.

Figure 2 | Optical trapping of isolated chromosomes. (a), The trapping force-power measurements of the isolated individual CHO chromosomes

suspended in 1 and 3 cP viscous media and trapped at 1064 nm wavelength. (b), Calculated maximum transverse trapping efficiency (QEscape) versus

trapping power for individual CHO chromosomes suspended in 1 and 3cP viscous media and trapped with 1064 nm wavelength laser tweezers.
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In our study, the QEscape values for chromosomes are directly
measured based on their trapping force-power measurements at
1064 nm. They also are calculated using a simulation model. Our
simulations were done taking into account the considerations of
optical aberrations in the microscope and the depth of the trap.
Using both experimental and theoretical approaches, the values
are in the range of <0.01–0.02 which is somewhat lower than
<0.06–0.16 previously suggested6. Our results, however, are con-
sistent with smaller force values for chromosome movements.
They are closer to the theoretical values of 0.1–0.7 pN3–5 and
12 pN2 reported as necessary to move anaphase and prometa-
phase chromosomes, respectively. These values are considerably
smaller than the 700 pN force that caused chromosome velocity to
fall to zero inside anaphase grasshopper spermatocyte using a
microneedle to impale the chromosome through the stretched cell
membrane1. As recently discussed, it is conceivable that in the
microneedle experiments, a high force measurement artifact arose
from stretching the cell membrane to hook the chromosomes. In
the experiments where atomic force microscopy was used for force
measurements the force values obtained were of the order of
<200–900 pN in response to indenting the membrane by 0.5–
1 mm43–45. Thus, forces of this magnitude would be expected in

the earlier experiments on chromosomes where the microneedle
caused indentation of the cell membrane.

Our trapping experiments are performed with media viscosity
values between 1–7 cP which is within the range of the 1–3 cP
reported for microviscosity of the aqueous phase of the cytoplasm
in mammalian cells46–50. These values have been reported to increase
to as high as 140 cP in cellular vesicles51. The average viscosity value
reported for the cell cytoplasm surrounding the mitotic spindle is
<300 cP2,5,52, and in a more recent study it was reported as high as
<1200 cP53. The average velocity of chromosome movement during
anaphase is <1 mm/min20 but can be five times higher in some cells.
Given the maximum average velocity of 5 mm/min, and published
viscosity values as high as 1200 cP, the corresponding viscous drag
forces exerted on the chromosomes estimated by Eqs. 5 and 6 would
only be up to <3 pN. This lies within the range of the forces mea-
sured in this study.

Trapping efficiency of the isolated chromosomes and microspheres.
The validity and quantitative accuracy of the drag force calibration
method used here has been confirmed by testing the method with
microspheres. The computational model used to simulate the escape
from the trap has been demonstrated to give optical forces in close

Figure 3 | Optical model of chromosomes using glass nano-cylinders. (a) and (b) show schematics of escape trajectories of optically trapped cylinders

with their long axes aligned with the drag directions. (c) and (d) show the QEscape of glass nano-cylinders corresponding to the schematics shown in

a and b, respectively, as a function of displacement from the trapping center. The shaded region of the force curves illustrates the variation in the trap

strength with refractive index between 1.35 and 1.36. The glass nano-cylinders have radius of 500 nm, and length of 6.0 mm.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 6866 | DOI: 10.1038/srep06866 6



agreement with experimental optical forces, and the agreement between
experimental and simulated escape of spheres strongly indicates that
both the experimental calibration is being performed correctly, and
therefore suggesting strongly that the simulations of escape of
cylinders are reliable. Since the experimental measurements and
simulations of the escape of chromosomes are in reasonable
agreement, with the differences attributable to uncertainties in the
size and optical properties of the chromosomes, the measurements of
escape force for chromosomes are considered reliable. Certainly, they
cannot be wrong by the orders of magnitude that agreement with
mechanical measurements1 would require.

The calculated values of QEscape for isolated chromosomes are
smaller than for the microspheres. This may reflect differences in
the geometry, morphology, and structural materials of the two, as
well as influences of the differences in their refractive indices. The
chromosomes are composed of nucleoproteins. Refractometry
experiments54 and modeling of mechanical stress relaxation in chro-
mosomes55 has indicated that water and other molecules in the sur-
rounding media may penetrate between individual nucleoprotein
fibrils whereas the microspheres have a solid structure which pre-
vents the imbibition of water molecules. The behavior of the chro-
mosomes might change in different types of surrounding media,
such as the previously observed changes in their refractive indices
from 1.4 in a protein containing media to 1.54 in a non-aqueous
(Clove oil) media. This change is, perhaps, due to their structural
interstices with fine pore sizes that do not permit large molecules to
penetrate, and the different amount of water imbibitions in different
media54. These observations might also explain the changes in QEscape

value for chromosomes in media containing different amounts of
methyl cellulose (1 and 3 cP media). We note that the value of the
refractive index of the chromosome is highly variable and can be as
low as 1.3637.

Temperature effects of a 1064 nm optical trap. Our results on
trapping of isolated chromosomes and microspheres demonstrate

that the QEscape remains unchanged in the range of the trapping
powers used, indicating no significant heating effects on the
viscosity of the surrounding medium. Local heating and
temperature rise in biological and non-biological specimens
confined by optical tweezers at 1064 nm has been studied
previously using different techniques21–25. Direct temperature
measurements based on a microfluorometric technique using
temperature-sensitive fluorescent probes showed an average
temperature rise of <1.45uC/100 mW in trapped micron-size
spherical liposome vesicles21,22. Temperature rise in trapped
Chinese hamster ovary (CHO) cells was measured <1.15uC/
100 mW with the focal power density of <107 W/cm2. In another
study on living cells, the temperature rise was measured to be less
than 1.0uC/100 mW with trapping (in situ) powers of up to
400 mW23.

In our experiments with the 1064 nm continuous wave laser twee-
zers, with the range of the in situ power between <20–60 mW, the
focal power density would be <0.9 3 107 W/cm2 at the highest
(60 mW) in situ power used. Given the previous measurements of
the temperature rise in the 1064 nm continuous wave laser trap, and
their corresponding range of the in situ powers and focal power
densities21–25, the temperature rise in our experiments is in the order
of <1uC/100 mW in the focal volume. Such a temperature rise would
be expected to have little, if any, biological consequence.

In conclusion, the present study defines the potential of optical
tweezers as a non-contact sterile method for the measurement of
biological forces on spherical and cylindrical objects. The results
from our chromosome trapping experiments and the simulation
model of trapping cylindrical objects confirm that the amount of
force necessary to move a chromosome on the spindle of a dividing
cell is likely in the range of 0.1–12 pN.

Methods
Cell culture. Chinese Hamster Ovarian (CHO-K1) cells (ATCC, CCL-61) were
grown in advanced minimum essential medium (Gibco) supplemented with 4% fetal
bovine serum (FBS). Cells were incubated at 37uC with 5% CO2.

Chromosome isolation. Colcemid solution. We used a 10 mL colcemid solution
(Gibco, 15210-040) to prevent spindle formation during mitosis, thus arresting the
cells in metaphase. The colcemid solution was prepared in HBSS (Hank’s Balanced
Salt Solution) and stored at 4uC. A Stock solution was prepared with 5 mM CaCl2 and
1 mM PIPES (Sigma Aldrich, 6757). The pH of the solution was adjusted to 6.5 by
adding 1 N NaOH, and the solution was stored at 4uC. A 100 ml working solution
was prepared by adding 80 ml of ddH2O (pH: 6.5) to 10 ml of the stock solution.
11.8 g (<11 ml) of hexylene glycol (Acros Organics, 150340025) was added and
mixed well. The final working solution was stored at 4uC.

Isolation procedure. Briefly, the CHO-K1 cells were grown to 80% confluence in three
sterile T-150 cell culture flasks (Corning, 430825). Cells were washed with 37uC
1xHBSS(1) solution (Gibco, 14025-092) to remove the floating and rounded cells.
Next, the cells were treated with the colcemid solution at 0.06 mcg per mL of growth
media, followed by incubation for 2 to 4 hours at 37uC. After incubation, the colcemid
containing media with floating cells were transferred to three 50 ml centrifuge tubes
and the flasks were washed with cold (4uC) HBSS(-) solution (Gibco, 14175-095) to
retrieve additional mitotic cells. This solution was added to three 50 mL centrifuge
tubes and placed on ice for 30 minutes to allow dissolution of remaining mitotic
spindles.

The tubes were centrifuged at 1000 rpm for 2 minutes at 4uC. The cell pellets were
re-suspended in cold (4uC) working solution and transferred to a 15 mL centrifuge
tube and centrifuged at 2000 rpm for 3 minutes at 4uC. The cell pellet was re-sus-
pended in ice cold working solution and incubated in a 37uC water bath for
approximately 10 minutes allowing the cells to equilibrate with the hypotonic
working solution. When the cells swelled so the chromosomes became clearly visible,
they were lysed. The cell suspension was transferred to a petri dish and aspirated into
a 1 ml syringe with a 25 G needle. The suspension was pushed through the needle to
the wall of a 15 ml culture tube. This was repeated several times until most of the cells
ruptured yielding a suspension of chromosomes plus some nuclei and unbroken cells.
The suspension was filtered through a 10 micron nylon filter to remove nuclei and
unbroken cells, placed in 2 mL vials, and stored at 4uC. For experiments that used a
more viscous buffer, the chromosome suspension was centrifuged at 3000 rpm for 3
minutes. The supernatant was aspirated and the chromosomes were re-suspended in
the desired viscous buffer solution. Vials of chromosomes in viscous buffer were
stored at 4uC.

Figure 4 | Numerical simulation of the opto-visco-mechanical
chromosome model. The numerical simulation reproduces the escape

trajectory in the presence of Brownian motion using parameters directly

obtained from the experiment. The initial equilibrium orientation is found

and the cylinder (refractive index of 1.36, diameter of 1 mm, and length of

6 mm) is increasingly displaced by an external force equal to Stokes drag for

the cylinder as a function of its angle in a flow travelling along the ‘x’-

direction. Escape in the flow direction occurs at the maximum transverse

trapping efficiency of <Qx50.023.
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Optical tweezers setup. The optical (laser) tweezers system is similar to one
previously described56. Briefly, a continuous wave 1064 nm wavelength ytterbium
fiber laser (PYL-20M, IPG Photonics) was collimated and steered through a series of
mirrors and lenses, and coupled into the epifluorescence port of an inverted
microscope (Zeiss Axiovert-135). A dual band laser dichroic mirror (Chroma
Technology, z532/1064rpc) was used to reflect the IR laser beam toward the
microscope objective while simultaneously transmitting the light from the specimen
to a camera. The laser beam was focused through a high numerical aperture
(NA51.4) oil immersion, Phase III, 100X objective (Zeiss Plan-Apochromat).
However it has been demonstrated that due to the series of optical aberrations the
effective numerical aperture was of the order of 0.8. Several factors contribute to these
aberrations. One is that the microscope objective is designed to be used with visible
light. Second one is that the depth of the trap influences the results significantly.

Laser exposure and dosimetry. The objective transmission coefficient at 1064 nm
wavelength was determined <25% based on a three objective measurement method57.
Prior to, and after each trapping experiment, the power at the back aperture of the
objective was measured by removing the objective from the microscope turret and
allowing an unobstructed beam to illuminate a 19 mm diameter sensor surface of a
Field MaxII TOP power meter coupled to a PowerMax PM3 probe (Coherent Inc.,
Santa Clara, CA, USA). Laser power in the focal spot was varied from <20 to 60 mW
in each individual experiment as described in the Results.

Phase contrast imaging and chromosome size measurements. Light from an arc
lamp source was collected by the microscope condenser to illuminate the sample. The
light from the sample was collected by the objective lens, transmitted through the
laser dichroic mirror inside the microscope, and reflected into a digital charged-
coupled device (CCD) camera (Hamamatsu, ORCA-R2 C10600-10B) to visualize and
capture images of the objects in the field of view. The phase contrast images were
acquired with the phase III, 100 X, NA51.4 objective (Zeiss Plan-Apochromat) and
collected by the camera at 30 frame per second (fps). The camera operation and image
acquisition processes were controlled with the robotic laser microscopy system
software (RoboLase III)58, and raw images (16-bit) were imported into ImageJ
software (1.44p, National Institute of Health, USA) for processing and further
analysis. A bandpass filter was placed before the CCD camera in order to cut off IR
noise from the trapping laser beam.

The transverse (x and y) image planes were calibrated by measuring known dis-
tances in the x and y directions and correlating them with the corresponding number
of the pixels. For this purpose, a micrometer microscope ruler with 10 mm spacing
was used. The calibration yielded <16.4 pixels per mm in both x, and y directions. The
length and diameter of the individual chromosomes were measured under phase
contrast microscopy using a 100X objective. A total number of 77 individual isolated
chromosomes were trapped for measurements in media at 3 cP (centi poise), and 44
chromosomes were trapped at 1 cP. The mean values 6 standard deviation (s.d.) of
the diameter, length, and aspect ratio (length/radius) of the chromosomes trapped in
1 cp media are 0.939 6 0.141, 6.44 6 1.6, and 13.94 6 3.63, respectively. For the
experiments performed in 3 cP media, the respective values of the diameter, length
and aspect ratio of the chromosomes are: 0.953 6 0.173, 6.98 6 1.88, and 14.9 6

4.165.

Viscous media preparation. We used methyl cellulose (Sigma Aldrich, M7140, St.
Louis, MO, USA) as a chemical reagent to increase the viscosity of the chromosome
and microsphere suspension solutions. For this purpose, solutions with different
concentrations of methyl cellulose were made by adding various amounts (weight-in-
weight ratio) of methyl cellulose to the chromosome suspension solution59. Initially,
one-third of the solution was heated to 80uC and then the calculated amount of the
methyl cellulose powder was added to the heated suspension solution, followed by
agitation of the mixture until the particles were evenly dispersed. To reach complete
solubilization, the remainder of the solution was added as cold media to lower the
temperature of the dispersion. Upon reaching the temperature at which methyl
cellulose particles became water soluble, the powder began to hydrate and the
viscosity of the solution increased. Next, the solution was cooled to 0–5uC for 20–40
minutes, and continuously agitated for an additional 30 minutes after the proper
temperature was reached. A small amount of each final solution (100 mL) was
measured for viscosity using an Anton Paar Physica MCR 301 rheometer. The
viscosity measurements were performed at room temperature as were all the
experiments.

Stage movement and control. A microstepper-motor driven stage for inverted
microscopes (Ludl Electronic Products, BioPrecision2, NY, USA) was used to provide
controlled transverse motions in x and y directions. The stage was driven by the
LabView (LabView 8.5.1, National Instruments, TX, USA) based RoboLase III system
software through which the stage could be controlled and driven in x and y directions
at given velocities over desired distances with a minimum movement resolution of
200 nm.

Microsphere trapping. Polystyrene microspheres with different diameters were
trapped using the 1064 nm optical tweezers system described above. Prior to trapping
experiments, the microspheres with known diameters were suspended in glass
bottom petri dishes (FluroDish, FD35-100) containing liquid media with known
viscosity values. The microspheres subsequently were optically trapped in a range of
in situ powers. At each power, fluidic viscous drag forces were applied to the trapped

microsphere by driving the microscope stage at known velocities. The velocity of the
fluid flow was gradually increased until the trapped microsphere dropped out of the
trap at an ‘‘escape velocity’’. This was detected by CCD camera imaging as the
microsphere was pulled away from the trapping center by the fluid flow. The
polystyrene microspheres with diameters of 4.5 mm (Polysciences Inc., Warrington,
PA, USA), 10 mm (Polysciences Inc., Warrington, PA, USA), and 15 mm (Molecular
probes, Eugene, OR, USA) were used. The surrounding media viscosity values varied
between 1–7 cP for each microsphere size.

In our previous report59, we have analyzed the effects of adding methyl cellulose on
the refractive index of the media. In those experiments, the refractive indices of the
viscous solutions were measured using a digital refractometer (Sper Scientific, model
300034, Scottsdale, AZ, USA), with an instrument range of 1.330 to 1.5318 and
resolution of 0.0001. No significant changes in the refractive indices of the media
containing methyl cellulose were observed upon addition of up to 2% (weight-in-
weight ratio). The same methyl cellulose source used in that study was used in the
present work (Sigma Aldrich, M7140, St. Louis, MO, USA). In those studies the values
of the refractive indices remained unchanged at <1.33. Therefore, we used this value
for the parameter n.

Chromosome trapping. Chromosomes from CHO cells were isolated, suspended in
solution, and gently pipetted into glass bottom petri dishes (FluroDish, FD35-100)
where they were trapped with the 1064 nm laser. If the chromosomes were twisted, or
folded upon themselves, they were not selected for trapping. Once selected for
trapping, the chromosome was moved toward the trapping center by movement of
the microscope stage. The trap position was indicated by a cross hair in the field of
view on the computer screen and the entire chromosome trapping process was
monitored by the CCD camera. Often the chromosomes were floating horizontally in
the suspension media prior to trapping, and usually they changed to a vertical
orientation when the trap was activated. This is likely due to the fact that the trapping
point (beam focus) was located near the chromosome tips.

Once a chromosome was in the trap, the microscope stage was driven at a specific
velocity in order to apply a known viscous drag force on the chromosome. Similar to
trapping of the microspheres, the stage velocity was gradually increased until the
trapped chromosome dropped out of the trap. This was evident when the chro-
mosome was swept from the trapping position by the fluid flow as monitored by the
CCD camera. Upon increasing the velocity, most of the trapped chromosomes
changed their orientation so that they were held horizontally in the fluid flow prior to
escaping the trap. The velocity at which the trapped chromosome drops out of the
trap is determined to be the ‘‘escape velocity’’.
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