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Zbigniew Ulanowski was born
in Poland, where he obtained a
degree in applied physics at the
Technical University of Lodz. In
1988 he gained a PhD from
what was then Hatfield Poly-
technic for a study entitled
Investigations of microbial
physiology and cell structure
using light scattering, which
demonstrated that the heat
resistance of bacterial spores
could be accounted for by pro-
toplast dehydration. He contin-
ued working in light scattering,
with special interest in the
characterization of single parti-
cles, and this has motivated his
interest in non-contact manipu-
lation techniques. Single-beam
optical traps have been in use
in the author’s laboratory at the
University of Hertfordshire in
Hatfield since 1988, when an
optical tweezers instrument
was constructed that to the
best of his knowledge was the
first one using a diode laser, as
well as being the earliest
portable, self-contained system
in existence.
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One of the most extraordinary inventions of the last two decades must
surely be tweezers that use light to lift microscopic objects - a small-scale
version of the traction beam of science fiction. Single beam optical trapping,
as the technigue is more accurately called, is increasing in importance as
a method for non-contact manipulation of microparticles, cells and even
molecules and as a tool for the measurement of piconewton forces in
liguid media.

1. Introduction

Single beam optical trapping, often called laser or optical tweezers, is a
non-contact technique for the manipulation of microscopic objects using
forces present in a strongly focused laser beam (Ashkin el al., 1986).
Such forces are due to radiation pressure near the focus of the beam and
they can produce stable, three-dimensional trapping with just one beam.
A trap can be created simply by focusing laser light into a small spot
using a microscope immersion objective. It was demonstrated early on
that living cells (Ashkin et al., 1987) and even organelles within intact
cells (Ashkin et al., 1990) could be held by near infrared laser beams
without sustaining damage. When combined with an optical microscope,
the technique offers highly selective means of moving small particles in
liquids. There is now considerable interest in exploiting optical trapping
for particle separation, transfer and concentration over fields as diverse
as microbiology, molecular biology, medicine, materials science and phys-
ical chemistry. Some of the most promising applications are biological,
where the technigue can be used for cell, organelle, membrane or macro-
molecule trapping, isolation, sorting and manipulation. It is not unex-
pected, therefore, that optical trapping evokes fascination and enthusias-
tic response when it is demonstrated to an audience for the first time.
This appeal also makes the technique valuable as an educational tool.

Even Kepler suspected that light could exert a force, an effect referred to
as radiation pressure. It is now known that radiation pressure allows stars
like the Sun to exist by counteracting the force of their own gravity. The
shorter tail of Halley's comet is known to be composed of small dust par-
ticles being forced away from the Sun by radiation pressure (Britannica,
1989). However, the discovery of optical tweezers by Arthur Ashkin and
co-workers at the Bell Labs (Ashkin et al., 1986) came quite unexpect-
edly, despite the simplicity of the device. The inventor modestly admitted
that the breakthrough, while being the result of years of painstaking
research, was at least partly due to serendipity (Ashkin, 1994; 1997).
The surprising fact about optical tweezers is that optical trapping forces
can act opposite to, as well as in, the direction of propagation of the light.

2. Principle of operation
The explanation of laser tweezers depends on how far one wishes to delve

into the physical detail, and can be very involved. However, remarkably,
a satisfactory explanation can be obtained at the level of geometrical
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optics (Ashkin, 1992). A useful example is that of a
transparent, spherical particle or droplet with refractive
index greater than that of the surrounding medium,
and placed in a laser beam with a wavelength much
smaller than the radius of the particle. The laser beam
is sharply focused (usually by a microscope objective
lens) to a spot with a diameter comparable to or small-
er than the wavelength. The explanation hinges on the
fact that photons have linear momentum - a vector
quantity characterized by magnitude and direction, The
latter changes when a photon changes direction, as
when crossing an interface between two media of dif-
ferent refractive index. Since the total momentum is
conserved, the difference between the initial and the
final momentum is transferred to the medium. In other
words, through changing the direction of the photons
constituting a ray of light some momentum is imparted
to the interface - as when bouncing balls off a surface.
Since the rate of change of momentum is force, the
result we seek is the number of photons per unit of time
multiplied by the change of momentum of each
individual photon.
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Fig. 1. Force diagram for a sphere in a beam containing a
power density gradient represented by two rays of unequal
power. pg and PQ are forces produced by the momentum
transferred from the rays to the particle. The resultant force
pulls the sphere towards the region of higher irradiance.

Thus, in Figure 1, a photon travelling along the path
abcd imparts momentum to the spherical particle at b
and ¢. The resultant is shown as vector pq. Similarly,
two photons in the path ABCD of a stronger ray trans-
fer momentum at B and C, the resultant being the
twice-longer vector PQ. From this we see that the
sphere is forced towards the region of more intense
light - for a laser beam this usually means towards the
beam axis. This force is often called the gradient force.
Figure 2 shows the balance of force vectors for a parti-
cle positioned below the focal point of a focused beam
directed downwards. We- can see that the resultant

Fig. 2. Balance of force vectors for a spherical particle posi-
tioned below the focal point of a focused beam directed
downwards and represented by two rays. PQ and RS are
forces produced by the momentum transferred from the rays
to the particle. The resultant force pulls the particle upwards.

force draws the particle upwards along the direction of
propagation of the beam. This is the unexpected result:
a particle can be pulled towards the source of light,
against radiation pressure!

In reality, another, downward force is also present
because some light is reflected off the particle (for clar-
ity, the individual momentum vectors resulting from
reflections are not shown in Figure 2 bul can be
sketched quite easily by considering the directions of
reflected rays). As a result, the sphere resides in equi-
librium a little beyond the focal point. This ‘reflection
force’ is one reason why trapping is carried out on par-
ticles suspended not in air but in a liquid such as water,
The refractive index of the particle is then reduced in
relation to that of the external medium, resulting in
smaller reflectivity. This in turn lowers the magnitude of
the forward force component relative to the backward
one and prevents the particle from being ejected from
the trap. In air a counterbalancing force would be
required to make the trap stable. If the beam of light is
travelling upwards this force could be that of gravity -
this is the principle of a related phenomenon called
optical levitation.

A schematic diagram of a simple optical trap is shown
in Figure 3. The apparatus is based on a microscope
modified to transmit the laser beam and equipped with
a video camera. A laser (with a power of a few Lo a few
hundred milliwatts) produces a beam which is expand-
ed using the lenses L1 and L2 prior to being reflected
with a dichroic or semi-transparent beam splitter BS
into the optical path of the microscope, where it is
focused by an immersion objective MO into a sample
on the stage S. The item to be trapped is suspended in
water on a standard microscope slide. By carefully
choosing the lenses L1 and L2 the beam can be
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Fig. 3. Schematic diagram of optical bweezers. L1, L2 - beam
expanding lenses, BS - dichroic beam splitter lransmitiing
visibie radiation, MO - microscope objective, $ - slide.

arranged o be focused near the image plane of the
microscope and hence the heam spot and the trapped
object can be viewed in the usual manner through the
camera. The location of the spot can be changed by
deflecting the beam and hence the object can be
moved around on the slide. Alternatively, the whole
stage colld be displaced slowly, leaving the trapped
object in the original position.

3. Applications

The number of applications of optical trapping is grow-
ing steadily and many hundreds of papers in this area
have appeared in the 15 years since the original dis-
covery. Consequently, the examples that follow are only
a small cross-section of actual research and develop-
menl aclivity.

Once an optical trap has been correctly set up, moving
microscopic objects such as cells is extremely easy.
Figlire 4 shows a slide containing Saccharomyces cere-
visige (yeast) cells rearranged using optical tweezers
ko the shape of the letter H. When carried oul using
a computer mouse controfling the trap position and
switching the laser on and off, an operation of this kind
resembles dragging icons on a computer screen, and
might take about a minute. Optical micro-manipuiation
Can also be performed inside an intact living cell by
focusing through the cell wall [Ashkin et ¢/, 1990). A
pair of photographs recording the movement of an
organelle within an algal filament is shown in Figure 5.
Laser tweezers can enhance optical microscopy to allow
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Fig. 4. Saccharomyces cerevisive cells rearranged on a slide
using optical tweerers. This operation took about a minute.
For a video clip see hitp//stre.herts.ac. uk/ds/ot. htmt

interactive investigation of cell altachment to other cells
or surfaces. Figure 6 contains a set of lme-lapse
images showing a cluster of three S, cerevisice cells
rotated by 5607 around a precisely defined, constant
point of alttachment. In fact, the cluster could be rotat-
ed indefinitely without breaking the connection, sug-
gesting thal a singie bond was involved. Short video
clips Hlustrating the above procedures can be viewed on
the world-wide web at hitp://stre herts.ac.uk/ls/ot.himl.

Optical trapping is growing in importance as a qguanti-
tative tool - for applying and measuring small forces

Fig. 5. Pair of photographs showing an organelle moved
using optical tweezers within an intact filamentous cell of a
green alga. The organelle {arrowed) originally visible near the
right-hand side of the cell was transferred towards the lefl.
For a video clip see hitp:/fstic.herts.ac.uk/1s/ot.himl
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