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Abstract
Cell division is a necessary process which involves the

chromosomes being split to form new cells. The force
required to split chromosomes is a mystery. Here, optical
tweezers are used to determine the force required to stop
chromosome movement during cell division. Escape force
measurement on isolated Chinese hamster ovary
chromosomes determined the force efficiency, which
allowed trapping power to be converted to force. We find
a force value of around 0.1-10 pN was required for
chromosome movement, consistent with other estimates.

1 Introduction
Genetic information in eukaryotic organisms is stored

in DNA, which is arranged into chromosomes who reside
in the nucleus of the cell. For organisms to survive, cells
must reproduce to pass on their genetic information. To do
this, the DNA replicates and arranges itself into the legs
which form the chromosome. The legs of the chromosome
are pulled in opposite direction, thereby pulling the
chromosome apart. Each of the legs becomes wrapped
inside their own nucleus, creating the daughter cells of the
original cell (Figure 1).
Figure 1 Cell division. During mitosis, the chromosomes align
and the (two) legs are pulled apart. Each leg is surrounded to

make the (two) daughter cells who can then continue with the
whole division process again.

It is established that the chromosomes are pulled apart,
but the quantity of force required to do this has not been
agreed upon. There have been previous estimates and
measurements, but the value of the force required varies
by orders of magnitude from 700 pN to 0.1-1 pN [1]. The

700 pN estimate was taken from an experiment hooking a
flexible glass needle to chromosome grasshopper
spermatocytes to find an upper limit on the force required.
The 0.1-10 pN was an estimate from hydrodynamic
calculations. There are other estimates for this separation
force from other methods, such as looking at the elasticity
of the chromosomes. Here we consider using optical
tweezers to determine what force is needed to pull the
chromosome out of the trap.

Optical tweezers use scattering and gradient forces to
trap microscopic particles in a medium with a single laser
beam. These forces are on the order of piconewtons,
making them ideal for handling biologicals on the cellular
scale. The advantage of using optical tweezers for a
chromosome calibration, over other mechanical methods,
is that we can noninvasively exert piconewton forces on
the chromosome, which would normally float in nuclear
fluid medium.

2 Method
It is planned to conduct an experiment in which the

optical tweezers hold the chromosomes as they undergo
cell division. When the chromosomes are pulled apart by
microtubules, the tweezers hold a leg of the chromosome.
The trapping power is applied to completely stop the
movement of the chromosome. However, this trapping
power is not a force. Thus, we need to convert the power
quantity to a force quantity, which can be done through
the consideration of force efficiency. Thus, the main task is
to find the force efficiency of the chromosome at the point
at which the chromosome escapes the trap.

2.1 Force efficiency
It is common with optical tweezers to work with a

dimensionless force efficiently quantity, Q , which can be
considered as the force in units of n k per photon where
n is the refractive index of the medium,  is the reduced
Planck constant and k is the wavenumber of the trapping
beam. This Q is independent of the trapping power and is
characteristic of the beam and particle.

ME-17.1



LASER-LIGHT AND INTERACTIONS WITH PARTICLES AUGUST 25-29TH, 2014, MARSEILLE, FRANCE

The expression for force, F , in terms of dimensionless
force efficiency is given by:

nQF P
c

 (1)

where P is the power of the trapping beam at the focal
point, and c is the speed of light in a vacuum. Power (P) is
controlled by the input power for the trapping beam. The
medium’s refractive index and can be assumed to be
constant and have been found. The only unknowns left are
the force and trapping efficiency. We can find the force for
a given power by looking at the escape force, which will
then give us an expression for the force efficiency.

2.2 Escape force
We are interested in the force it takes to split a

chromosome, which is the force required for the
chromosome to escape the trap. Here will call it escape
force. To find the escape force, we start with the
chromosome being trapped then the stage is moved in a
lateral direction, as shown in Figure 2.

Figure 2 Escape force calibration of trap with cylinder. The
cylinder is trapped then the stage is moved to create viscous drag

force to pull the cylinder out of the trap.

The stage movement results in a viscous drag force,
from the medium thus pushing the chromosome out of the
trap. The velocity of the stage at which the chromosome
escapes, the escape velocity, esc , is related to the escape
force, escF , through Stokes’ Law:

esc escF   (2)

where  is the drag tensor of the chromosome which
depends on the dimensions of the chromosome and the
viscosity of the medium.
Combining Eq. (1) and (2), we have an expression to find
the force efficiency at the point of escape, .escQ .

3 Measurement
Isolated Chinese hamster ovary chromosomes were

suspended in viscous media of various viscosities. The
escape velocities of these chromosomes were found for
different trapping powers. The escape forces were found
using Eq. (2) from the escape velocities, which then give
the escape force efficiencies from Eq. (1). The escape force
efficiencies are shown in Figure 1.

Figure 3 Escape trapping efficiency (Qesc) versus trapping power
for Chinese hamster ovary chromosomes suspended in 1 and 3cP
viscous media.

This value for .escQ translates to chromosome splitting
forces on the order of 0.1 pN to 10 pN, which is consistent
with theoretical estimates, but falls far short of the
mechanical measure of 700 pN.
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