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Abstract

This thesis describes the use of novel techniques for the manipulatioaro$copic
particles in optical tweezers. Gaussian beams, Laguerrei@au$ss) beams,
Bessel beams and interference patterns have been used in tkisowemhance
optical trapping.

Stacking of multiple particles in a Gaussian beam is reportad,thse use of an LG
beam for the enhanced axial trapping of silica spheres. Twendional arrays of
glass rods and low refractive index particles have been creadethanipulated, for
the first time, in a pattern of linear fringes made by taterfering Gaussian beams.
Interference patterns between a Gaussian beam and an LG wesmalso
generated, exhibiting spiral arms due to the helical wavefronts of the LG beam
Two LG beams of opposite wavefront helicity were interfered ve @i pattern of
bright trapping spots arranged around a circumference which ptepagout
change in form. This allowed the assembly of three-dimensmattures by
stacking particles in each of the trap sites of the patldrese interference patterns,
and therefore the three dimensional arrays of trapped particles,ratated using
the angular Doppler effect, a scheme which can induce a frequeiftayfdess than
1 Hertz to hundreds of Hertz.

The manipulation and microdissection of chromosomes was also perfosimed
Gaussian beams, LG beams and ‘non-diffracting’ Bessel beamsholeW
chromosomes or chromosomal fragments were enzymatically aadpiif order to
create fluorescent chromosome FISH probes for the detection ofiDhfsions in
chromatid break studies.

All these techniques have built upon and added to the optical toolkit, wit

applications in many fields of physics and biology.
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1 Introduction

1.1 The origin of optical tweezers

Optical tweezers is a term used to describe the manipulationicaéscopic objects
using the force of focused laser light. A single laser bemmskd to a diffraction
limited spot can hold a transparent micro object in the region of stighght
intensity due to the three dimensional intensity gradient of gie. li The optical
tweezers system has become a major tool in biological réseaec the last twenty
years, as particles ranging from intracellular structusesh as chromosomes or
motor proteins, to whole cells can be readily manipulated.

Laser light was discovered to have the ability to move partinld970 by Arthur
Ashkin (Ashkin, 1970), who was based at Bell Telephone Laboratories wn Ne
Jersey. Microscopic silica spheres were accelerated aldmyizontally directed
TEMgomode laser beam from an argon ion laser by the radiation prdestgeof
the beam. The particles were drawn into the beam axis byath&vérse gradient
force of the light and accelerated in the direction of beam prdpagdtie to the
scattering force of the light. It was also observed that balbfelower refractive
index than the surrounding medium) were repelled away from the céritre beam

as they were simultaneously accelerated in the direction sair laght by the
radiation pressure force. Two opposing Tgldeams were shown to trap spheres of
high refractive index. Particles were drawn into the beamlaxibe gradient force
and accelerated to a stable equilibrium point between the foci divtheounter-
propagating beams, where the particle was held in position mpfiesing radiation
pressure forces. The idea of using radiation pressure from lesens was
expanded to include the manipulation of atoms and molecules. It wahésiget
and subsequently shown that absorption and then spontaneous emissionasftreson
radiation striking the atom could provide a driving force, or presgutbe direction

of light propagation (Ashkin, 1987).

In 1971 the optical levitation trap for microscopic particles wasd dsr the first
time (Ashkin and Dziedzic, 1971). A focused TkNhode laser, directed upwards



was shown to support spheres against the downwards pull of gravigyradiation
pressure force and to simultaneously hold the particle in the beatme aising the
transverse gradient force. Such a levitation trap was used in 19@%dduce
particles into an alternating light beam trap (Ashkin and Dred®85). Particles
were trapped between the foci of the two counter-propagating beattmsutv
requiring any gradient force.

In 1986 a seminal paper entitled ‘Observation of a single-beam groliee optical
trap for dielectric particles’ (Ashkin et al., 1986) was publisheg. ubtil this point,
optical traps used radiation pressure force from a laser bestably hold particles
in the axial direction, either against a counter-propagating bearmaorsa gravity,
and the transverse gradient force held the particle in the centre of the G &essia
In 1986, a single focused laser beam was used to stably trapeéendimensions,
particles ranging in diameter from 25 nm to i@ in diameter in water. This
trapping was due to both the transverse and the axial gradientefceted by the
focused laser beam — a three dimensional intensity gradient. levitetion traps
the axial stability was dependent on the balance of the scgtferite and gravity,
but in the single beam gradient force traps the axial gradiec# ferso large that it
dominates the axial stability. This type of single-beam gradiforce trap,
commonly known as optical tweezers, is now widely used, with applsatanging
from investigating the angular momentum of light to measuring intracefarizes.
An optical tweezers system is a particularly useful toobfological studies as the
trapping process can be completely non-invasive and sterilisamiples can be
maintained. In addition, the trapping laser and associated ojpticdHe readily
incorporated into existing commercially available microscope systems.

The optical toolkit has evolved over the past two decades to include opticalrsyeeze
optical scissors and optical spanners. During the course of myth#hbDptical
toolkit has been extended to include newly developed techniques for the eshhanc
optical manipulation of particles, the microdissection of chromosomdstlze
rotation of microscopic structures of silica spheres. These impes of the
optical toolkit have been realised primarily through the use oflrlaser modes in

optical trapping systems.



1.2 Synopsis of thesis

After this brief introduction, chapter two goes on to describe hovealpiveezers
work, the forces involved in micromanipulation and how to build an opticakevse
system. | will also introduce novel laser beams such as dgeedre-Gaussian
family of annular shaped beams and ‘non-diffracting’ Bessel bednth are used
throughout my work and are discussed in other chapters. Followingchizguter
three details the use of a Gaussian beam to create stackdtipferparticles and to
align cylindrically shaped particles along the beam propagatien &tapter four is
concerned with the use of a Laguerre-Gaussian beam for enhaheingxial
trapping efficiency of silica spheres. In chapter five an exyst is described
which uses parallel interference fringes created by interferingaaussian beams to
align rod shaped particles and also to manipulate particles efH@fractive index
than the surrounding medium. This work was a precursor to that delsoriliee
next two chapters, which also describe the use of interferenderngatfor
micromanipulation. Chapter six describes the creation and use ioteaference
pattern between a Laguerre-Gaussian beam and a Gaussian bdaim,chapter
seven, the creation of an interference pattern between a ted@b@ussian beam
with its mirror image is discussed. These patterns can betusegp particles but,
importantly, in these two chapters, the trapped particles caetbmto controlled
rotation. Chapter seven is an extension of chapter six and usespesvech
interference pattern where z-trapping and axial stacking ofclesrtis possible.
Chapter seven also introduces a technique developed during the coorgePbD
called the angular Doppler effect. This technique is used todunte a frequency
shift between two interfering laser beams, sending the rpattéo controlled,
continuous rotation.

Chapter eight gives an introduction to the biological side of mkwdhromatid
breaks that are induced by lesions in DNA are described abemodels which
have been hypothesised to explain how these breaks come about, in paheula

Signal model. The Signal model predicts that inversions, deletimhsiuplications



should occur in the region surrounding the break. We wish to detectihschions
by creating and using small fluorescent chromosome probes (FISEspraid the
method for generating such chromosome paint probes is discussed. rm@sg/me
chain reaction (PCR), more specifically the degenerate oligastidde primed -
polymerase chain reaction (DOP-PCR) is described. Thisnistlaod which uses a
heat resistant enzyme to replicate DNA by cycling througtaice temperatures
which permit the denaturation of template DNA, the annealing ofgsinishort
sequences of DNA which recognise the template DNA) and fitfadlyextension of
primers. This is repeated numerous times and results in ropgsof the template
DNA being synthesised which are used to make a fluorescent prdiapte€ nine
describes experimental work using various optical techniques to teisola
chromosomal material. The DNA is amplified by DOP-PCR andréiscent probes
are generated. Optical tweezers and scissors are used to isolate ehngralesome
or chromosomal fragments and in addition, novel laser modes are ubéslwork
to enhance the quality of chromosome manipulation and microdissectionheBise
concludes with a summary of the work | have done and it's potemigaict and a
brief outline of potential investigations which may evolve from tAiee appendices
give further details of A, previous methods for amplification ofoofwsomal
material, B, details of the materials | used for chromosom@ifécation and the
generation of paint probes and C gives a list of publicationsearde papers and
publicity gained during my PhD.

In summary this thesis describes work which has led to enhanceirtiet optical
toolkit by utilising novel laser modes for cutting, tweezing andtira@janicroscopic
particles.
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2.1

Optical Micromanipulation

Introduction

A focused laser beam can stably hold a transparent microscopat obar the focus
of the beam due to the three dimensional intensity gradient in thiainre This
chapter will firstly describe how particles are trapped & région of highest light
intensity. The efficiency and the stiffness of optical treqs be calculated and this
is described, as are the specifications for constructing an lapteezers system and
the equipment required. Novel laser beams, which are used through@&Drand
appear in later chapters, are introduced, as are the methodshigththey can be
generated. Finally, previous studies using optical tweezers ayiaial molecules

and single cells are described.

2.2 Forces involved in optical tweezers

221

Mie and Rayleigh regimes

Understanding of the forces involved in optical tweezers catubslated by taking
two approaches, one based on ray optics for particles in theebiiime (where the

diameter is large compared to wavelength,and the other based on the electric
field associated with the light for Rayleigh particles ifugder smaller tham).

Particles in the Rayleigh and Mie regimes compareddan be seen in figure 2.1.



|'n'| |ﬁ'| |"-‘l| ||'ﬂ'||
- RN |
."/- q\'| \/ VARV, )
, .
N/
9
Ravleigh Mie
regune regime

Figure 2.1: The Rayleigh and Mie regimes. In the Rayletgime the particle is
much smaller than the wavelength of light and in the Mie redimeeparticle is

larger than the wavelength of light.

2.2.2 Interaction between light and Mie particles

A ray optics approach is used to calculate forces acting ortielgpavith a diameter
larger than the wavelength of laser light (the Mie regimé&he effect of a laser
beam on a transparent sphere can be modelled using a bundle of raysmilar
manner to ray-tracing packages that are used for lens desigreagh ray weighted
according to its intensity. A photon of wavelengthas a momenturp = h/A (or
1K) whereh is Plank’s constant is h/2r, andk is wave number. If an object causes

light to change direction, for instance on reflection or refractiba, change in
momentum of the light will exert an equal but opposite change of mameot the
object. This force exerted on an object is not large enough to magmsoopic
objects however, the forces involved in the transfer of momentum from focused laser
light to microscopic objects are of the order of picoNewtons andma@ micron
sized particles.

Within the Mie regime, if a transparent microscopic partislesituated within a
gradient of light, the refraction of rays of differing intengithue to the gradient)
through the particle results in a change in total momentum @iitiag light beam,
and hence a corresponding reaction force on the particle, whicls thawparticle
into the region of highest light intensity of the beam (Figa@. An equilibrium



position is reached and the particle is held in the centre digam as the rays of
light passing through and exiting the particle are balancddnwitoverall change in
momentum of the beam. This trapping force is due to the transy@adient force
which is a result of the Gaussian intensity distribution of ther lamde, however an
axial gradient is also required in order to lift the pagtiahd manipulate it in three
dimensions.

Axial trapping in the z (vertical) direction, which results itheee dimensional trap
or so-called optical tweezers, is a result of the axial gnadoece which is created
by the tight focusing of the laser beam. Off-axis rayse in at an angle towards
the particle and gain momentum in the direction of beam propagatios. cidmge
in momentum leads to a force which pushes the sphere upwards agatistdtien
of beam propagation towards the focal region of the beam resultingraping
force in the z-direction, and thus a three dimensional, optical trhp. equilibrium
position is reached when the scattering force and gravity (Vidatthact to push the
sphere downwards) is balanced by the axial gradient force (whgles the sphere

upwards).

; Rays are (yf-axis rays
refiacted by the are refracted
sphere and dowmwards
Hphere 151 the transler

Sphiere is drawn nie
region of highest
light intensity

viginity oFa tghtly  momentum to i
focussed Craussian
beam

et force

Figure 2.2: Trapping forces. The rays of a Gaussian bearafeaeted as they pass
through a particle of higher refractive index than the surroundiedium. The
intensity gradient of the beam leads to the particle beingrdrato the region of
highest light intensity. Off axis rays contribute to axiapping by being refracted
in the direction of beam propagation. A force is exerted on thilpast equal but

opposite size to the change of momentum of the light.



2.2.3

On axis rays are detrimental to the axial trapping abilittheftweezers when the
laser beam is directed into the sample from above. The reflgmtdackscattered)
component of the on-axis rays gives rise to radiation pressure artd axXorce on

the particle in the direction of beam propagation. This resultseirparticle being

pushed downwards, away from the beam focus.

This scattering force is reduced when a certain type ahbeslled a Laguerre-
Gaussian (or LG) beam is used. An LG beam, also known as an optiead has a

dark centre which results in reduced radiation pressure workiagtlg against the

z-trapping, and as a result, has been shown to improve z-trappmps(si et al.,

1998). Advanced trapping geometries such as these LG beams haveariadyto
more exciting experiments, as beams can be tailored for tigappid manipulation,
greatly extending the capabilities of optical tweezers, atidowidescribed later in

this chapter and in further chapters.

Trapping Rayleigh particles

For particles in the Rayleigh regime the ray optics amprda not sufficient to
calculate forces as only a fraction of the wave has an effethe particle. It is
better to consider the force in terms of the electric fielthenregion of the trapped
particle. When a polarisable particle is placed in an etefiglid it will develop an
electric dipole moment in response to the light's electrid fehd is drawn up
intensity gradients in the electric field towards the focith@ polarisability is +ve,
i.e. relative refractive index > 1). The energy of the systginbe at a minimum

when the particle moves to wherever the field is highest — which is at the focus.

Optically trapped particles discussed in this work (chromosomes, dield@atac s
spheres etc.) lie primarily in the Mie regime, although some DNA partacid Jum
diameter spheres have sizes comparable to the wavelength of the IR tragying li

and are intermediate between the Mie and Rayleigh regime.
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Trap efficiency

The force on a spherical particle of radiusan be calculated using the viscous drag
exerted by moving the particle at a veloaitthrough a fluid of viscosityy(Stoke’s

law) when the particle is more than a few diameters aveay the sample cell walls
and is given by:
Fookes = 677 1V 2.1).
This is the maximum force that the optical trap can exdheaspecified laser power
and will typically be of the order of picoNewtons (Malagnino let 2002). The
critical velocity of the trapped particle scales lineasiyh the laser power in the
optical trap (as shown in eq. 2.2).
The trapping efficiency of any optical tweezers configuratsonsually described in
terms of a dimensionless parameferthe fraction of momentum transferred to the
trapping force from the trapping laser beam, which is relatetieddrce on the
sphere Fsiokes the power of the laseP, and the refractive index of the surrounding
medium,n, through the equation

_nQP
stokes ~ 2.2)

Possible values @ range between 0 and 1. Q\value of 1 corresponds to all of the

F

light beam’s momentum being transferred to the particle. @lptiweezers
configurations can be assessed experimentally to determin®@ taues for trap
efficiency in the lateral and axial directions. For opticaicés acting on small
dielectric particle®Q values tend to be in the range 0.03 to 0.1 (Molloy and Padgett,
2002).

Within conventional optical tweeze€yia is usually an order of magnitude smaller
thanQiateral (Simpson et al., 1996).



11

2.2.5 Trap stiffness

The displacement of the trapped object from the centre of the trap, amdgplied
viscous fluid force can be monitored using a position sensitive detecthis
determines the spring (elastic) constant, in other words thaest#fof the optical
trap. Optical tweezers stiffness can also be calculabea &nalysis of the thermal
motion of the trapped object (Ishijima et al., 1991, Malagino et al., 2002)p
stiffness tends to be in the range 0.001 to 1 pN iiimolloy and Padgett, 2002)
depending on the application. Optical tweezers can also be placedfesdigack
control so that any particle movement out of equilibrium position ban
immediately corrected by repositioning of the trap itself,hsd the particle remains
stationary within the trap. It is necessary to measure oftaalstiffness before
investigating very low forces such as those in biological mseE=® which are
discussed later in this chapter. Biologists are mainly concevitedneasuring trap
stiffness so that molecular forces can be measured, wheresgigtsyare more
interested in th€ value of an optical trap (efficiency), which can be calculated bot
theoretically and experimentally. In chapter four we calculaéeQ value of an
optical trap experimentally by measuring the maximum vsjlothat a trapped

particle can be dragged through a viscous medium.

2.3 The Basic Optical Tweezers Set-Up

Optical tweezers have become commercially available ientegears; however a
system can be readily built by someone with experience in bgilajtical systems.
As part of my research a portable optical tweezers systsrbuilt and exhibited at
the Royal Society Summer 2002 exhibition in London and at the BBC’s Tomorrow’s
World Road show in London and Glasgow also in the summer of 2002. The

requirements for a successful single beam optical trap are detailed below.
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Requirements for optical tweezers

It is important that the particle to be trapped is somewhaspeent to the laser
light as absorption of the light can result in heating and thexedptical damage
(‘opticution’- a term coined by Ashkin) of the tweezed sample. TEhisspecially
true in biology, where visible light is heavily absorbed by pigim¢hat are found
naturally in biological specimens. For tweezing biologicaitarial near infrared
laser light (700-1300 nm) is often chosen because visible lighisigriaed by the
pigments within the material and far infrared is absorbed byrwain addition,
microscope objectives are not efficient when wavelengths in thenffared are
used. Lasers commonly used in optical tweezing include the Nd: YAG
(neodymium: yttrium-aluminium-garnet) at 1064 nm, Nd: YLF (neodym
yttrium-lithium-fluoride) at 1047 nm and Nd :YV/@neodymium: yttrium-vanadate)
also at 1064 nm. The Ti: ADs (titanium sapphire) laser is tunable from 695-1100
nm. Diode lasers which operate at wavelengths of 700-1300 nmea® expensive
alternative but powers can be low and the laser mode may be nomcirelighest
powers are achieved from 800-900 nm diodes, and some come with conegted
circular beams and astigmatism. A single focused laser loaantrap a particle
using approximately 10 mW of power if certain criteria are, et in general traps
use from around 10 mW to 1 W of optical power. A laser for optreplping of
biological particles should operate in a continuous wave (cw) fashiopulasd
lasers will damage specimens due to their high energy in spatdime. The
intensity at a one micron diffraction limited spot of a typical trapping laser
operating at around 100 mW is “A@/cnf, where as for mode locked and Q-
switched lasers, very high intensities in the order of GWma generated (Neuman
et al., 1999). Proposed mechanisms for photodamage include transient d&ticaj he
(Liu et al., 1996), two-photon absorption (Koenig et al., 1995, 1996, 1998) and
photochemical processes leading to the creation of reactive ciespéacies (Liu et
al. 1996). Neuman et al. characterised photodamaBecotli by tethering the cells
via their flagellum to a microscope slide and observing how the optagahffected

the natural rotation of the cell (Neuman et al., 1999). The leastgiam



13

wavelength was found to be 970 nm, followed closely by 830 nm. Damageeutc
when the trapping laser was operating at 870 nm and also at 930 Alm.
experiments were performed at the same power level. The wgtlelhich cause
minimum and maximum damage agree with data determined by Egialg when
they determined the cloning efficiency of CHO cells which had hesgped in
various wavelengths of laser light (Laing et al., 1996). Thatseef Neuman et al.
show a linear relationship between sensitivity and power. This dsgbas a single-
photon mechanism leads to photodamage but the spectrum of damage does not
resemble the absorption of water or oxygerEafoli in suspension. The shape of
the spectral features suggests that light is absorbed by omeo specific
photopigments. The similarity between the wavelength dependencetotiamage
seen inE.coliand CHO cells indicates that there may be a common basisthagea

in both prokaryotic and eukaryotic systems, perhaps a ubiquitous inifacell
chromophore. It was also shown that oxygen is critical in the photagapaghway

as aerobic and anaerobic experiments were performed with nregshdbmage
occurring in the anaerobic system. In general, there are égones for
photodamage. One at very high peak intensities generated by modd-kuk Q-
switched lasers (GW/cth where two-photon processes dominate and another at
lower intensities encountered in cw traps (MW/gwhere single photon events

prevail.

Another important factor to consider when using optical tweezers is theepbfiie

laser beam. TEM mode Gaussian beams are the most commonly used in optical
tweezers systems. The irradiance of a Gaussian beam @scegsonentially
towards the edges of the beam and thus provides the transverse gyatciaht
required to trap particles in a three dimensional optical trap.

Stable three dimensional trapping is achieved in a focuseddeasr if the gradient
force is large enough to overcome the scattering force. ilaishieved by using a
high numerical aperture (NA) microscope objective lens, whichteseateep
gradients due to the angle at which the off-axis rays come intgaimple. The

numerical aperture equals the refractive index of the immefisiioly n (air, water or
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oil), multiplied by the sine of the half angle of opening of theu$ed light. Angles
of opening can be up to 140° with high numerical apertures having \aflue80-

1.40.

The maximum numerical aperture is therefore determined bye refractive index
of the medium immediately following the objective. For air, thisrie and for oil
immersion microscopes, which require a drop of index matching fluideleetthe
sample and the objective lens, the index of refraction can be up toHedefdre oll

immersion microscopes and index matching fluid are often used itabmptieezers
devices however, the use of a high numerical aperture is limitddtalyinternal

reflection at the glass water interface.

2.3.1.1 Equipment

We have established that for an efficient optical tweezers device we need
* Non-damaging wavelength
« High NA (oil immersion) objective

* Index matching fluid

The laser chosen should have a good Gaussian profile and a wavelbiugtis not
absorbed by the specimen to be tweezed. A telescope may be esddrtate the
beam and make it the correct diameter for filling the agarture of the microscope
objective. Before entering the microscope objective aperture, tra s passed
through another pair of lenses in a 1:1 telescope to allow conjugates to be
formed between the beam steering mirror and the back focal giidine microscope
objective. A dichroic mirror placed at 45° directs the inciderdrlagam into the
microscope objective but allows white light to pass through and ageirtta be
formed on the charged coupled device (CCD) camera which can be viewaed on
monitor and recorded on a video recorder. Incoherent illumination clatngle is
provided from below the sample cell by a 35 W halogen reflector.

The back aperture of the objective should be slightly overfilledhao the full

numerical aperture is used to ensure maximum off-axis rayshandreation of a
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steep z-direction intensity gradient. The objective has a high raheperture
which gives a tightly focused trapping beam. A x100 objectivensneonly used to
give the smallest possible spot size. Using a less powerfultiviejgx60 or x20)
would give a larger spot size at the focus, so the power déskee is spread over a
greater surface and the trap strength is lessened andriuotiee these objectives are

usually air, not oil immersion microscope lenses.
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Figure 2.3: The basic setup for a single beam optical trap.

Sample cells are created using a microscope slide or a5B2nxm coverslip as a
base, typically an 8Am deep, 1cm wide vinyl spacer as a well and a small coverslip
on top. A drop of index matching fluid is placed on top if required foohjective.

The sample is placed on a xyz translation stage and, if the bagtering the
objective in collimated, the focus of the beam is coincident withitfage plane
where the particles lie. Collimation of the beam as it enters the micesbgrtive

is determined by the positions of the conjugate lenses in the sedescbpe. The
beam can be moved in the sample by changing the angle of the beam steesing m
or the sample can be moved by translating the xyz on which the esstagle is

located.
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2.4 Novel laser beams in optical tweezers

24.1

In recent years optical tweezers set-ups have evolved frorg assingle Gaussian
beam for trapping to presently using a wide range of advanced kesam
geometries to trap particles. Beams can now be tailoreddartiaular experiment,

and as a consequence the capabilities of optical tweezers have been xieradigc

In the following section, novel laser beams which have played amtedspart of
my PhD are presented. The Laguerre-Gaussian family afrfasges are introduced
and are discussed further in later chapters where theysm@ to create novel
interference patterns, to improve axial trapping efficieneied to make cuts in
chromosomes. ‘Non-diffracting’ Bessel beams are also introdueey and appear
later in this thesis when they are used to transport chromosomesliaa spheres
attached to chromosomes. These beams have led to the enhanufetherdptical
toolkit which now includes optical tweezers, scissors and spanBeens can now
be tailor made to fit their application, be it in biology, colloid pbysmicrofluidics

or atomic physics.

Laguerre-Gaussian beams

Laguerre-Gaussian (LG) beams are a family of circulsyltymetric modes usually

|
denotedl‘Gp wherel andp are two integer indices that describe the mode. The

index| is the azimuthal index and refers to the number of complgjepfase cycles
around the circumference of the mode, whemgas1 gives the number of radial
nodes in the mode profile. Figure 2.4 shows the wave fronts lofF@hp = 0 LG

beam consisting of plane wave fronts and off an3,p = 0 LG beam with three

intertwined helices of phase. Figure 2.5 shows LG beams of varamalp indices.
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Figure 2.4: The phasefronts of two modes, 0, with plane wavefronts, and= 3
with helical wavefronts. The phasefronts oflan 3 LG beam is as a triple start

helix.

Figure 2.5: Beam profiles of LG beams with varibasdp indices. p = 0 has one
radial node ang = 1 has two radial node$.= 0 LG beams have plane wavefromts,

= 1 has one cycle of phase around the mode circumferencé antl has four

complete (2) phase cycles.

LG modes with # 0 are interesting as they have an azimuthal phase that giees ri
to helical wavefronts and thus a well defined orbital angular mamewf 17 per
photon. This is in addition to any spin angular momentum 4gber photon) that
the light may posses due to its state of polarisation. Themasare also termed
optical vortices (Gahagan and Swartzlander, 1996) owing to the pmasdasiy
within the intensity profile of the beam due to destructive interference.
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The full mode description of a Laguerre-Gaussian beam is given by

O -ikr?z O O-r

LG' Dexpam [pxpg—|(2p+|l|+1)arctarEZ—R%x
exd—llgo] E{L‘(\/_QLHzr E

zis the distance from the beam waggtis the Rayleigh rangé,is the wave number,

2.3).

afz) is the radius at which the Gaussian term falls to 1/e @initaxis valuer is the

radius and " is the generalised Laguerre polynomial (Beijersbergen et al., 1993).

2.4.1.1 Generation of Laguerre-Gaussian beams

Several methods exist for generating LG beams including thefusespiral phase
plate (Beijersbergen et al., 1994) or the direct formation ob&zen inside a laser
resonator (Oron, Davidson et al, 2000, Oron, Blit et al, 2000). Howhemost
practical methods are the use of a mode converter to transfdnighar-order
Hermite-Gaussian beam into an LG beam (Beijersbergen et al), 498@3he use of
holographic elements (Gahagan and Swartzlander, 1996, Clifforal.,etl998,
Dufresne et al., 2001, Mogensen and Gluckstad, 2000, Heckenberg et al., 1992).
The mode converter results in a pure LG beam but the holograptodnstmore
versatile in that one only has to illuminate the hologram wittrEMgb mode and
conversion efficiencies in excess of 75% are possible. A tastogs simply a
recording of a diffraction pattern between an electromagnetit ¢f interest and a
reference field. For holographic generation of an LG mode, the diffrapattern
takes the form of a forked diffraction grating withlislocations. This results in a
screw phase dislocation on the beam axis that gives us thectehiatec phase

structure of these beams with an azimuthal inddx of
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Figure 2.6: Formation of dn= 1 LG beam by passing a Gaussian beam through a

computer generated hologram.

To tweeze using an LG mode, the annular ring of the collimated teeam should
match the size of the rear aperture of the objective lens. enlsisgres that most of
the energy in the LG mode goes into off-axis rays as tha leéocused, which are

essential for z-trapping.

Laguerre-Gaussian beams can also be generated using spgtiambdulators
(SLMs) (Curtis et al., 2002). The SLM consists of a number ofrrigent liquid
crystals (pixels) and the value (amplitude or phase) of eachqakrebe changed to
sculpt any light beam which hits the SLM surface. Hologreamsbe displayed on
the SLM screen and specific light potentials can be tailacetrding to amplitude
and phase information given by the orientation of the liquid crystathe SLM
screen, and the light beam reflected off the SLM can be imaged distauyce using
lenses. The SLM has a number of advantages over computer generatgerhsl
The holograms generated by the SLM do not have to be microfabreadethey
can be iteratively corrected to optimise trapping. In addition, SalMsv dynamic
control of optical potentials so that a sequence of holograms didpbaythe screen
can result in a dynamic optical trap which is not possible usingraputer

generated, microfabricated hologram.
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2.4.1.2 Improved axial trapping

Laguerre-Gaussian beams have reduced on-axis intensity, so hdanily of
beams are used for trapping there is no backscattered compotientantre of the

trap. In a single beam Gaussian trap the light which isesedttesults in a radiation
pressure force which works in the opposite direction to the axidiegaforce, so is
detrimental to z-trapping. LG beams can increase axial trgmdficiency due to

the reduced radiation pressure force because of less omtaxisiiy, and also due to
more off axis intensity in these beams (Simpson et al, 1998, Simpsbn E996)

and as a result lower powers can be used to achieve z-trappergusing an LG
beam in place of a Gaussian beam. Also, lower numerical agerhayg also be
used when using substituting an LG beam for a Gaussian beam which is

advantageous when longer working distances are required.

2.4.1.3 Particle rotation using Laguerre-Gaussian beams

LG beams have a well defined orbital angular momentulh pér photon as a result
of the azimuthal phase of the beam and this orbital angular momestdistinct
from spin angular momentum associated with polarisation of photons. akngul
momentum of light can be transferred to objects by absorption oflighe
Microscopic particles which are partly absorbing as weflaafly transparent can be
made to rotate in a Laguerre-Gaussian optical trap (Friese et al., 1996).

2.4.1.4 Trapping of metallic and low-index particles in aguerre-Gaussian beam

Objects with a lower index of refraction than the surrounding medsuch as
bubbles are usually repelled from an optical trap because thedraave into the
region of lower light intensity along gradient of light intensatyd particles which
are highly reflecting such as metallic particles are atpelled from a trap due to

radiation pressure. However LG beams have been used to successfuliiyese
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families of particles. In the case of highly reflectirayticles, optical vortex beams
such as those of the LG family can be used to trap the partitie idark centre of
the beam (Sasaki et al., 1992). The particle reflects light the annular ring and
the scattering force which is exerted on the particle fribareund holds it stably in
a trap. Similarly, low-index particles can be held in the hetensity region of an
LG beam as the patrticle is repelled from all around by lighthfthe annular ring
(Gahagan and Swartzlander, 1998). The bubble is held slightly beéotcus of
the LG beam as it is buoyant and the distance it is held frorfotins depends on

many parameters, including the diameter of the bubble and the power of the laser.

2.4.2 ‘Non-diffracting’ Bessel Beams

All real beams, no matter how well collimated they are, spoed (diverge) as they
propagate. The TEdJ mode Gaussian beam doubles its cross sectional area after
propagating a distance af away from the focus, also known as the Rayleigh range,

where

z, =D 142 (2.4)
andDg is the beam waist diameter.

There are beams, however, called Bessel beams, that aractitiffi free’. A Bessel

beam is so called because the variation of its intensity follbsmathematical

pattern known as a zero-order Bessel function.

2.4.2.1 Generation of a Bessel beam

A Bessel beam can be practically realised by illuminasingpnical shaped optical

element, called an axicon, with a Gaussian beam (Arlt et al., 2001).
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Figure 2.7: llluminating an axicon with a Gaussian beam producefosz

approximation to a Bessel beam.

The beam produced is a close approximation to a Bessel beam dwaaeteristic
propagation distance. The central maximum propagates for sRagiaigh ranges
without much divergence, and thus approximates a rod of light, or Hifecaather

than a focal spot.
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Figure 2.8: The beam profile (left) and the radial intensitfiler(right) of a zeroth-
order Bessel beam.

The Bessel beam is in fact an interference pattern, in vihilouter rings of the
Bessel beam act to replenish the central maximum and previeomitspreading.
This replenishment also allows the Bessel beam to reconsseiftifitit is blocked
(Bouchal et al., 1998).
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Bessel beams can also be created using holograms or dittainodulators
(SLMs) (Davis et al., 1993), which offer the possibility ofatheg arrays of Bessel
beams in any desired pattern, or dynamic arrays of Bessel beams.

Bessel beams can be used as two dimensional optical twea#ensowconfining
forces in the direction of beam propagation and so do not offesstaong axial
trapping. Bessel tweezers can be created in several gessneBiandard tweezers
are in a downwards direction and push any trapped samples down totvards t
bottom surface via radiation pressure. Inverted tweezers canre delow the
sample and are used to levitate, align, stack and guide par@chsil(et al., 2001),
again using radiation pressure in the direction of beam propagation. ohtatiz
Bessel tweezers can also be used to transport particlesritaliy across a sample
cell. Telescopic optics before the axicon allows us to varpiygagation length of
the Bessel beam. A variable magnification telescopic sysieptaced after the
axicon which allows the size of the central maximum to be changgitons with
different angles are also available to vary the Bessel peaameters. Higher-order
Bessel beams have also been created by illuminating an axitdoraWaguerre-
Gaussian beam (Arlt and Dholakia, 2000). These beams have a dagt cerdr
which propagates in free space without any spreading due to tidffrawhereas the
zeroth-order beam has a bright central maximum. These higherBessel beams
may find applications in coupling cold atoms into optical atomic gumesuse of

the extended distances involved compared to LG beams (Arlt et al., 2000).

2.4.2.2 Stacking particles and transport of particles usmBessel beam

The ‘non -diffracting’ nature of the Bessel beam means thathkdine of focus is
well suited for aligning long rod-like particles and also fiarcking particles along
the beam (Arlt et al.,, 2001). Arlt et al. showed nine spheres joh Siameter
stacked one above the other and this chain of particles can be ratedpat a
whole. Laser guiding (transport) ofuin spheres over a distance of 1 mm was also

observed in a Bessel beam which is a distance over 10 times the Raylgiglforaen
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comparable Gaussian beam. This optical transport of partizl@sedetermined
destinations may have applications in biological fields suclssiset engineering, as
laser guided transport of hepatocytes onto a matrix has alreadyshewn (Odde
and Renn, 1999).

2.5 Optical Tweezers in biology

251

Optical tweezers have had widespread application in biologisdiest as they offer
non-invasive, precise micromanipulation of a specimen in a closed,\esteele
environment. Before optical tweezers, lasers were usedtasl @n the field of
biology to cut holes in the membranes of cells or organelles through which genes can
be introduced. Chromosomes could also beirtwitro andin vivo, however any
manipulation involved the use of a fine glass rod until optical tweewn@re
developed. Since the late 1980s a huge variety of cells and intfaceliructures

have been trapped and manipulated using optical tweezers.

First biological applications of optical tweezers

The first paper which reported the use of optical tweezers fanipulating
biological objects appeared in Science in 1987 (Ashkin and Dziedzic, 1987).
Bacteria and viruses were trapped using an argon laser atetength of 514 nm,
however this visible laser light caused substantial damage to thelgsaeven at
very low powers. A second paper that year in Nature by the gathers described
the use of an IR laser to trap and manipulate a variety of leetlg and organelles
(Ashkin et al., 1987). A Nd: YAG laser of wavelength 1064 nm was usédaei
studies and the authors found that the IR laser did not cause ang diaibhge to
the cells when the argon laser at 514 nm did cause damagey delléss and single
celled organisms are transparent at infrared wavelengtighsds refracted through
the object without being absorbed. The paper shewsli bacteria reproducing
while trapped in the laser beam and the rod-like bacteria were seemtuoeaatigally
in the laser in the direction of beam. It was also shown that aterioen could be
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moved from one sample to another fresh sample by tweezing theleparto a
hollow glass fibre attached to the top of the sample cell. ibhe ¢ould be removed
along with the top coverslip of the sample cell, cleaned and driece whd
bacterium stayed inside the fibre, then the whole structure coyllhbed on a fresh
sample and the bacterium manipulated out. Two beams were alsavitisetie
bacteria to hold the rod-like structure at either end and theaalll be oriented at
will by moving the two beams.

Yeast cells were seen to reproduce in the trap by budding, andspiraser 5-80
mW were used without damaging the cells. Human red blood cekstiapped and

it was found that the haemoglobin did not absorb as much at 1064 nm as it did at 514
nm which resulted in less damage. Powers from 4-40 mW could be nded 80
mW the cells became less flexible indicating that damags wecurring.
Unspecified organelles of im diameter inside Spirogyra were trapped and less
damage occurred due to the lower absorption of chlorophyll at theaiRlength.
Protozoa and organelles within protozoa were also trapped and 160 mW could be
used in this case without any damage to the sample. An orgazalleeld in the
trap while the cell moved slowly out of the beam and the restraiagitle is seen

to finally collide with the cell wall at the rear of thedvancing protozoan.
Subsequently the protozoan pulls the organelle free of the tthpav@nap, almost
back to its original position. The authors state that ‘observatiofsasithese are
clearly giving information on the viscosity and elastic properaf the cytoplasm in
the region of the trapped organelle’ and suggest that ‘to maniputsteetlies within

the interior of a living cell without damaging the cell walpi®bably unique to the
optical manipulation technique’. These initial studies were made aiarial that
was large enough to manipulate directly using optical tweeseach as whole cells
and organelles. However, more recently studies have been madaechrsmaller
particles such as proteins and DNA and rather than manipulating getsodirectly,
experimenters use ‘handles’ with which to indirectly manipulagééenal. In my
work we have for the first time to our knowledge attached micresgtandles onto
whole chromosomes, in order to facilitate optical micromanipulatiah this is

reported in chapter nine. Chromosomes are larger than proteins aadscdre
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manipulated directly however optical tweezers can trap sildgeres much more

readily and efficiently as they are less scattering than chromosomes

252 Measuring motor protein forces

Proteins are usually less than 25 nm in diameter and cannot be mizaiplifectly.
Until optical tweezers became widely used in the field of lgyplonuch of what was
known about the mechanical properties of proteins and all other bidlogaterial

was determined by testing of bulk material as individual moleotdesd not be
tested. It could not be determined if individual molecules undergofaromational
change gradually, either smoothly or in small steps or if stieictural changes
occur rapidly in one huge step. Forces induced by optical tweereos tire order

of picoNewtons (pN), the same as the strength of forces tisatvathin living cells.
Since the publication of Ashkin's first paper on the optical manijpuabf
biological particles, there have been many studies of mesdiaand kinetic
properties of single macromolecules using optical tweezers as a forsducer.

In order to use optical tweezers to measure biological Sprceosition detector is
required to measure the position of the trapped objects. The senabbiated and

the stiffness of the optical trap can be calculated (by asabfsthermal motion
and/or by application of known viscous drag forces). The position of the
microsphere ‘handles’ in the optical trap can be determined asiogr-quadrant
photosensor, either using conventional imaging or interferometry.

Optical tweezers have been used to study cellular mechaaidims molecular level

by measuring the forces created by motor proteins such astahigte-based dynein
(Shingyoji et al., 1998), kinesin (Svoboda et al., 1993, Schnitzer and Block, 1997),
and the molecular basis of muscle contraction has been explonedesyigation the
actin-based motor protein myosin (Finer et al.,, 1994). In all thegeriements
microspheres have been attached to the proteins of interest and used as ‘handles’.
These molecular motors move along linear substrates so a&e liadar motors and
can be divided into two subsections. ‘Porters’ are processive egszwmeh as
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kinesin, which walk along their filament, often carrying a cacgmtained in a
vesicle, without diffusing away. ‘Rowers’ are non-processive engymieich
produce just a single tug on the filament and then dissociate, suctyasin in
muscle.

A seminal paper on the measurement of motor forces using optieakdrs was
published in 1993 by Svoboda et al. (Svoboda et al., 1993). Discrete nanometer
scale steps and picoNewton forces of kinesin, a molecular motah vdairries
vesicles of neurotransmitter along microtubules, were measured. A kingsicuie
was attached to a microsphere ‘handle’ and was held in opticaddveeand brought
close to a microtubule which was fixed to a microscope slide. nwWhHey interacted,
the kinesin molecule pulled the bead (its cargo) along the microttdagle The
position of the sphere was monitored using a four-quadrant detectalisanete 8
nm steps taken by the kinesin molecule were identified. It wasndi@ed that each
step was a result of the protein using one ATP molecule of aekuergy. The
experimental methods for measuring the forces these molecuiet en
microfilaments are illustrated in figures 2.9 (for microtubulsdashmotors dynein

and kinesin) and 2.10 (for myosin).

Bead is pulled

—_—

\ Kinesin molecule
3 5
# Microtubule

Figure 2.9: Measuring the force of kinesin (or dynein) asndves along
microtubules. The molecule kinesin is attached to a sphere whiobldsin an
optical trap. When kinesin moves along microtubules, which arehattaio the
surface of a coverslip, the sphere is moved in the trap. (Svobodal®98 — not to

scale)
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Figure 2.10: Measuring the force of myosin as it moves alotig laments.
Microspheres held in optical traps act as handles on either endacfiarfilament.
When a myosin molecule, which is attached to a fixed sphere, ratorggthe actin
it pulls at the filament which in turn moves the spheres in tips.trdleasurements
of the forces of this motor protein can therefore be made (Firsr, 4994 — not to

scale).

The force of single myosin molecule pulling against an actin élmwas
determined by Finer et al. (Finer et al.,, 1994) by attaching potyst spheres,
which act as a handles, to both ends of an actin filament and usingl opBezers
to hold the spheres in place. Another sphere fixed to a surfacatid in single
myosin molecules and when the head of the myosin molecule stro&esstathe
actin filament and pulls the bead slightly out of the trap theanatias measured by
monitoring the position of one of the trapped beads using a photodiode. Tibe mot
forces of these motor proteins have been determined to be in thebetagen 1
and 3 pN per binding site. RNA polymerase, a molecular motor @pélbhoving
through thousands of basepairs without detaching from the DNA tempéselso
been investigated and was found capable of generating at least 14fquiseofYin
et al., 1995, Wang et al. 1998). All of these aforementioned molecolarsruse
chemical energy available in the cell to perform mechanical work.

There exist another group of motor proteins that rotate (rotetprs) which are
found in membranes and are driven by the flow of ions across trarsarenm
electrochemical gradients. One such rotary motor is the mdiagellar motor
which Steven Block and others have studied. They made thecélistrated
measurements of the stiffness of bacterial flagellum (Blockl.et1989) and since
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then Berry and Berg (Berry and Berg, 1997, Ryu et al., 2000) have anauge
detailed study of the forward and reverse rotation of the bdcfkxigella rotary
motor protein. [ATPase is another rotary motor which is a part of ATP syethas
and it rotates relative to the rest of the molecule in theepoesof ATP (Noji et al.,
1997, Yasuda et al. 1998).

Measuring forces of DNA

Steve Chu and his group have manipulated single DNA moleculestdnhiag
polystyrene spheres to the ends of a DNA molecule, and measuegastisity by
pulling apart the two spheres and stretching the molecule usincploptieezers
(Chu, 1991). It is hoped that this type of system may also be asedmine the
motion of enzymes along the DNA and to investigate gene expressiome@aid
Carlos Bustamante and his group have investigated elastic respminsingle and
double stranded DNA molecules after overstretching and they found that
conformational changes follow overstretching and may play a signifiole in
DNA recombination (Smith et al., 1996).

Cell sorting for making cell patterns for drug screening (Zahn et al., 1998l s of
membrane tension (Raucher et al.,, 1999) and mobility of membrane proteins
(Raucher and Sheetz, 2000), measuring the rigidity of microtubulés &aal.,
1998), and the elasticity of the cytoplasm (Tomishigie et al., 1998) catid
membrane (Ashkin and Dziedzic, 1989) and bringing together immune acells
their target cells under the microscope (Eriksson et al., 199%xaraples of some

of the many other biological applications of optical tweezers.

Manipulation of chromosomes using optical tweezers

In order to make fluorescent chromosomal FISH probes as pagt wbnk, we have
manipulated and microdissected chromosomes in suspension. This work is

described in more detail in chapters eight and nine however ibrih woting that
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Michael Berns’ group carried out groundbreaking work on the manipulation of
chromosomes. In the early 1990’s the group used optical tweezemsnipuhate
chromosomes inside living cells to investigate cell division, pdeity the mitotic
spindle of living cells (Berns et al., 1989, Laing et al., 1991, Laingl.e 1993,
Laing et al., 1994). The cells used were PTR®térustridactylous kidney cells

from the male kangaroo rat) which have a flat morphology and tlemcsomes
along with other mitotic structures are clearly visible. <€allith late moving
metaphase chromosomes were used for experiments (cells in which one chromosome
was located between the spindle pole and the metaphase plate ehesttbf the
chromosomes had aligned on the metaphase plate). Chromosome movemgnt duri
cell division was studied by applying optical forces to chromosdiBess et al.,
1989) and it was observed that the chromosomes would move in theaodirect
opposite to the applied ‘trapping’ force, and that these chromosomesl izuoi/@-20
times their normal velocity of Am/minute. It is thought that mitotic motors sense
the force applied by the optical trap and in response shorten thetubides on the
opposite side of the chromosome pulling it towards the pole (depolymerisation of the
microtubule). Similar results had been previously observed withoteagiplied to
chromosomes using microneedles. The increased velocity was edp&snthe
mitotic motor sensing the opposing force due to the optical trapeingd stimulated

into a high rate of activity, so when the chromosome was pailedf the trap there

was much less of an opposing force. The chromosomes stopped movirgg at t
metaphase plate and did not continue moving to the opposite pole because the
chromosome had moved substantially out of the optical gradient and normal
microtubule and spindle dynamics dominated and cells went on to dividalhorm

It is not thought that the optical trap destroyed the microtubudehattents to the
chromosomes at the points of laser focus, because when the attéshane
destroyed, the chromosomes do not stop at the metaphase plate @uitedrall the

way to the opposite spindle pole. A pair of chromatids could also Ideirhan
optical trap at the initiation of anaphase and held motionless windeother
chromatids separated and moved into their respective daughtsy aell the

maximum force that the mitotic spindle can exert on a singlentosome can be
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measured. Monosomic and trisomic cells can also be createdllifgenetic studies
(Berns et al., 1989). The group also used ‘optical scissors’ toodssect
chromosomes in vivo at different stages of metaphase in combinatioroptital
tweezers to hold the microdissected fragments. Cells usedP¥&2 cells (Laing
et al., 1991) as before and Newt Lung cells (Laing et al., 1993) leetaes have
large chromosomes and mitotic spindle, and the cells remainitatg mitosis.
Newt cells also have the advantage of having a large areadyetive intermediate
filament (IMF) cage and the mitotic spindle whereas in ota#ls the cage is in
close proximity to the spindle. This permits the chromosome fragm® be
manipulated outside of the spindle when previously they were cagedheby t
intermediate filaments surrounding the spindle. The dissectieg \le&s a pulsed,
frequency doubled Nd: YAG at a wavelength of 532 nm, and thetlaserers was
a continuous wave Nd: YAG operating at a wavelength of 1064 nm. sishavn
that an optical trap could move and cut chromosome fragments outsiaeroitotic
spindle of newt pneumocytes when previously, in other cell linescthukl not be
achieved due to the close proximity of the IMF cage.

Lasers were first used to microdissect chromosomes in the B980a paper by
Monajembashi et al. (Monajembashi et al., 1986) reported using difinagtigs to
cut a chromosome into nine pieces each ofp@bthickness. Pulses of ultraviolet
light, 20 ns in length were used and resulted in energy densitie@*dfv/cn?. A
more detailed analysis of previous investigations into chromosome nmatioptdnd
microdissection using coherent light sources can be found in chapter eight.

In the general field of biology optical techniques have much ta,offéh optical
tweezers being an important and essential tool in many biologiplithes and with
the development of tailored beams and dynamic traps, optical tweealel great

promise.

2.6 Summary

The potential impact of optical tweezers on the fields of brtelogy and also in
the construction and driving of optically driven micro machines has bealised in
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recent years. My three years of research at St Andrewkdity within the optical
trapping group has played a part in this, with both the manipulation @hcsomes
and the assembly of three-dimensional structures in an optmal and their
subsequent manipulation and rotation. The entire thesis concerns tbiebesens
such as Laguerre-Gaussian beams, interference patterns and Bess® to
enhance the ability of optical tweezers to manipulate microsgapticles, with the
exception of the following chapter which describes the use of des@gussian
beam optical trap to stack multiple particles and also to abgg Icylindrical

particles in the beam axis.
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3 Stacking and alignment of particles in optical
tweezers

3.1 Introduction

When more than one particle is trapped at the focus of a laser theabeam profile
is altered by the first particle that the rays encountdt.other particles present in
the trap will interact with this modified beam profile. The tietical techniques
used to model and predict the behaviour of a single spherical pantigi@ious

regions of the laser beam fail when more than one particleegepr or when the
particle is irregularly shaped. Stacking of particles andctieation of ordered
horizontally or vertically aligned arrays has been observedf@waconfigurations
by several groups in recent years and is not only limited to single beamnl trppsa

This chapter describes how multiple particles can be stacked) ahe beam
propagation axis and we have shown the stacking of particles imdgastaand an
inverted optical tweezers configuration and report on the stabflithese trapped
stacks. We also show the alignment of cylindrically trappedcfestalong the axis

of beam propagation.

3.2 Linear arrays of spheres

The dynamic behaviour of single and multiple spheres in the tragnrefya focused

laser beam has been theoretically predicted by GauthieAsimdan (Gauthier and
Ashman, 1998) using a sophisticated optical trapping program which tivey ha
developed. The dynamic behaviour of one to four spherical particl® ioptical

trap is computed using an enhanced ray optics theoretical approaahwad sphere
system, one sphere is pulled into the beam while the other is pushed out and falls due
to gravity. The falling sphere is quickly drawn back into the beais due to the
diffracting beam and rises again until it contacts the top spdradt a stable trap with

the two spheres stacked, is created. The theoretical dynafrecsiangular three

sphere configuration whose plane is perpendicular and centred on the beam
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propagation axis and a four sphere rectangular configuration islesavibed. In
both cases one sphere is drawn into alignment with the beam’s| ggnfragation
axis and the others are pushed down, but are eventually drawn back ibeathe
when they encounter the diverging beam, and rise into contact witkptiere
above. Multiple spheres in a single beam optical trap tend to evatoea
configuration linearly aligned with the laser beams propagation axis.

Several groups have reported the creation of one dimensional arrays ickepart
novel optical traps. Stacking of a small number of particles Bessel beam has
been observed and the manipulation of the chain of particles as a hesolzeen
performed (Arlt, 2001). It was reported by Zemanek and co-workei898 that a
number of micro-objects from 0.3 — 18n in diameter could be collected in a
vertical line along the optical axis of a Gaussian standiegevand moved together
within the sample (Zemaneck, 1999). The standing wave traps were produced by the
interference of incoming and reflected Gaussian beams under @soupe
objective. A particle in the vicinity of the beam waist (nikee reflective slide) feels
a strong axial gradient force caused by the steep intensitiegts between the
nodes and antinodes of the standing wave. The interference of two eounter
propagating beams results in a number of particle equilibriumigosi{standing
wave traps) that are located at the standing wave antinodeseaseparated axially
by A/2. It is possible to manipulate in three dimensions particéggpéd in these
sites however, in the same setup but using a single beam, thesesdinal trapping
of the same particles was not possible. One-dimensional afraggutarly spaced
particles have been observed in a potential well created byowuder-propagating
beams (Tatarkova, 2002). The light forces are thought to act t@albpband matter
and microscopic particles may be organised to study ‘optical cmeke or self
assembly of matter. Linear arrays of trapped particles dmulof great importance

in colloid physics, for example to study binary colloid suspensions (Crocker, 1999).
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3.3 Stacking spheres in a Gaussian beam

The work reported in this chapter was carried out by LyrnierBen and Michael
MacDonald. Experimentally we have observed controlled stackitagge numbers
of particles in optical tweezers using a single Gaussian bd&dra. mechanism for
creating particle stacks depends on whether the trapping leseagates in the
direction of gravity (standard tweezers) or against graviwefted tweezers). High
refractive index silica particles in water tend to sink toltbom of the sample cell,

so they must be lifted in order to build stacks.

3.3.1 Stacking in standard tweezers

To create a stack of spheres in standard tweezers, a spherbatiitdd off the
bottom of the sample cell by z-trapping and moved over a second gsphieleis
trapped below the initial sphere. Both spheres can be tweezedendthrensions
because of the refocusing ability of the first sphere, withrst®nd sphere directly
below the first sphere. These first two spheres can be liftedhdipnanoeuvred over

the top of a third sphere which will be two dimensionally trappeatieabottom of

the cell by the light coming through the top two spheres. Atdtaige there is a
stack of three spheres which can be manipulated in two dimensions. This

mechanism for creating a stack of particles in standard opwieszers geometry

A4

can be seen in figure 3.1.

Figure 3.1: Stacking in normal tweezers (beam coming into sample from above)



42

This stack of three spheres can be lifted off the bottom of thelsamell and
manoeuvred over a fourth sphere but the refocusing that tweezed thd spbere

in three dimensions is not available to the third sphere, howeveritharcapillary
force that can lead to a slight cohesion of the spheres withitisitle By z-trapping
the top spheres, the stack of three spheres can be lifted dibttioen of the sample
cell due to the cohesion of the stack and placed over a fourth spfascleads to a
stack of four spheres being produced which can be manipulated in Asthme
This was performed with an approximate power of 400 mW. The expaahset-

up used to observe the stacking ofid diameter dielectric spheres using a laser

incident from above the sample is shown in figure 3.2.
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Figure 3.2: Experimental set-up with laser directed into sample cell from.above
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The largest stacks formed consisted of foyund diameter spheres. The horizontal

speeds at which the spheres fell out of stacks of 1, 2 and 3 spheres in size is shown in
figure 3.3.
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Figure 3.3: Maximum horizontal velocity of stacks of 1, 2 and 3 spheres trapped in a

standard optical tweezers configuration.

There is very little change in stability of the stacks of onéwo spheres but the
stack of three spheres is more difficult to create in the trad the figure 3.3 shows

that the stack is less stable than one or two spheres, and collapses at a loviser veloc

3.3.2 Stacking in inverted tweezers

In the inverted optical tweezers geometry, in which the trapping beam cumdse
sample cell from below, the laser is focused at the top of thelsacell in such a
way that it forms a cone, the widest cross section of whielt iee bottom of the
sample cell. Dielectric spheres are captured and guided upwtuid tie cone to

the focal region of the laser beam at the top of the sampjendlthe particles align
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in a vertical stack. The mechanism by which the stack is fbibyea laser focused

from below a sample cell is illustrated in figure 3.4.

Figure 3.4: Stacking in inverted tweezers (beam coming into sample from below)

Stacking from below does not depend on the ability to 3 dimensionallgzéve
particles. When the laser beam is moved under a sphere, the sphesbed up to
the top of the sample cell (levitated) by the radiation pressuitbe laser. This
sphere defines the top of the stack and all subsequent sphevesidimeath this
sphere. By moving the trapped sphere over a second sphere on the bottom surface of
the sample cell the second sphere is guided by the cone aistre lp underneath
the first sphere to form a stack of two spheres. This procassbe repeated
numerous times to form a stack, the height of which is initlatijted only by the
height of the sample cell or the stability of the stack wheas mhoved to pick up
further spheres. Eventually the stack height will also imétdd by the Rayleigh
range of the laser focus and the working distance of the microstppetive. This
method of trapping resulted in stacks of up to sixteen spheres breiatgd (the
largest created in this work). The experimental set-up used ¢éovebstacking with

a laser focused from below a sample cell is shown in figure 3.5.
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Figure 3.5: Experimental set-up with laser directed into sample cell frimw.be

The stack height in both geometries is limited by the divemyefdthe laser beam
and the working distance of the microscope objective. Our expeaheptical
tweezers geometry uses a Nd: YM@ser, operating at 1064 nm, directed through a
x100 microscope objective. In the inverted geometry, we have staskedrgy as

16 spheres (fum in diameter) and have moved the chain as a whole across the

sample slide. Figure 3.6 shows the assembly of a stack ofsix ameter silica

spheres.
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Figure 3.6: The assembly of a stack of siyuf silica spheres in an inverted

geometry.

By tilting the tweezing laser beam, it is possible to melkstacks of spheres and this
can be seen in figure 3.7. A stack of six spheres can be haldaatgle of 30° to
vertical, along the axis of beam propagation. This tilting walhein a change in
the forces exerted on the stack of spheres, so maximum velotity sfack and the

Q value of the trap at an angle will be altered.

Figure 3.7: Tilting of a stack of six gm spheres as the laser beam is inclined,

viewed from below in an inverted geometry.
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The stability of the stacks (a measurement of the maximumiteloicthe stack
before it collapses in the trap) with increasing power showedr linelaaviour as

illustrated by figure 3.8.
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Figure 3.8: Maximum horizontal velocity of a stack of thregn®d diameter silica

spheres for increasing laser powers.

Figure 3.8 shows a very close fit to the points can be made awgtraight line
passing through the origin. This behaviour might be expected to continba unt
point at which the intensity of the laser is too great at thesfeuch that heating of
the spheres or the sample medium results in damage.

The relationship between pow@and velocityy is linear and is given by

nQP =677 rvc (3.1)

wheren is the refractive index of the mediu,is trap efficiencyyjis the viscosity
of the mediumy the radius of the trapped particle andhe speed of light in a
vacuum.

The stability of the stack can be quantified by its maximurocigl before one or

more spheres fall out of line. The results of such measurenwrtwrde different
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power levels and for various numbers of spheres in the stack in atechgeometry
are shown in figure 3.9. Importantly, in these results the stalccities were
measured when the top sphere of the stack was in very close pyotontihe top
surface of the sample chamber, so there was a definite eunf@raction which

should be considered.
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Figure 3.9: Maximum horizontal velocity for stacks with variousnbers of 5um

diameter silica spheres at three different laser powers.

The most notable aspect of the above figure is the increasabifitgtof the stack
between 1- and 3-sphere stacks with a stack of three beingdsiestable even
compared to a single tweezed sphere. It is also notable thatahility starts to
level off with increasingly large stacks.

As with stacking from above, there is a sphere-sphere interactioto drapillary
force, seen when translating a stack that sticks together.tophgphere which is
held in the beam focus stays firmly in the centre of the lasethe other spheres
drag out behind the top sphere so that the stack resemblegyaétreads. There is

also an interaction between the stack and the surface of theeseetipl The top
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sphere is held at the very top of the sample chamber, and this sws$ersesurface
as well as sphere-sphere interactions may somehow causk afstao spheres to
be trapped more stably than a single sphere and a stack ofdHseemore stable
than two in this geometry. Although this behaviour is difficaltekplain it is of

interest and this technique may be used as a probe to inform us abface s

interactions.

3.4 Alignment of cylindrical particles

Gauthier and co workers, as well as predicting the stackingutifphe spheres in
optical tweezers, predicted, and experimentally confirmed the bpt&pping
properties of cylindrical objects (Gauthier et al.,, 1999). In adstal set up the
beam can be used to manipulate the cylinder (or rod) by stebargeam towards
the ends of the rod and dragging the rod along the sample plane. nvederd set
up it was shown that the central axis of a trapped rod should alitn the
propagation axis of the laser beam such that the longest dimensigon(al) of the
rod closely aligns with the laser axis.

We have also experimentally observed similar results in bo#mdastd and inverted
set up. The following results were observed in an inverted set igureFR3.10
shows a um long rod aligning with the beam propagation axis (3.10A-B) and being
translated across the sample plane, maintaining its alignmémttivd beam axis
(3.10B-D). The beam is then blocked and the rod slowly collapses tm i
alignment (3.10E-H).
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G H

Figure 3.10: Rod alignment and translation in an inverted optical trap.

The longest rod which was manipulated into partial alignment téh beam
propagation axis was 2%0n long. It could not be fully aligned because the depth of
the sample chamber was not large enough. Figure 3.11A shows addligBum

long rod and in the following frames the rod can be seen to fall dlgnment as

the beam is blocked, with only one end in view.

Figure 3.11: A 14@m long rod falling from alignment.

In summary, if the trapping beam is directed into the sample from above themods ca
be ‘dragged’ across the sample plane by bringing the beamtolasee end of the
rod, but they cannot be aligned in the direction of beam propagation. In atedve
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set up where the beam comes into the sample from below, rods edgnee with

the beam propagation axis and manipulated in the x-y plane.

3.5 Discussion

The stacking of large numbers of spheres and the alignment @fcidmdrical

shaped particles in an inverted optical tweezers will have iatgits in the
construction of extensive three dimensional microscopic structurdse lifiear
arrays of spheres which we have created may assist gatistis into interactions
between colloidal particles or act as probes with which to irgadsti surface

interactions with trapped patrticles.
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4 Trapping in a Laguerre-Gaussian beam

4.1 Introduction

The trapping efficiency of optical tweezers was describedthapter 2. It is usually
described in terms of a dimensionless param@terhich is related to the force on

the sphereFescape This force can be approximated as the Stoke’s Difga@ies

nQP
Fescape™ —— (4.1).
C
Fescape: I:Stokes: 677 rv (42)1

whereP is the power of the lasen,is the refractive index of the mediumis the
viscosity of the mediun, is the radius of the spherical particle ang the velocity
of the particle as it travels through the medium, or the velocittheffluid flow
against the particle.

FescapeOf @ trap is calculated by measuring the critical velagitparticles of radius
in the trap. The maximum force that an optical trap cant éxesf the order of
picoNewtons and from that tlig value of the optical trap can be calculated.

Q has a value between 0 and 1, and represents the fraction ofntmomr&/c
carried by the laser beam converted into the trapping foreda¢iino et al., 2002).
In the Mie regime, when the rays from the trapping bearkesthie sphere a fraction
of the momentum is reflected and the remainder is transmitted to the sphere.

In this chapte values for the axial and lateral trapping qird diameter spheres in
a Laguerre Gaussian beam are reported and the results are exbnopidue results of
other groups.
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4.2 The use of Laguerre-Gaussian beams for trapping

421

Increasing axial trapping efficiency using LG beams

Within conventional optical tweezefyia iS usually a magnitude of order smaller
thanQuaeral (Felgner et al., 1995). Increasing axial trapping efficiency amans of
improving the overall performance of tweezers has been investigat several
groups. Particles in a trap escape from, or fall out of the batfothe trap, so
increasing z-stiffness increas€gscape Simpson et al. (Simpson et al., 1996)
developed a computer model for modelling trapping forces in opticelzere. The
axial trapping forces arising from a laser operating in the dmahtal mode was
compared with higher-order Laguerre-Gaussian modes. The r@aplrtg force for
an 8 um diameter sphere in LG modes lofE 0, 1, 2 and 4 (witlp = 0) were
presented. As the azimuthal index increased the radius of the beam increases and
the thickness of the ring decreases. It was found that the {ugher LG modes
produce an axial trapping force several times that of the fundamesith the axial
trapping force of ah = 4 LG mode being four times that of the fundamental. This
enhanced axial trapping force is due to the reduction of on-axis fagsaxis rays
are not refracted as they pass straight through a sphere sdothmy contribute a
trapping force, but reflected on-axis rays apply radiation pressure on the aptere
corresponding force, the scattering force, acts in the propagditection of the
beam. This force is in the same direction as gravity instaedard tweezers
geometry. An equilibrium position is reached when the gradient fmi@nces the
scattering force and the force of gravity. Using a beath weduced on-axis
intensity, such as an LG beam, means that the scatteringdpposing the axial
trapping gradient force is greatly reduced. Higher-order LG beams produeater
axial trapping force per unit power than the fundamental mode and condgdgss
laser power is needed to overcome gravity. It is not cleaagiukrre-Gaussian
beams can also improve lateral trapping with Sato and Inabadf@tmaba, 1996)
predicting but being unable to show experimentally that the late@ping force

improves if an LG beam is used instead of a Gaussian,d Bd&m. Others (O’Nell
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et al., 2001) believe that there is no improvement in lateral tragfficgency when

a Laguerre-Gaussian beam is used. Enhanced axial trapping of uaguerre-
Gaussian modes may enable tweezing of delicate biologicallearat lower laser
power, thereby avoiding optical destruction of the sample. Altewigtiif the laser
power is constant, higher order LG beams can produce the sgpadrgpowers
using an objective lens of lower numerical aperture. LoweringNAeof an
objective increases its working distance which is useful fonymapplications.
Freise et al. (Friese et al., 1996) measured fluctuations ibaitlescattered light of
trapping LG beams and inferred that the use of these beams caasenthe axial
force of the trap. Simpson et al. followed up this work by demdmgjréhat axial
trapping in optical tweezers is improved by using a Laguerreszausode as the
trapping beam (Simpson et al., 1998). The axial trapping effiegempioduced by
optical tweezers using a Thfundamental mode and a Laguerre-Gaussian mode
with an index of = 3 are compared by measuring the threshold laser power required
to achieve axial trapping of silica spheres between 1 qumd i diameter suspended

in water. The minimum force required to hold a particle of depsiéynd diameted

in medium of density,, against gravity and thermal motion, is given by

Fonin :L( s _pm)dag +£

6 d (4.3),
whereT is the ambient temperature aknd Boltzmann’'s constant. The second term
in this equation relates to the force required to suppress the thaotian of the
sphere and is calculated assuming a trap with a radius equalsiadha the sphere.
The gradient force produced by the focused laser beam has toyeectoough to
overcome both this force and the force due to the backscattered light.

The following equation relatin@axia to the measured minimum powey,,required
for successful trapping was used by Simpson et al. in this work,

(Daxial_n P EIG_T(S pm)dg+ d Q

m’ min

(4.4).
Twenty measurements were taken for each combinatidaser mode and sphere
size, and for the TEB mode the measured values @uia Were in agreement with
those of Felgner et al. (Felgner et al., 1995). weleer, the efficiency falls by
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approximately one order of magnitude at a deptfiOoqim below the coverslip and it
IS suggested here and elsewhere that this is daelddional imaging aberrations
introduced by increased thickness of fluid, leadimg reduction in the field gradient
near the focus and a corresponding decrease inrdpeing force. For Fum
diameter spheres, which are significantly largantthe diameter of the laser mode,
the use of ah= 3 LG mode resulted in the axial trapping efiicg being improved
by a factor of two, when measured at both neatdpeand near the bottom of the
sample cell. Little or no improvement was obserwdeen| was increased further,
however this was expected as most of the powdreh+ 3 beam was already at the
limit of the numerical aperture of the objectivade

For smaller spheres (1 andué diameter) axial trapping was improved near thpe to
of the cell, where aberrations are less, by a faatdwo, however, at the bottom of
the sample cell optical tweezers using the Lagu@aessian mode exhibit reduced
axial trapping efficiency. This can be explainsdlze diameter of the spheres in this
case was comparable with the region of zero on iaxénsity in the mode. The
aberrations at large cell depths mean that the fofrthe LG mode may not be

sufficiently maintained to trap such small partsctn the beam axis.

Axial and lateral trapping in inverted optical twasrs

O’Neil et al. measured axial and trapping forcesmninverted geometry (O’Neil et
al., 2001) as more applications, in biomedicinegloample, use inverted tweezers in
which the trapping beam is directed upwards touhderside of the sample cell.
Computer generated holograms were used to prddacand = 3 modes and the
undiffracted zero order beam was used as the ghEMussian beam. Particles used
were 1.1, 2 and Jum diameter silica spheres suspended in water. pingp
efficiency was calculated by measuring the maxinsp®ed at which particles could
be moved and relating that to the calculated doagefFsikesacting on particles

moving through the viscous fluid and equating thisquation 4.1.
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The force acting on the particle due to gravity andttering is small compared to
the drag force so can be ignored here. The meh&uvalues of the group using the
fundamental, Gaussian Tilymode fall within the range reported by other gsoup
Laguerre-Gaussian modes improve axial trappingdautnot noticeably alter the
lateral trapping efficiency. The improvement inaxrapping is only realised when
the 2 and Jum diameter spheres are used, forynildiameter spheres the LG beam
is less effective, due to the small size of theesgh not interacting with the whole
cross section of the beam, with lan 3 beam performing worse than lam 2 beam.
The group calculate@ values for rays at different numerical aperturgspplying
Snell's law at the sphere-fluid interface and foutét off-axis rays provide
significantly greater axial trapping than on-ax&ys, but all rays provide similar
levels of lateral trapping. In summary, for spisetieat are larger than the focused
beam size, the use of a high-order Laguerre-Gaussiade improves the axial
trapping efficiency of optical tweezers but theee rio improvement in lateral

trapping.

4.3 Experiment for axial and lateral trapping efficigmoeasurements

A standard tweezers set up was used to measurextbhk and lateral trapping
efficiencies of an = 1 LG beam. The laser used to produce the tnggpeam was a
1.5 W Nd: YAG laser with a wavelength of 1064 nifo create the LG mode, the
beam was passed through a computer generated &wlogith the first order
diffracted beam having an azimuthal index of 1. eTheam is passed through
conjugate lenses before being directed into theaivg, slightly overfilling the back
aperture to ensure off axis rays come in at a w&itge for maximum axial trapping

efficiency. 2pm silica spheres suspended in water are sealedamale chamber
consisting of a 10@um deep well on a microscope slide with a coverglaced on

top. The sample is placed on a xyz translatiogestehich can be manipulated using
a programmable motion controller (Newport) so tlsgieed, acceleration and

distances can be defined and easily repeated.
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For our measurements, spheres are picked up frerbdtiom surface of the sample
chamber by focusing slightly below the sphere thlewly lifting it 20 pm from the
surface. The particle is repeatedly moved frome il side for lateral trapping
measurements or up and down for axial measuremditits. maximum speed that a
particle can be manipulated without falling outtié trap is measured, and this is
repeated with ten different spheres. The dragef@awing on the particles moving
through the viscous fluid is calculated using theasured maximum velocity (eq.
4.2). The drag force and the laser power at thgpkaare then used in equation 4.1
to calculate th&) value. We estimate that the microscope objecdtaesmits 50%
of 1064 nm wavelength light and measure the pomenediately before the beam

goes into the rear aperture of the objective.

4.4 Results of lateral and axial trapping usind anl LG mode

Lateral trapping efficiency was measured and catedl by Paul Prentice and axial

trapping experiments and calculations were perfdrimeLynn Paterson.

Lateral trapping efficiency
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Figure 4.1: Lateral trapping results showing tloever of the trap at the sample
against the horizontal velocity reached beforepiuicle fell out of the trap.
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Axial Trapping Efficiency
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Figure 4.2: Axial trapping results showing the powf the laser trap at the sample

against the vertical velocity reached before thiigla fell out of the trap.

In both these graphs the error in the y-axis isnakom the measured critical
velocities (the maximum value minus the minimumueatiivided by the number of
measurements) and the error in the x-axis is @amatdd percentage error (5%) of

the measured power.

Q values for lateral and axial trapping in an | =L1G beam

Using equation 4.ZFskesCan be calculated for lateral and trapping resulisg the
values viscosity of watef = 1 x 10 kgm™s?, diameter of particlel = 2 um and the
measured velocity; for different powers used.

Substituting this into equation 4.1 we can cal@ildte Q value of the trap using

laser powerP, speed of lighte = 3 x 16 ms* and the refractive index of water=

1.33.
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Py vaxial (mis) v lateral (mfs) F-axial drag (N) F-lateral drag (N) Q-axial Q-lateral

36 2 96E-05 7. T0E-05 5.58E-13 145E-12 0.035 0091
7.5 5.18E-05 1.42E-04 9.76E-13 2 BBE-12 0.029 0.081
1.3 T.38E-05 202E-04 1.389E-12 381E-12 0.028 0.076
0.031 0.08az

error 0.002 0.005

Table 4.1: Q values for axial and lateral trapping withlan 1 LG beam calculated

using the power measured and the maximum speéxe dfapped particles.

The final value forQ is the average of the values for the three powsesl un the
experiment, which is 0.031 £+ 0.002 for trappingthe axial direction and 0.082 +
0.005 for lateral trapping with dr= 1 Laguerre-Gaussian mode. The error has been
calculated by taking the minimu@ value from the maximur® value and dividing

by three (the number of values fQrthat we have calculated).

4.5 Discussion

As mentioned previoushYQaxiain Standard optical tweezers using a Tgghhode is
usually an order of magnitude smaller tf@gera. 1N Our work, using ah=1 LG
beam in a standard configuration, the valu€g{, is still much less tha®iatera but
the gap between the sizes of the two trapping fohas been reduced. This is due to
the reduction of on-axis rays which are preserd iBaussian beam but not in LG
beams and results in the loss of scattering fotuewacts in addition to the force of
gravity in standard TEM optical tweezers against the axial trapping force.

Table 4.2 shows how th@ values calculated by other groups compare, as@ ta
our calculated value for axial and lateral trappivith anl = 1 LG beam. Trapped
particles were all 2im in diameter, however the refractive index of plaeticles and
the microscope objectives used differ between tloeigs. Comparindg) values
within one experiment is more useful than betwegpeements performed by

different groups.
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Author TEMOO =1 =2 =3
Qaxial Qlateral | Qaxial Qlateral | Qaxial Qlateral | Qaxial Qlateral
Felgner
S 3 N 019 | 274 |
SRR SRR IO N4 S R R SRR SUSRR ISR (SRR
_________________ 065 |\ 452 |
___________________ 2
Simpson
______ G213 |\ 828
_________________ 028 | | ' | | .1 013 |
_ONeil(6) | 194 | 218 | | | 3.02 | . 224 | 469 | 187
Malagnino
______ O A
el X93 Ll
Paterson 1 2.65

Table 4.2: Ratios of trapping efficiency valuefakated by various groups using 2

pum diameter spheres, with our calculated valu€Xgqy, taken as 1.

O’Neil et al (O'Neil et al., 2001) found that th@ value for lateral trapping in
inverted tweezers did not change when using diftereodes however axial trapping

efficiency did improve for spheres ofpn in diameter (and also forsn diameter

spheres but not as much, but axial trapping didimpirove for 1.1um spheres).
Our calculated value fdQaeral IS higher than O’Neil et al. however our axialual
is not as large, but that can be easily explain€deir setup was inverted so there
would be some scattering force present acting agairavity (although much less
when the LG beams were used). We also ude=ah beam which is predicted to not
give as strong an axial trapping force as higharhich they use. We can conclude
by saying that in most standard optical tweezeaterdl trapping is an order of
magnitude stronger than axial trapping with a TggMode (Felgner et al., 1995) and
with anl = 1 LG mode this difference in trapping force bednwQaxia andQiateral IS

reduced by increasing the valueQ@ia.
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5 Optical manipulation using interference
fringes

5.1 Introduction

Particles of various shapes can be trapped in apticeezers however when rod
shaped particles, for exampkecoli bacteria or glass rods (see Chapter 3), are
trapped they tend to align in the direction of beampagation (along the z-axis)
(Ashkin et al., 1987). Gauthier et al. showed #tignment of cylindrical glass
particles in an inverted optical tweezers confijora (Gauthier et al., 1999). If
more than one spherical particle is trapped thegnofre observed to stack one
above the other in the direction of beam propagatiGauthier and Ashman have
also predicted that stacking of spherical partiglsoccur in an optical trap along
the axis of beam propagation (Gauthier and Ashni®98) and this has been
discussed in chapter three also. Michael MacDonadtdlénave investigated novel
ways in which to trap rod-like particles, which mayclude many biological
specimens such as chromosomes, microtubules ansheqmed bacteria, in the x-y
plane without the particle aligning in the z-diteat We can also trap arrays of high
refractive index spheres in the x-y plane withdatking of the particles occurring.
This is achieved using a pattern of interferenaagés created at the focus of two
interfering Gaussian beams. The particles camd@pulated by either moving the
beam spot as a whole or by changing the path leimgtine of the arms of the
interferometer so that the fringes are translategdinvthe beam spot. In addition the
pattern can be used to trap particles of low réifradndex within the dark fringes.
Particles of lower refractive index than the sumding medium (such as bubbles)
are repelled from the laser beam and travel dowrligfint intensity gradient toward
the region of lowest intensity, so this is a nowal to trap these particles (or highly
reflective particles which are also repelled frdra tegion of highest light intensity).
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5.2 Interference fringes for trapping particles

Interference fringes for optical manipulation ofvlendex particles, rod-like particles
and arrays of high- and/or low- index particles evereated by interfering two plane
wave Gaussian beams using a Mach-Zender interféeom&he experimental set up

is illustrated below in figure 5.1.

M n NPBS
u L
L1
s N
> GP
L=
=
M: Mirrar
NPES: Non-polarising  Gp: Glass Plate L: Lens
Beam Splitter ccD: Camera BG: IR filter

Figure 5.1: Experimental set-up for interferoneaptical tweezers.

The interference fringes used for optical manipatatwere produced as follows:
The 500 mW collimated (by lens L1 = 750 mm) outfrom an Nd: YVQ (A =
1064 nm) laser was split by a Mach-Zender interfest@m The beams were not
recombined at the second beam splitter in the bottight hand corner of the
interferometer, but left slightly separated (andaplal to each other) until they
reached the focus of the x20 microscope objectiVée pattern could be moved
around the sample by use of the beam steering mtihe mirror which comes
before the two lenses L2 and L3). Two lenses (LP56 mm and L3 = 100 mm)
form an image relay that gives a conjugate imagtefspot on the beam steering
mirror at the back focal plane of the x20 microsatbjective. This image relay

allowed the two beams to be moved without beingped by the back aperture of
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the x20 objective. These lenses could be usedtairothe desired spot size and
collimation of the beam at the rear aperture of dbgctive. Tweezing was also
demonstrated by the translation of the microscdggeson an xyz translation stage

such that the sample would move relative to thesed spot.

measurad simulated
pattern pattern

B
-

Dﬁk:lw&

'_i-fium B

focus and
pattern F Y
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"||
r ; & b # -15 -1 -5 O § 10 15 -15 -1 -3 0O 5 90 1% E
: 3 position (um.) posifian {um:}

Figure 5.2: The two beams are directed separtisdyigh the x20 objective and for
the fringe pattern at the focus inside the samelle dhe actual pattern and the ideal

pattern (Mathematica simulation by Jochen Arlt) sirewn.

Figure 5.2 shows how the two beams combine to fioimges, and the actual and
ideal patterns made by the two beams at their fodire two beams are sent into the
back of the x20 objective in parallel but separaded the interference pattern is
focused on the same plane in which the particléetmanipulated are situated. The
fringe spacing was varied by adjusting the posittbrthe mirror in the bottom left
hand corner of the interferometer thereby varyihg tistance between the two
parallel beams as they enter the back aperturehef microscope obijective.
Adjusting the separation of the beams changedrigke at which they came through
the objective and hence changed the pitch of tttenpa

The interference fringes could be swept acrosbdaen spot without the beam itself
moving by inducing a change in the optical pathgtenof one of the interfering

Gaussian beams. This was achieved by tilting ssgbéate in one of the arms of the
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interferometer. As the plate was tilted in the rhedhe optical path length was

changed. This action resulted in a phase shiftdat the two beams and manifests
itself as the fringes sweeping across the beam dpadddition the complete pattern

could easily be moved by tilting the beam steermgror or by shifting the

translation stage.

5.3 Trapping arrays of high index spheres

Initially, multiple 1 um diameter high refractive index silica spheresenadigned in

the interference pattern. The spheres are locdtdte bottom of the sample cell as
they sink due to gravity, and they are arranged limes in the x-y plane along the
bright fringes and could be easily manipulated bsle/chains. The aligned spheres
could be swept across the pattern by scanningrihget or they could be moved
around the sample cell using the steering mirromtve the whole beam spot
without losing their alignment to the bright frirgef the pattern. Figure 5.3 shows

1 um diameter spheres trapped in the fringes and sagpss the beam spot.

@"
Lt
c)

id)

Figure 5.3: One micron high-index silica spheriggnad in the bright fringes of an

interference pattern between two Gaussian bearhs.frihges are scanned from left
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to right and the trapped particles follow the fesgand are collected at the right

hand side of the beam spot (d).

If many spheres were swept to the edge of theqatf fringes, they would bounce
back in as the bright fringes approached the edgbeopattern because they are
attracted back into the outermost bright fringeaj tirey keep striking back as long as
the fringes keep on sweeping. As many as ten spheould align in each fringe

with the spheres being aligned more regularly aagped more strongly when the
width of the fringes was 1.5 —8n.

5.4 Aligning and manipulating rod shaped particles

The ability to manipulate rod-like particles is pérticular use in biology, where
many such structures exist, for example chromospmesrotubules and certain
species of bacteria. Tailored patterns such asntenference fringes could perhaps
be used to align and sort chromosomes or delivantim ordered, aligned patterns
to a substrate for analysis. For example in flsoceatin situ hybridisation
experiments metaphase chromosomes are often operdp@nd it is difficult to
resolve which chromosomes have been labelled.

In our experiments we have used microscopic sif&ssgods (made in house by our

glass blower, Fritz Akerboom) which range in lenfitm around 2um to 250um
and in diameter from fim to 5um. Figure 5.4 shows a singl@rd long, 1um wide

glass rod suspended in water aligning with a brighge and being tweezed in the

x-direction by moving the beam spot using the betarring mirror.



68

Figure 5.4: Alignment of a fim long glass rod (a-b), and tweezing in the x-

direction (c-d).

The same glass rod can be seen in figure 5.5 tdaippe bright fringe which is both

tweezed and swept across the beam spot simultdgeolibe sample stage was
translated in the x direction, moving the whole plmelative to the beam spot, and
the fringes in the beam spot were swept acrosdiatseter by tilting a glass plate,

situated in one arm of the interferometer.
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Figure 5.5: Manipulating a 3m long glass rod by moving the whole beam spot and

sweeping the fringes simultaneously.

The smallest rod that could be aligned in this neavmas approximately 1,3m in
length. We have aligned a rod 2t in length in an inverted Gaussian beam
optical tweezer along the direction of beam propaggsee chapter 4) however the
longest rod we could align in the x-y plane in thatern was 3Qum. The upper
limit to the size of the rods aligned was goverhgdhe available power.

We aligned a 2@m long rod and then manipulated it by scanningftimges of the
pattern. This can be seen in figure 5.6, with Af®wing the gradual alignment
(smaller rods align much more rapidly) of the rowl &-E shows the sweeping of

the fringes and the trapped rod from left to rightl back again.
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Figure 5.6: Alignment and manipulation in the plgne of a 2Qum long glass rod.

The interference pattern was also used to trapetbhert rods of around |Em in
length in each of the bright fringes and this isvgh in figure 5.7. The interference
pattern with the rods beginning to align can bensees.7A and the rod on the right
hand side can be seen to jump from the right maghbfringe to the slightly
brighter one to the left of it in 5.7B and C. Tdwup of three rods is then translated

to the right (5.7D) and then towards the spheratkmt at the top of the picture
(5.7E).

Figure 5.7: Simultaneous alignment and maniputadithree 5um long rods.
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Tweezing and alignment of rods was achieved atwepmf 120 mW, although

alignment could be achieved at powers as low am®0 The same interference
pattern was also used to trap and manipulate festaf lower refractive index than
their surrounding medium by holding the ‘bubbles’the dark regions between
bright fringes of the pattern. Low- index partglare drawn into regions of low
light intensity in a similar manner to the way higldex particles are drawn into the
regions of high intensity. The following sectiomsdribes the trapping of low
refractive index patrticles.

5.5 Low refractive index particles

There has been recent interest in the trappingadictes of lower refractive index
(n,) compared to their surrounding mediung)((Gahagan and Swartzlander, 1998)
as these can be, for example, air bubbles in ardiumesuch as water or oil. In a
typical Gaussian single beam optical trap, suclthas used to trap high index
particles, more light is refracted through the iglgtaway from the region of highest
light intensity (figure 5.8A) so the particle isréed into the region of highest light
intensity. On the other hand, if a low index paetiis in the vicinity of a focused
laser beam the transverse component of the foregesk on the particle tends to
push the low index particle out of the beam towdodger intensity regions (figure
5.8B), the opposite of what happens to high-indetiges.
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<= Direction of net change in momentum of ray
= [hirection of particle displacement
m,, refractive index of medium

n, refractive index of particle

Figure 5.8: Ray optics for high- and low- indextjzdes. A. The refraction of light
from a Gaussian beam through an object with a higbfactive index than the
surrounding mediumng>ny,) results in the particle being drawn into the oegof

highest light intensity. B. An object with loweefractive index than its

surroundingsr<ny) is pushed out of the beam.

Micro bubbles in a medium of higher refractive indeave been trapped using a
Gaussian beam in conjunction with the fluid forée¢h® ethanol medium (Lu et al.,
2000). The medium is heated non-uniformly by abwgy some of the laser
radiation and as a result convection occurs inntledium in the region of the laser
beam, symmetric with the beam axis. This conveabiothe medium acts as a micro
fountain which can be used to assist in trappinghefmicro bubble. Without the
fluid force, the laser beam alone could not trag ltabble thus the fluid force and
the light pressure force act together as a hybaijal for bubbles. In contrast with the
light pressure force, the transverse fluid forceastripetal and tends to draw the
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micro-bubble into the light beam. The bubbles lbarrapped either at the rim of the
beam if the beam is focused above the bubble amdubble diameter is smaller
than the beam spot or in the centre of the beatheiffocus is very close to the
bubble. If the beam is travelling upward throulgh sample the bubble will float on
the surface of the liquid because of the buoyanosef the axial light pressure force
and the axial fluid force all point upwards. lfettbeam is directed down into the
sample, the axial light pressure force points doamls and can overcome the
buoyancy force and the axial fluid force so pughesmicro bubble into the medium
until an equilibrium position is reached. Particleith a high reflection coefficient
at the wavelength of an incident laser beam suchedallic particles also experience
the repulsive force analogous to those with a lownedractive index than the
surrounding medium. Low-index particles are of iegt in many areas of science
and engineering in which the properties and effettsubbles are investigated, for
example in the food, drink, drug and petroleum stdas where low-index particles
might be bubbles of air in water or bubbles of wateoil. Multiphase emulsions
contain low- and high-index ‘particles’ and theseld be investigated if there was a
technique to trap both low- and high-index parScé&multaneously. An emerging
technique for gene transfection, called sonopamatises the properties of cavitating
bubbles (air filled protein bubbles) to create siant pores in the membrane of cells
through which DNA can get into the cell. The pndj@s and dynamics of these
bubbles may be explored if one could hold them imag@ or manipulate them in

three dimensions.

Previous methods of trapping low-index spheres

Schemes which have already proven useful for tregppnd manipulating low-index

particles include the use of a hybrid trap mentibabove which uses the optical
force of a Gaussian beam and the fountain-likedfforce caused by convection of
the heated medium (Lu et al.,, 2000) or a scanniags&an beam (Sasaki et al.,
1992), in which a Gaussian beam, orbiting at ~25tdges a metal particle in water
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or a water droplet in liquid paraffin due to repwésforces from all directions
confining the particle or bubble in one place. Tweular scanning of the laser
creates a potential well and if the repetitive sie of the laser beam is faster than
particle diffusion, the particle or droplet will beonfined in the time-averaged
potential well. Axial trapping of low-index part&s can occur using a TElyInon-
scanning laser if the objects are fabricated img-like shapes (Higurashi et al.,
1995). When the laser light is focused near thetreeof the object radiation
pressure exerts a force on the inner walls of thegects. Incident laser light strikes
the inner wall and exits from the bottom. The rsltaped object acts as a weak
positive lens and the object is pulled towardsl#ser focal point. If the object is
displaced axially in the direction of the inciddight, the divergence of the resulting
refracted light increases so that the net foraie again directed towards the laser
focal point. Transverse trapping occurs becausddtal radiation pressure exerted
on the inner wall of the object is directed towatioks laser beam axis. If the object
moves laterally, it experiences increased repulsagation pressure towards the
laser beam axis, driving it back towards the centPeother method is to use an
optical vortex beam (Gahagan and Swartzlander, ,18@86agan and Swartzlander,
1998), either the TEM* mode of a laser or a beam produced using a canput
generated hologram. Optical vortex beams canimdipidual low-index particles in
the dark core of the optical vortex at a point tedaon the optical axis at a distance
of 2 to 3 times the particle radius before the béaens. The location of the trapped
particle and the trapping efficiency depends oress\parameters, such as the width
of the vortex core, the NA of the focusing objeetiand the relative refractive index
between the particle and the medium (Gahagan arait8ander, 1996). These
optical vortices can also trap a high index spha&reultaneously in the axial
direction near the focus of the beam (Gahagan amdrtdander, 1998). This
permits the ability to produce arrays of trappedhhiand low-index spheres or
manipulate them simultaneously in the horizontahpl
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Figure 5.9: lllustration of a low- and high-indparticle simultaneously trapped in a
Laguerre-Gaussian beam. Adapted from Gahagan,. and@ G. A. Swartzlander
(1999). “Simultaneous trapping of low-index and Higdex microparticles
observed with an optical-vortex trap.” Journal tedé Optical Society of America B-
Optical Physics 16(4): 533-537.

The low index patrticle is trapped before the focuthe dark region of the beam and
the high index particle is located below the lowleér particle at the region of
highest light intensity. The authors found thaamthe top of the sample cell the
high-index particle was more stably trapped thanlthv index one because the low
index particle scatters 20% of the light and onlighdly reduces the trapping
efficiency for the high-index particle because ke angle rays are not scattered
so they can go on to focus and trap the high-inuketicle. Deeper in the sample
chamber, aberrations caused by the glass- watfane cause non paraxial rays to
focus closer to the coverslip than paraxial ray$is astigmatism is minimal when
the beam is focused just below the coverslip amdgitadient forces on a trapped
high-index particle are optimal, but lower in thergple chamber the non paraxial
rays converge at points above the focal plane.addition, at this depth some
paraxial rays will be scattered by the low indextipke, further weakening the high
index particle trap. In our work, Michael MacDonaldd | have trapped low index
spheres in a Laguerre-Gaussian beam however thiel@as always trapped in the
vortex region below the focus. This is becausesiiteeres are buoyant and settle at
the top of the sample cell. The repulsive force@inding the sphere from the

conical shaped vortex from above pushes the spdmsm from the surface of the



5.5.2

76

sample chamber and it reaches an equilibrium posivhen the scattering and
refractive radiation pressure balances buoyancy.

We have developed a novel method for trapping losex particles which is based
on work carried out in 1997 by Chiou et al. (Chetual., 1997) which used bright
fringes of an interference pattern between two Gansbeams to trap high index
particles. Once a particle was trapped in a briginige within the two beam
interference pattern the pattern of fringes, amulefore the particle could be moved
in a direction normal to the fringes themselvesimithe laser spot by sweeping the
fringes via the translation of a mirror in a Michmisinterferometer. The number
and size of fringes in the beam spot could be obérgy adjusting the spatial
separation of the two parallel incident beams. aBjusting the separation of the
beams, the angle at which the two beams exit tlceostope objective and interfere
with each other is altered, thus the pitch of tlhétgsn can be changed. Another
method for creating a similar pattern of brighhfyjés was to project a reduced image
of a Ronchi ruling at the focal plane of the miamse objective. The ruling (250
line-pairs per inch, reported in the publicatiorgswlluminated with a single beam
and the fringes were shifted by translating the dRomuling perpendicular to the
direction of beam propagation and perpendiculah&orulings themselves. During
the course of my research the use of interferenogels to manipulate rod-like
particles in the bright fringes of the pattern, {owlex particles in the dark fringes
and arrays of high- and low- index patrticles in light and dark fringes respectively
has been demonstrated for the first time (MacDogegahl., 2001).

Trapping Low-index particles

Low-index spheres (hollow glass spheres) were fiepielled from the beam by
slowly moving the pattern from the side towards spbere. This showed that they
were indeed low-index particles as high-index ples would become trapped in the
bright region. As mentioned above, optical vorbeams, which consist of a ring of
light with a dark centre, can trap low-index pdesc Contained within a set of
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bright interference fringes is a set of dark irgezhce fringes that can be used to
attract low-index (or highly reflective) particle$he particles are trapped in a
similar fashion to optical vortex trapping or, imdethe use of a scanning Gaussian
beam by surrounding the particle in a dark regiah \ight. We would expect low-
index spheres to align with the dark fringes ofirerference pattern similar to the
high index patrticles aligning in the bright fringesfigure 5.3. A 4um hollow glass
sphere was trapped in the dark region between tigatringes by blocking the
beam until it was positioned over the sphere. @lthh the fringes were brighter in
the centre of the spot due to the Gaussian amplipuadfile of the interfering beams
this increased brightness did not lead to a trajpyodldw sphere falling out along the
line of a dark fringe. This was because the sghdrat were being trapped were
slightly larger than the width of the dark fringésading to rings of light that were
centred on the spheres. These rings can be séggure 5.10 and are as a result of
scattering and diffraction of light by the edgestloé sphere. This scattering and
diffraction led to a confinement of the sphere lexw the dark fringes in a manner
similar to the trapping of low-index particles inLaguerre-Gaussian beam (Gahagan
and Swartzlander, 1996, Gahagan and Swartzlan@®@8) br in a scanning Gaussian
beam (Sasaki et al., 1992) by repelling the particdm all around, in the x-y plane.
An additional, although much weaker, contributiorthis confinement was the Airy

rings produced by the optics of the system.
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Figure 5.10: Manipulation of a low-index spherewvegzing in the x-direction (a-b),
tilting of the glass slide causes the fringes tesWwept to the right and then back to
the left of the beam spot. The trapped, low-indpRere follows the movement of

the fringes (c-e).

A hollow (air filled) glass sphere could be mangied in the x and y directions
(Figure 5.10 (a-c)) with tweezing strongest in thieection perpendicular to the
fringes. Tweezing in the direction parallel to thages was also possible due to the
diffraction effects described above, however, ihees did not overlap with the
bright fringes they would fall out of the trap whemeezed in the that direction.
Figure 5.10 (c-e) shows the sphere being sweptsadite beam spot to the right,
then back to the left, by changing the path lermfttone of the beams using the
tilting glass plate in one of the arms of the ifemwmeter. Sweeping of the fringes
led to the sphere’s being pushed to the side op#itern just as it did with solid
spheres, but in this case the hollow spheres baubaek into the pattern as dark
fringes approached the edge of the spot (agaihaacted to the dark areas). For
small hollow spheres (<|2m) the ratio of shell thickness to diameter is ¢asg they
no longer behave as low-index particles and aracétd to bright fringes, as solid
high refractive index spheres are. However, aeldngjlow structure (> 1Qm) fails

to detect the structure of the pattern and acif the beam is homogenous and the

particle is repelled (figure 5.11). This behavi@an be overcome if the spacing of
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the fringes in the pattern is changed, which canniy@emented by changing the

separation of the parallel beams that are dirdatedhe microscope objective.

Sphere large compared to fringe spacing:
Completely Repelled

ey v PR

Sphere size comparable to fringe spacing:
Trapped between the fringes.

~AA _

Figure 5.11: Fringe spacing determines if the ioglex particle is repelled, trapped

in two dimensions or trapped in one dimension.

If the low index particle is smaller than the spgcof the dark fringes it will be
trapped in the x-direction but will fall out of theap when it is translated in the y-
direction as the rings created by scattering (wlaidd to trapping strength in the y
direction) are not created. It is also necesdaay the refractive index of the centre
of the hollow sphere be less thar 1.33 when the sphere is in water. The hollow
sphere filled with airrf = 1) that is shown in figure 5.10 had a low enosgkll
thickness/ diameter ratio to behave as a normalihol@x particle, as demonstrated
by its repulsion from the pattern if the beam apph®d it slowly from the side on

which the beam would push the sphere away insteadeezing it.

5.5.3 Trapping arrays of low-index and high index paegl

In the same manner as multiple high index partigldsbe drawn into the bright

fringes, multiple low refractive index particlesaxpected to be drawn into the dark
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fringes of the pattern. In this way arrays of lowlex spheres can be made for the
first time, where the negative image of any beaat Was used to obtain an array of
high-index particles can be used to reproduce Hmespattern with low-index
particles.

This ability was demonstrated by the alignmentvad hollow spheres in adjacent

dark fringes and their manipulation in unison asvahin figure 5.12.

Figure 5.12: Manipulation of two low-index spheriesthe dark fringes of an
interference pattern between two Gaussian beams.

The two low refractive index spheres are each dakk fringe of the interference
pattern. The pattern is translated in the y dioecpast another sphere which is
stationary. Both spheres overlap into the adjabeght fringes and scattered light
from the bright fringes which they impinge on ceeéiright circles centred on the
spheres themselves. This assists trapping andsatlee spheres to be manipulated

in the y-direction without falling through the trafghe two spheres are too large to
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remain aligned with each other in the x-directiond & can be seen in 5.12C that the
smaller of the two spheres has been slightly pushiedf position.

A single high-index sphere was also aligned in ¢batre of a bright fringe with
hollow spheres trapped in dark fringes, one oneeitide of it, forming a line of
three particles which can be manipulated in thadadirections and can be seen in

figure 5.13 manipulated past a stationary sphere.

Figure 5.13: Low- and high-index sphere arraye Tilgh-index sphere is trapped in
the bright fringe in the middle, low-index sphera® on either side in the dark

fringes.
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In this case the buoyant low-index particles arshed down to the focal plane as
the high-index particles by radiation pressuregh-index glass rods and low-index
spheres were also aligned and manipulated simultestein the x-y plane which to

our knowledge is not possible using an optical eorbeam (although it may be
possible to align and manipulate a hollow spherkaawery short rod in the direction
of beam propagation as in figure 5.9).

The power is obtained from the total of the tworheaneasured at the back of the
x20 objective. Z-trapping was not achieved usimg technique as a x20 objective
had to be used to ensure a large spot size, hbaceeim was not tightly enough
focused to create the steep optical gradient reduior a true, three-dimensional

optical trap.

5.6 Pattern propagation and manipulation

A similar pattern of these fringes may be produlsgdmaging a Ronchi ruling into
the sample however the pattern created by imagingparture will diffract and the
form will quickly change as it propagates away frdme focus due to interference
within the diffracting pattern. Interference betmethe two Gaussian beams results
in the pattern maintaining its intensity form o@emuch larger propagation distance.
The pattern produced by the two interfering Gaussieams propagates for more
that 50 um without changing form, however the pattern pretubdy imaging a
Ronchi ruling is distorted only 1jtim after the focus, which could cause problems if
z-trapping is required. Figure 5.14 shows Matheraatsimulations of the

propagation of an interference pattern and an ichaBenchi ruling and the
differences can be clearly seen.
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Figure 5.14: Mathematica simulations (by Jochen)Aflthe pattern created by two
interfering Gaussian beams and by making a reduade of a Ronchi ruling. The
interference pattern keeps its shape ovepriCaway from the focus (A-C), but the
pattern created by imaging a Ronchi ruling does ppagate and becomes

distorted at only 1%m away from the focus (D-E).

5.7 Discussion

An interference pattern between two plane wave Sanseams of bright and dark
fringes enables the generation of arrays of higlexn elongated and/or low-index
particles to be created and manipulated in thezbotal plane for the first time.
Importantly this can be easily implemented by split a Gaussian beam in two and
interfering the two resulting beams at the focua oficroscope objective. The size
and number of the fringes within the pattern candaalily adjusted and the fringes
can be moved normal to themselves within the beamt Isy changing the optical
path length of one of the beam. We achieve thisitoply tilting a glass plate in one
of the arms of the interferometer. A drawback lo$ ttechnique is that high- and
low- refractive index particles cannot be indeperilye manipulated using this
technique.

In our work two dimensional trapping was achievedre beam spot we needed was
too large to allow sufficient tight focusing of tHeeam for three dimensional

trapping. However, as the intensity form of thierference pattern propagates over



84

a large distance it may be possible to z-trap usirgcheme such as this if the
required spot size is smaller and a higher numlegjgarture can be used.

This method may lead to the creation of two dimemsi arrays of low refractive
index particles such as bubbles, or to the construof mixed phase arrays of high-
and low-refractive index particles. Arrays of rglthped particles can also be created
such as groups of aligned glass cylinders for tmesituction of micro machines and
in addition the technique could be extended to mimsome sorting for cytogenetic

applications.
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Rotation of optically trapped particles in a
revolving interference pattern

Introduction

The ability to controllably rotate microscopic pelgs in optical tweezers adds
another level of manipulation to the translatiomaition already possible in a single
beam optical trap. Particles can be made to gpiani optical trap by using three
fundamental techniques. In the first of these gmaethods of rotation, radiation
pressure exerted on a trapped particle due to ywmrastric scattering force can
result in a torque on the particle which drives tbition of the particle (Higurashi
et al.,, 1994, Galadja., 2002a and 2002b). Secopradigular momentum can be
transferred to an absorbing particle (Friese etl&896; Simpson et al., 1997). Spin
angular momentum can also be transferred to arinigeint particle (Friese et al.,
1998; Moothoo et al., 2001) which makes it rotateaobirefringent particle in
linearly polarised light can be rotated by rotatthg direction of linear polarisation
(Higurashi et al., 1998b). In addition, orbitalgater momentum can be transferred
by scattering from a trapped particle (O’Neil arati§ett, 2000; O’Neil et al., 2002a)
and particle will orbit as opposed to spin aroutsdown axis. Finally, a trapped
particle can be rotated by using a moving trapthed the particle will follow the
motion of the trap as it is continually drawn te tiegion of highest intensity (Sato et
al., 1991; O'Neil and Padgett, 2002).

These rotating particles could be used to driverom@achine elements such as
micropumps and microstirrers for microfluidic dess¢ or used as instruments to
measure torsional properties of objects such dediaal polymers or to measure the
viscosity of microscopic volumes, for example imsitklls. The optical rotator has
now joined optical tweezers and optical scissorthenoptical tool kit and offers a
further degree of non-contact control of trappedigas.

In previous chapters we have discussed the useaakstan beam and Laguerre-
Gaussian beams for trapping of particles and &lsause of an interference pattern

between two Gaussian beams for aligning and maatipgl rod-like particles and
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arrays of low refractive index particles in the gdgnplane. This chapter describes
the creation of a spiral shaped interference patbetween a Gaussian beam and a
Laguerre-Gaussian. The pattern can be set intdioaotand therefore induce the
rotation of particles trapped within the patteiRotation using this method does not
rely on intrinsic properties of the particle, mgréie ability to be trapped. Previous
methods used for particle rotation and their lititas are described in more detail
below. The remainder of the chapter describegémeration, analysis and rotation
of the interference patterns we have created inojulapping results.

6.2 Methods for the rotation of optically trapped pads

6.2.1

6.2.2

Asymmetric scattering force

The scattering of light from the laser beam by dige results in a force which can
exert a torque on the particle and drive it inttation, analogous to wind driving a
windmill (Higurashi et al., 1994; Higurashi et al997; Higurashi et al., 1998a;
Galajda and Ormos, 2001; Galajda et al., 2002aaj@zalet al., 2002b; Omori et al.,
1999; Luo et al., 2000). In this method the ratatof the particle is not a result of
angular momentum transfer from the light to thetipla;, rather it is due to the
radiation pressure, which acts on the particle,b@ing rotationally symmetric with
respect to the beam axis. This lack of rotatignalimmetric radiation pressure is
due to the trapped particles having been microfabed with an anisotropic shape
(propeller or cog shaped). Microfabricated gearcstres have also been designed
and rotated due to a torque exerted by the saajtdorce in a dual counter-

propagating beam trap (Gauthier et al., 2001).

Transfer of angular momentum

Light is known to possess both spin and orbitalutargmomentum. Spin angular

momentum comes about due to the polarisation statbe photons in the beam.
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Circularly polarised light possesses spin angulamentum of 7 per photon, with
o= -1, +1 for right and left circularly polarisett, respectively. Orbital angular
momentum comes from the helical form of the wavelsmf the beam. Laguerre-
Gaussian (LG) beams possess orbital angular momeoitls: per photon due to the
azimuthal phase of these bearhss(the azimuthal index of the beam). LG beams
with | # 0 have a helical phase structure and as suctRdimeting vector follows a
corkscrew-like path (Allen et al., 1992). The spmd orbital angular momentum of

a light beam can be added to give the total angontanentum ofl(+d# per photon.

6.2.2.1 Absorption

Absorption of beams possessing spin and/or oraitgular momentum by a trapped
particle results in the transfer of angular momento the particle, and as a result
the particle will rotate. For example, an absegtteramic or metal oxide particle
trapped in the dark central region of a LaguerresSean beam was set into rotation
in the same direction as the sense of the helieaimband it reversed direction of
rotation when the helicity of the beam was reverstel et al., 1995). The speed of
particle rotation in this study was between 1 afdH¥ depending on the size and
shape of the objects and the laser beam used meell polarised so the rotation
originated from the orbital angular momentum assed with the helical wave-front
structure. Rotation frequency of absorptive plesidcrapped in an LG beam can be
increased or decreased by changing the polarisafitre trapping LG beam as spin
angular momentum is introduced into the light (feieet al., 1996; Simpson et al.,
1997). Orbital angular momentum is distinct fropnsangular momentum but both
can be transferred to particles by absorption.

A trapped particle will rotate faster if the bearchanged from linearly to circularly
polarised with spin of the same sense as the tyebéithe LG mode and slower if
the beam is changed to a circular polarisation wjtim of the opposite sense to that
of the helicity. This mechanism to rotate mictpezts has been dubbed the optical

spanner (Simpson et al., 1996). Weakly absorbielgcric particles such as BG38
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glass and Teflon spheres were held in a three diioeal trap and were seen to
rotate while being simultaneously manipulated ire¢hdimensions. The usefulness
of this method for rotating particles depends anghrticle being transparent enough
to allow tweezing to occur and also being suitahbsorbent to allow angular

momentum to be transferred, thus has limitatiolhsother method to rotate trapped

birefringent particles using intrinsic angular marnen is described next.

6.2.2.2 Birefringence

Circularly polarised light possesses spin angulamentum of ## per photon. In
1936, Beth observed a torque on a suspended hgefrt quartz wave-plate caused
by a change in polarisation of the transmittedutady polarised light (Beth, 1936).
This torque caused by the passage of circularlgrsad light through a birefringent
material has been observed at the microscopic iglieh birefringent particles, that
have been trapped using optical tweezers with ariged light beam, spin around
their axis (Friese et al., 1998; Moothoo et al.,2200

A birefringent particle, for instance calcite, h&g principle indices of refraction
and it is the difference between these refractinviices that gives the birefringence.
The ordinary and extraordinary rays of a light bezexch see a different refractive
index of the particle and undergo a relative phsisé on passage through the
birefringent material. This may result in a chalm@ngular momentum carried by
the beam as the rays exit the particle and dueotservation of momentum a
corresponding torque will be exerted on the bingfeint particle.

Irregular samples of crushed calcite can be rotatethtes of a few hundred hertz
using this scheme (Friese et al., 1998).

In linearly polarised light a birefringent particieill align with the axis of
polarisation (Higurashi et al., 1998b; Higurashiaét 1999). The half-wave plate
used to create the linearly polarised light canrttated in the beam axis thus
rotating the angle of vibration of the electricldieand any particle trapped in the

beam.
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Circularly polarised light can be used for the awmus rotation of trapped

birefringent particles or linearly polarised lighin be used for the controlled
alignment of birefringent particles. This methddwaking particles rotate also has
limitations as it depends on birefringence of ttapped particle and many particles

used in optical tweezers, such as biological specgnare not birefringent.

6.2.2.3 Scattering

6.2.3

The transfer of angular momentum by absorption icefingence as described
above results in the particle trapped in the beai® mtating around its own axis.
The transfer of orbital angular momentum by sceitehas been shown to induce
reflective, 2um diameter silver particles trapped in the anntteg of an LG beam
to orbit around the ring circumference (O’Neil aRddgett, 2000). When a Dove
prism is placed in the beam to change the sensteohelical wavefronts, the
azimuthal scattering force is reversed resulting ichange of rotation direction. It
was also shown that a transparent dielectric sphapped off-axis in the bright ring
of an LG beam rotated around the ring circumfergi@éleil et al., 2002a). This
was also attributed to the transfer of orbital dagmomentum by scattering of the
beam.

Orbiting around the circumference of the LG beandiginct from the rotation of
particles around their axis but both mechanismsoératerest in the study of the
nature of angular momentum of light. However, the continuous controlled
rotation of particles these techniques have sedesalbacks, such as the reliance on

intrinsic particle properties and rotation ratea readily controlled.

Rotation of shaped optical traps

The final category of methods with which to induygearticle rotation in optical
tweezers relies on the particle continuously reafig itself with a moving gradient

force optical trap. Apertures have been used &peihthe trapping beam in order to
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assist the particles to align. Rotation of therape in the laser cavity (Sato et al.,
1991) or in the beam axis (O’Neil et al., 2002uies in the trapped particle (red
blood cells (Sato et al., 1991) or two silica sglsefO’Neil et al., 2002b)) following
the rotation of the imaged aperture. Similarlylager with an elliptically shaped
output mode could be rotated in order to spin aayigle trapped at the beam focus
(Sato and Inaba, 1996) or a higher-order mode laes@m (TEM,, n = 2 or 3) (Sato,
1991). Spatial light modulators can be used taterdynamic traps that may rotate
particles in any plane (Bingelyte, 2003). In theany shaped optical trap that can
be rotated can lead to the rotation of a particlgroup of particles trapped in the

pattern.

6.3 Revolving interference patterns for the rotatioropfically trapped
particles

As part of my PhD, a system has been developedwiibh to controllably rotate
optically trapped objects in a spiral interferepegtern between a TEMGaussian
beam and a Laguerre-Gaussian beam (Paterson &€0@ll; MacDonald, 2002).
Objects are trapped in the spiral arms of the fetence pattern and the whole
pattern can be rotated by changing the optical featbgth of one of the interfering
beams. Particles trapped in the beam follow tlation of the pattern as they are
continuously drawn into the region of highest ligintensity of the moving
interference pattern due to the gradient forceghit! This method does not depend
on particles having an anisotropic shape or onphsicles being absorptive or
birefringent. It solely relies on the ability dfe particle to be trapped (in other
words being partially transparent to the trappiray@&ength). The work reported in
this chapter was performed by Lynn Paterson and &dicklacDonald.

6.4 Spiral interference patterns

Interference between a Gaussian beam and a Lagbaussian beam results in a
pattern which has a number of bright spiral arme thu constructive interference

between the two beams. The number of spiral asrgi&ven by the azimuthal indéx
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of the LG beam. The azimuthal indeis the number of 2 cycles of phase around
the circumference of the mode, and beams With0 are annular with helices of
phase. When an LG beam is interfered with a Gansghe azimuthal phase
variation of the pattern will be transformed into azimuthal intensity variation,
resulting in a pattern withspiral arms. A beam with= 2 (andp = 0) possesses a
phase structure of two intertwined helices andrésailting interference pattern has
two spiral arms and adn= 3 LG beam consists of three intertwined helicEphase
and the resulting pattern has three spiral armée 3Jpiral interference patterns
between a TEM) mode Gaussian beam and eithef ar? and anl = 3 LG beam are

shown in figure 6.1.

A

Figure 6.1: Experimental interference patternsvbet: A. A Gaussian beam and
an| = 2 Laguerre-Gaussian beam. B. A Gaussian bewhmaal = 3 Laguerre-

Gaussian beam.

A helix of phase in an LG beam of indewill repeat everyA. In our work we only

use beams with indeg = 0, single ringed LG beams. The resulting irtiesice

pattern between an LG beam and a Gaussian bearagates without significantly
changing its form in space or time as shown inrggaL2.
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Laguerre-Gaussian [ = 3 beam (iaussian beam

Imensity of LG / = 3 interference pattern

Figure 6.2: Phase fronts of &= 3, p = 0 Laguerre-Gaussian beam and a plane

wave and the intensity of the resulting interfeeepattern.

Experimental set-up

The experimental set up to create the spiral iaterfce pattern is illustrated in
figure 6.3. A neodymium yttrium vanadate (Nd: Yy@aser (1064 nm, 300 mW) is
directed through an in-house manufactured hologcaplement that yielded a first
order LG beam with 30% efficiency. The first ord€® beam is interfered with the
zeroth order straight-through beam from the hologrto generate the spiral
interference pattern.

The pattern is guided through the optical systethaschematic of the arrangement
is shown below, with two lenses creating an imagayr between the beam steering
mirror and the back aperture of either a x40 orOxificroscope objective. The
pattern is focused into a sample which is placedaanxyz translation stage.
Typically around 1-13 mW of laser light was incitlem our trapped structures. A
charge-coupled device (CCD) camera was placed abiwvedielectric mirror for
observation purposes when the x100 objective wasd uer tweezing and

illumination of the sample was from below, howevdren the x40 was used for
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tweezing, a CCD camera was placed below the sam@eing through a x100

objective, with illumination from above.
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Figure 6.3: Experimental set-up to use the interfee pattern as an optical trap.

6.4.2 Achieving rotation of the spiral pattern

The interference pattern can be set into motioth tie pattern rotating around the
beam axis, by displacing the two interfering beatiser through a change in the
relative longitudinal (axial) phase of the two beaor by creating a frequency
difference between the two beams. The frequencgnef of the beams can be
shifted by as little as a few Hertz, through the o$ two acousto-optic modulators
(one to step the frequency up and the other td ghifown). This will cause the
pattern to rotate continuously at a rate direathated to the beat frequency between
the two beams. Through control of the frequendit Sletween the two beams the
sense and speed of rotation may be accurately atleolr making this technique
most suited to the situation where continuous gh hiepetition rate rotation is

desired.
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Control of the relative longitudinal phase betwéle® LG and Gaussian beams can
be achieved by manipulating the path length in @me of the interferometer using
for example: the piezo-electric activation of a nmirin the interferometer, the
rotation of a radial phase plate in one arm ofitlterferometer, with the aid of an
LCD phase actuator or simply through the tiltingaofjlass plate. In our work we
used the tilting of a glass plate in one arm ofitherferometer to change the optical
path length of that beam in order to rotate théepat

An analogy of the rotation of the pattern is theting of a piece of thick rope
consisting ofl intertwined cords of different colours. If thispe is cut and viewed
end on the end of each cord (spiral arm) can be @epire 6.4). The intertwined
cords represent the helices of phase and the dnith® @ords represent the spiral
arms, as the azimuthal variation between the twamisehas been converted to an
intensity variation. As the position of the cutnved along the rope, the cords
viewed end on can be seen to rotate around theaxipe In our work, altering the
path length of one of the beams is analogous tamgawe rope with respect to the

site where the cutting takes place.

Figure 6.4. A length of rope with three intertwdheords analogous to the phase
fronts of anl = 3 beam. The ends of the cords show how thelsaims of the
interference pattern rotate around the axis apdbie length of one of the arms in the

interferometer is changed (when the rope is shedgn
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6.5 Analysis of interference patterns between a Gangsam and

6.5.1

Laguerre-Gaussian beams

The intensity forms resulting from the interfererafea Gaussian beam and an LG
beam are simulated on computer to reveal how ttexf@rence patterns change in
form as they propagate through a focus. The smesise of the arms in the
interference pattern determined by the wavefrontature of the laser light and the
slight rotation in space of the pattern due to @muy phase shift as the beam
propagates are investigated. We also considervamiwus misalignments between
the two interfering beams affect the interferenatigun at the beam focus and hence

the trapping and rotating ability of the pattern.

Gouy phase shifts and wavefront curvature

As mentioned in Chapter 2 the full mode descripfmmna Laguerre-Gaussian beam

is given by:
E(LG! )Tex pa—)_'kr Z 5 p%_—[pxpﬁl(2p+|l|+1)arctargz£%x
Z, t+ [p)( R
. 2 2
exr{—lldxg;u(\/z_)g Lp@p)(rz E

wherez is the distance from the beam wamgtis the Rayleigh rangé is the wave

(6.1),

number, wis the Gaussian beam waistjs the radius an(‘!l'p is the generalised
Laguerre polynomial.

Doy = (2p+|||+1)arctar§—%
The term %= Ois the Gouy-phase shift which gives the

difference of the phasefronts near the focus frbat bf a spherical wave. The
matching mode description for a fundamental Ganslseam is given by the above
equation for LG modes with= 0 andp = 0, hence the Gouy phase shift is simply
arctang/z). This shows us that both the curvature of theefrants of the LG and

Gaussian beams and their Gouy-phase shifts willdifferent. As mentioned
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previously when an LG beam and a Gaussian beanntndered the azimuthal
phase variation of the LG beam is transformed artazimuthal intensity variation
with | nodes.

A simulation (by Michael MacDonald) of the pattgonoduced by interfering a
Gaussian beam and an LG beam of azimuthal ihde®8 as the pattern propagates
through a focus is shown in figure 6.5 for the cafeéhe Gaussian waist being
double that of the LG beamy(= 2uy) but both of equal amplitude, and for when the
amplitude of the Gaussian beam is half that ofLihguerre-Gaussian (A= 0.5A)

but the beam waists are of equal size.

Beam profile across the Rayleigh range.

Figure 6.5: Interference pattern rotates slighdly it propagates due to the
differences between the Gouy-phase shifts of theadn@ Gaussian beam. The
pattern is spiral shaped due to the differenceanefront curvature between the two

interfering beams.

— 4G
wO

G
Discrete trapping sites are not created whten~ however, it can be seen that

Whenw‘§3 = 204° the pattern does have trapping sites which arespioal in shape

but three connected spots at the focus which evolt@ spirals as the beam
propagates away from the focus. The spiral shapa result of the mismatch
between the curvatures of the LG and Gaussian wawvst The interference pattern
will always have a spiral shape unless the wavédram the two beams have the

same curvature, such as at a focus, in which ¢esedttern will look likd intense
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spots of light. This can be seen above where #teeqm reduces to a set of three

spots at the focus. The spiral pattern rotateghth)i as it propagates through the

focus and this is due to the differences betweenGbuy-phase shiftcst Guoy of the
LG and Gaussian beams. The white dot in the figndecates the rotation of the
pattern due to the different Gouy-phase shiftsrofL& and a Gaussian beam. A
further effect is the reversal of the sense ofgpieal as it passes through the focus.
This is due to the reversal of the curvature ofwlaeefronts and does not affect the
sense of rotation of the spiral due to the Gouysplshift mismatch.

The formation of discrete trapping sites at theufogvhen the Gaussian waist is
double that of the LG waist occurs because the s&@audpeam is at its most plane.
The spiral arms do not occur as there is verglittirvature of the wavefronts at the
beam focus. We have simulated patterns which nmeayreated by interfering
Gaussian beams higher order LG beams (figure 616 use of higher order LG
beams of differing azimuthal index in interferenu&tterns offers the prospect of

trapping and rotating different shaped objectsgnodips of objects.

Higher order interference patterns
=9

=4 =86
Figure 6.6: Mathematica simulations of higher ord#erference patterns (by
Michael MacDonald) using a Gaussian and variousdegams. The Gaussian is

interfered with arl = 4 LG beam to rotate a square or cuboidal stracand = 6 or

9 to rotate star shaped structures, or microfataitenicroscopic cogs.

The propagation of the beams in figure 6.5 showstight rotation of the pattern in
space due to the difference in Gouy phase shitheftwo interfering beam. This
makes the alignment of multiple particles in theradparms along the beam

propagation axis or z-trapping difficult to achievé&liminating the difference in
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Gouy phase shift between the two interfering beantisimprove the chances of
stacking or z-trapping in the bright arms (or spatsthey will propagate without the

slight rotation in space and this is achieved anftiilowing chapter.

Aberrations in patterns due to misalignment

For practical applications, simulations of the ifégeence patterns were made to
discover how resilient they would be to misaligntnenThe beams have been
displaced in three different ways, in one simulatibe beam sizes are changed, in
another the relative focal point between the twanh® are changed and finally the

beams are transversely displaced.

(Gaussian beam oo small

& K& E EE

Beams focussing at different points (separated by 5 Z,.) on the beam axis

HHHHH

Beams offset transversally by one beam radius

z=-0352, z=10 z2=0.5%
Figure 6.7: Mathematica simulations (by Michael ddanald) of misalignment

between the LG and Gaussian beam.

In figure 6.7A the Gaussian beam has half the bearst ¢g of the LG beam which

makes it difficult to resolve the pattern at theus as the focused Gaussian beam
actually fits inside the dark centre of the focut€&ibeam. Figure 6.7B shows the



100

effect of the Gaussian beam coming to a focusezaitian the LG beam byzb
(Rayleigh range of the LG beam) which is not degmtal to the overall pattern, and
figure 6.7C shows the effect of a transverse ngsatient of the beams by a whole
LG beam radiugg. This results in part of the beam having a higheFnsity than
the rest of the beam, which would mean that thecalptrapping and rotation would
be much less efficient than when the beams areneasl

6.6 Results

The experimental setup shown in figure 6.3 was tieddap and rotate transparent
microscopic objects in an interference pattern betwa Gaussian beam and either
anl = 2 Laguerre-Gaussian beam ol an3 LG beam. A glass plate is placed in one
arm of the interferometer to induce pattern rotatig tilting it, therefore varying the
optical path length of the beam. A x40 microscobgctive was used to obtain the

= 3 results and a x100 objective was used ifl th@ rotation experiments. Using a
x40 increased the size of the beam profile compereding a x100 objective.

The optical gradient force in each of the spirahsuwas used to trap particles in
each arm and rotation of the pattern resulted enpirticles revolving with it. The
rotation of trapped fm diameter silica spheres in bw 3 interference pattern can

be seen in figure 6.8 with an arrow tracking theioroof one of the three spheres.
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Figure 6.8: Rotation of threedn diameter silica spheres in b 3 interference

pattern. One of the spheres is tracked with amwarr
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Figure 6.9 shows the same pattern used to rotegerlapheres of pm diameter.

The slight deformity in one of the spheres indidatg the arrow allows us to view
the degree of rotation of the structure.

Figure 6.9: Rotation of threepin diameter spheres in & 3 interference pattern.

The two spiral arms of an= 2 interference pattern were used to trap ande d¥eo

1 um diameter silica spheres at a rate of 7 Hz as shiowfigure 6.10A. The

minimum optical power required to rotate thpr spheres is 1 mW.

00 < Two | micron spheres 0155 |
5 micron rod 04,

ﬂ a
[ L%




102

Figure 6.10: Rotation of micro objects in lan 2 interference pattern. A. Two 1
um diameter silica spheres, B. Ay long glass rod, C. A @m long Chinese

Hamster Ovary (CHO) chromosome.

Two 1 pum diameter silica spheres can be seen to rotatendreach other in figure

6.10A and a tweezed jam long glass rod can be seen to be rotated betieen
frames of figure 6.10B. This constitutes an allicgd microstirrer and may have
potential to operate as micro pumps and valvespiically driven micromachines

and motors or alignment of particles using thisitegue may have applications in
the lock-and-key assembly of all-optically creatadrostructures. The rotation of a
Chinese hamster ovary (CHO) chromosome is also dstraded in figure 6.10C

with the axis of the spiral interference patternemwhe centromere of the
chromosome. This may be useful if such a chromesomanother biological

specimen has to be aligned correctly prior to laserodissection.

In these experiments we have typically achievedtian rates in excess of 5 Hz
which were limited by the amount of optical poweithe interference pattern at the
sample plane (~13 mW). The use of optimised coraptsnwould readily lead to
rotation rates of tens to hundreds of Hertz. I fibllowing section we analyse the
use of a tilting glass plate to induce pattern trotato discover the optimal

parameters when this method is used.

6.7 Tilting glass slide to change optical path length

Going back to figure 6.2 it can be seen that a gba path length in one arm of the
interferometer byl x | will cause a full rotation of 360° of the patterBy using the
tilting of a glass slide in one of the interferibgams we can readily change the
sense of rotation of the pattern by reducing thth pangth of one arm of the
interferometer instead of increasing it and assalteve have a very simple way of

controlling both the sense and rate of rotationwfinterference pattern.
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Figure 6.11 shows a simulation of the rotation 0fl & 3 interference pattern by

titing a glass plate of 1 mm thickness in one afrthe interferometer through
various angles given b$, with the white dot following the rotation of thetpan.
The beams are of equal amplitude €AA;g) and the Gaussian waist is double that of

the Laguerre-Gaussian beagg £ 2uy).

Bmm profile at focus as the path length as 1 mm glass plate is rotated.

=163 h=307" iy =460 p=612

W, = 2\&

Figure 6.11: Simulation of the rotation of theeriérence pattern at a focus as the
path length of one of the beams is changed. Theewlot indicates anti-clockwise

rotation.

The necessary parameters for calculating the effédtlting the glass plate are

shown in figure 6.12.

laser Q"
heam

glass plate
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Figure 6.12: The parameters used for calculatiegeffect of tilting a glass plate in

a laser beamn = refractive index of glass platé,= beam displacemerit= plate

thickness @ = ¢ = angle of incidencep = angle of refraction.

The following equations were derived by Michael lacald. The change in path

IengthA produced by a tilt anglé (6 = @) in the glass plate is given by equation

_tm%ow E* Coi(fw¢
D (6.2).

Applying Snell’'s Law, it is possible to determirgg and hence the number of
rotationsN produced in the spiral interference pattern frquagion 6.3.
N=2

I (6.3),
wherel again is the azimuthal index of the LG beam and the wavelength. For
the purposes of accurate alignment of the beamrnitare useful to express rotation

as an angle in radians? = 27N. There is a resultant displacemehin the beam
which can be found from equation 6.4,
4 =¢Sin@-4,)

cosp, (6.4),
although there is no angular deflection so longidss of the plate are parallel. It is
clear that both the number of rotations the gldatean induce in the spiral and the
resultant deflection of the beam are proportionahe plate thickneds This means
that the ratid\/d is always the same for a given tilt angle. Thenbar of rotations
of different patterns and the lateral displacenwnthe beam as the glass plate is

tilted from normal @= 0) are shown in figure 6.13.
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Figure 6.13: Number of rotatiomé of the spiral patterns (given in the legend) and
displacemend of the beam as the glass plate is tilted. Pattesith a lowed rotate
more times for a given tilt angle than highendices, but the larger the tilt of the

glass plate, the larger the displacement of thenbea

It can be seen from figure 6.14 that the numbewotations for a given pattern will
increase as plate thickness increases, howeveclatlplate also results in a larger

lateral displacement of the beam.



106

2500 12

& 1=1

mI=Z "

A 1=3 10 =
< 2000 s . £
— O =9 ——
= A 1=20 & 8 E
S 1500 || ——d ” e
i E
e ¢ 6 8
b m
S 1000 i " -
] n [
_E & - ] 4 B
2 " L o8 0 :

™
500 . . L A o
a & . * * ;
| ] & o o
oL 8 5 2 & @ § 40 4 a4 0

0.00 3.00 6.00 9.00 12.00
Plate Thickness f {mm)

Figure 6.14: The number of rotatioNsof the spiral patterns and displace me if
the beam as the plate thickness is varied. In eash the plate is tilted 60° from
normal. More rotations are possible if a thickiatgis used but displacement of the

beam increases.

The rotations achieved in & 2 interference pattern from tilting a glass rogaope
slide (approximately 1 mm thick) and cover glaggp(aximately 0.1 mm thick) are

shown in figure 6.15 where we see very good agraemigh theory.
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Figure 6.15: The diamonds and squares show thédauof rotations measured in
an LGI = 2 interference pattern as a glass microscoge alnd a glass coverslip are
tilted from normal. The line curves show equaito® for a glass plate of thicknetss
= 1.04 mm and cover glass 0.103 mm.

One full rotation of theé = 3 spiral is shown in figure 6.11 as a resultiltihg the
glass plate through 6.13° from the normal. Sinlge tlisplacementd is not
proportional to the number of rotatioNs the displacement that results from a given
number of rotations will be different dependingwhat tilt angle the glass plate has
as a starting angle. In practice the smallestlatignent possible should be sought
and this is found when tilting the glass plate freammal @ = 0°).

It is clear that the number of rotations achievablgreater for a thicker plate but
that the possible displacement is also largerguriéi 6.16 shows the displacement of
the beam when various thicknesses of glass platesad and tilted through various
angles of rotation.
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Figure 6.16: The displacememt{mm) of anl = 3 interference pattern for various

glass plate thicknesseémm) as the angle of the plate is tilted from nakm

A further consideration is that a thick plate regsia smaller angle of rotation to

create the same number of rotations as a thin plstéor a given maximum desired

number of rotations it is always best to take thiartest plate available to avoid

undue displacement of the beam. This is illustrate figure 6.17 which shows

continually increasing values of displacemdnwith plate thickness for thel = 3

interference pattern when the plate is tilted fithe normal. It can also be seen that

the displacement becomes very large if high numbierstations are made.
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Figure 6.17: The displacemedt(mm) for various values ol (number of full
rotations of pattern around optic axis -given igeed) as the plate thicknesgnm)

is varied for anl = 3 interference pattern.

In summary the use of a glass plate to producedtadion in the interference pattern
(and trapped particles) is most suitable when tinber of rotations required is
limited. If a maximum required number of rotatiom® known, then the thinnest
plate that can achieve this number of rotationsukhde used to limit beam
displacement. If continuous rotation of the pattés necessary then another

approach may be required such as the use of two 40OM

6.8 Discussion

Rotation of optically trapped particles in a revoty interference pattern does not
depend on intrinsic properties such as anisotrsipape, birefringence or absorption
of the trapping wavelength but relies only on tlaetiples ability to be tweezed by
the gradient force of the focused laser beam. dbfiti@an, our method of inducing

rotation in the interference pattern by tilting &sp plate in one arm of the
interferometer means that the sense of rotatiornratedof rotation of the pattern can

be easily controlled by varying the sense and oétillting of the glass plate. The
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pattern changes slightly in form as it propagates & the mismatch of wavefront
curvature of the beam and the Gouy phase shift deiwthe two beams but in
general the intensity pattern maintains its spsfape except at the beam waist
where the pattern focuses down to a set of spthemrahan spiral arms. This is
attributed to the Gaussian wavefront which becofaagr when focused. The fact
that the beam is an interference pattern and pedpagvithout huge change in form
leads us to the possibility of z-trapping, or stagkin rotating interference patterns.
The possibility of more stable trapping is espégisiue if the Gouy phase shift
difference could be deleted and if the curvatureghef Gaussian wavefronts was
eliminated. The following chapter explores anotfagnily of interference patterns

in which this is possible and z-trapping is achdeve
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7/ Creating and rotating three dimensional
structures using interference patterns between
two Laguerre-Gaussian beams

7.1 Introduction

The previous chapter introduced the use of revglumerference patterns to rotate
particles trapped in the pattern. Interferencevben a Gaussian beam and a
Laguerre-Gaussian beam resulted in a spiral shageern withl spiral arms due to
the azimuthal phase indéxf the LG beam. In this chapter we investigateube of
another family of interference patterns for the liayed trapping efficiency of
particles, namely LG-LG interference patterns. Tingerference between a
Laguerre-Gaussian beam and its mirror image giges pattern of spots rather than
spirals. The propagation of these patterns withchange in form due to the
identical beam propagation characteristics of e interfering beams means that z-
trapping and stacking in the bright spots is rgaddhieved. The pattern does not
rotate in space as there is no phase differenceebeatthe two beams as the Gouy
phase shift in both beams is identical. The tiggssn the pattern are spots instead
of spirals because the curvature of the wavefrohtsoth beams match. We build
on the work described in chapter six and presemtva scheme for the controlled,
continuous rotation of the pattern which overcorties limitations associated with
the tilting glass plate. The technique introdueefrequency shift in one of the
interfering beams from less than one, to hundredblestz and is applicable to
inducing the slow motion of any interference patt@reating optical conveyor belts
and in the field of cold atoms where small frequeshifts are required for offset
locking of the diode laser system to atomic featuré’he work reported in this
chapter was performed by Lynn Pateson and MichasDénald, with additional

simulations and calculations by Jochen Arlt andefavolke-Sepulveda.

7.2 LG-LG interference patterns
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Laguerre-Gaussian beams have been discussed ioygahapters. Recall that the
index | describes the number oft2ycles of phase around the mode circumference,
and that the pattern made by interfering an LG baatha Gaussian beam results in
a spiral shaped pattern witlspiral arms. This pattern consists of bright $@rans
instead of spots because of the curvature of thes§dan wavefronts causing the
pattern to exhibit marked azimuthal intensity vaoias as the pattern propagates
away from a focus.

Furthermore, the pattern slightly rotated in speeause of the mismatch in Gouy
phase shift between the two beams. Interferentterpa used in the following work
overcome these limitations and propagate withoaingk in form in space (apart
from radial scaling due to diffraction spreading)daso allow the stacking of
particles in each bright region of the pattern.

Specifically, an LG beam of inddxis interfered with its mirror image of index, —
(opposite beam helicity), resulting in a spatiatga of 2 spots arranged in a circle,
creating multiple trapping sites (MacDonald et @002). These spots do not
become spiral shaped as the pattern propagatesfeomayhe focus because there is
no curved Gaussian beam wavefront, and the pattexs not rotate in space because
there is no phase difference between the two beaRwated patterns have been
analysed in other studies (Piestun et al., 2006g&8mer et al., 1996; Tovar et al.,
2000). Combining one beam of azimuthal intlexl and one with = -1 results in a
light pattern containing two maximd.= 2 interfered witH = -2 results in a pattern
with four bright spots arranged around a circumfees

Figure 7.1 shows the form of the interference pastgenerated using LG beams of
different azimuthal index and interfering them with their mirror image (amittmal
index ).
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Figure 7.1: Mathematica simulations (by Michaeldidanald) of patterns generated

by interference between two Laguerre-Gaussian pbsife helicity.

The general relationship between the number optrapsitesN in the interference
pattern and the azimuthal indéxof the two beams of opposite helicity that are

interfered is:

Nspots:|ll_|2| (71)
Thus we can dictate the number of spots we haweiirpattern by using holograms
which can produce Laguerre-Gaussian modes withattimuthal index of our

choice.
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Propagation of LG-LG interference patterns

The intensity propagates \Iﬁ _|2| columns, due to the constructive and destructive
interference between the two overlapping beams lwhisses opposite helicity of
phase. These columns of light act as separatéediegm optical traps, thus making
it possible to stack several trapped particlesacheof the bright regions in the same
manner as the stacking in a single Gaussian beana istandard tweezers
configuration described in chapter 3. Two radiallijacent spots are alwayg®ut of
phase and this phase structure is crucial for te@ggation characteristics of the
interference pattern. Figure 7.2A shows the intgrsoss-section for the case of an

| = 2 andl = -2 interference pattern as it propagates froembbam waist to the far
field.

z=10 z=02zR z=10352R z=zR Far field

Figure 7.2: Simulation of the propagation of thedr pattern (by Jochen Arlt). A.
Interference pattern between two LG beams With2 andl = -2 respectively. B.
Pattern with the same intensity profile but unifgohrase. In the far field the pattern
has completely changed. (The far field has bealedadown in A and B).

Figure 7.2B shows propagation characteristics endase in which an aperture is
imaged by illuminating it with a laser beam. Imstinstance the beam has the same
intensity cross-section at the beam waist but &tmi phase across all the spots.



118

The pattern becomes distorted at a distance ak WBerezzis the Rayleigh range
and it has completely changed in form at a distaricg from the beam waist. In
contrast, the interference pattern propagatesddahfield without changing form,
thus allowing particles to be stacked in each efgpots. If an aperture was used to
create a similar pattern, stacks of particles aneetdimensional arrays could not be
created. There will also be a loss of power whsimgian aperture to image a

pattern, in contrast to using an interference patte

7.2.2 Experimental set-up

The experimental set-up used is similar to thatlusehe previous chapter but with

some important modifications (figure 7.3).

g, Dieleciric
Mirror

Microscope

Sample b
Ceﬁ _ Cbjective
Dove 50:50 L A
( Prism BS . Y
sl )
= 4 _ i White
V0B e
PES M4

Hologram 2

Figure 7.3: The experimental set up for creati@llG interference patterns.

The beam from a cw diode-pumped Nd: YM@ser operating at 1064 nm is passed
through a hologram creating an LG beam. The LGrbmsapassed through a half-
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wave plate to make the beam polarised at 45° tdhtiizontal and is then passed
through a polarising beam splitter so that thelteguorthogonally polarised beams
have equal intensity in each arm of the Mach-Zemuterferometer. The beams are
each passed through a quarter-wave plate which sniddean circularly polarised
with opposite handedness/i(and +#) to each other. The transmitted beam has its
wavefront helicity reversed by passing it througioae prism so that the two beams
are mirror images of each othérafd 4). A half-wave plate in the other arm of the
interferometer allows the two beams to interfereemwlthey are recombined at a
50:50 (non polarising) beam splitter by making thé#ra same sense of circular
polarisation at the exit where they are superimgosellinearly to give the
interference pattern. This pattern is then ditatéo an optical tweezers set-up, and
focused into a sample cell consisting of a micrpscslide, a 10Qum thick vinyl
spacer which creates a well into which the sangplontained and a coverslip. The
beam and sample are viewed from above using a C@be@. Particles can be
trapped in the bright spots of the pattern dudéogradient force of the light and the
particle may be set into motion by using the metlledcribed in the previous
chapter — the tilting of a glass plate in one afrthe interferometer. Another group
based in Singapore have redesigned this interfémrteeincorporate two holograms
in a Michelson interferometer instead of using acMdender interferometer to
combine LG beams of opposite helicity (Lee et 2003). They also interfere two
LG beams of unequal azimuthal charge thus conggemwhital angular momentum
in the pattern. A tilting glass plate is used take the pattern rotate. In the
following passage, we present a more elegant tqaknior revolving interference
patterns which overcomes the limitations of tiltengjlass plate in the beam and can

give an unlimited number of rotations of the pattat a stable frequency.

7.3 The angular Doppler effect

In addition to the lateral and vertical motion b€ tpattern, we can induce the pattern
to rotate around its axis of symmetry using theudargDoppler effect (Garetz, 1981;
Garetz and Arnold, 1979; Dholakia, 1998) (more gea#y known as the rotational



120

frequency shift (Bialynicki-Birula and BialynickiiBila, 1997)). This scheme,
which Jochen Arlt initiated the use of in this a@xit gives us continuous and readily
controlled rotation of our interference patternsl avercomes the limits associated
with tilting the glass plate (low rotation numberdabeam displacement) and can be
applied when the slow motion of an interferenceguatsuch as those discussed
above and in chapters five and six is requiredndy also be used for the creation of
an optical conveyer belt — a moving standing waep t for the transportation of
atoms from a magneto-optical trap (Kuhr et al.,2200

The angular Doppler effect is analogous to thealinBoppler effect which is
observed when a moving mirror is used in one arm Michelson interferometer
(Nichols et al., 1985). The movement of fringestlta¢ output of a Michelson
interferometer is usually explained by a differemtepath length between the two
beams however an equivalent explanation of the mewe¢ of the fringes is that it is
due to a frequency shift experienced by one beamRw/c, wherev is the
relative velocity between the observer and theanim is the speed of light ardis
the frequency of the light. This is a manifestatiof the linear Doppler effect
(Hariharan and Ward, 1997). The direction of Ime@aomentum is reversed by
reflecting off the mirror and the frequency of theam is changed when the velocity
of the mirrorv # 0.

In the angular equivalent of the linear Dopplereeff it is necessary to change the
angular momentum of a beam (analogous to a miena@rsing the linear momentum
of a beam) therefore a rotating E-field such as gasent in circularly polarised
light must be used. The angular momentum of crtylpolarised light is reversed
form +i to -4 or vice versa by passing it through a half waveeplthus a change in
spin angular momentum ofia2per photon occurs as the light passes through this
optical element. When the half-wave plate is exdddby the torque of the light, the
light produces work and loses a part of its enenggt vice versa, so the frequency
shift experience by light as it passes throughtatirg wave plate is a result of the
conservation of energy and is associated with aramge of angular momentum
(Bretenaker and Le Floch, 1990).
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The frequency of circularly polarised light recaddey an observer is dependant on
the rotational frequency of the incident light anda rotating reference frame the
observed frequency will be shifted by the angutagéiency of that reference frame.
If the half-wave plate is rotating then the obsdrirequency of the transmitted light
in a non-rotating reference plane is shifted ingfiency by twice the rotation
frequency of the wave-plate either up, if the plateotating in the opposite sense as
the incident E-field, or down if it is rotating the same sense.

We have demonstrated the first practical applicatb the angular Doppler effect
(MacDonald et al., 2002; Arlt et al., 2002) by oducing a difference in frequency

between the two beams in the LG-LG interferomatsulting in the rotation of the

whole interference pattern of spots at a frequemchyQ/

||1_|2|, whereQ is the
rotation rate of the half-wave plate in one arnthaf interferometer. The rotation of
the pattern is a consequence of the helical wantfraf each of the LG beams.

The angular Doppler effect is a very simple anceaive way to introduce the
relatively small frequency differences (from lessmrt 1 Hz to 1 kHz) required
between two light beams for the controlled rotaidran interference pattern. This
difference corresponds to a frequency shift 14 rdé magnitude smaller than the
frequency of the laser itself (fOHz) and the technique can be applied in any
situation where slow motion of an interference gratis desired, such as translating
particles in simple linear interferometric tweez@Zhiou et al., 1997; MacDonald et
al., 2001) or creating a moving ‘conveyer belt'diypole traps for the deterministic
delivery of ensembles of cold atoms (Kuhr et &lQD). The scheme can also be
used for offset locking of diode laser systemsttorgc features, again in the field of
cold atoms. The conventional method for this makesg of acousto-optic
modulators (AOMs) which can shift the frequencyadaser by tens or hundreds of
MHz (1 part in 10) and if two AOMs are used, much smaller frequedifferences

of a few MHz or less can be achieved, however thi®oth cumbersome and
expensive. If smaller frequency shifts of 1 kHzless are required, the angular

Doppler effect can realise this.
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Frequency shift arises due to conservation of epargl angular momentum

A simple calculation, carried out by Michael Macdh using the conservation of
energy and angular momentum of a circularly podariphoton passing through a
wave-plate, shows how the frequency shift aris€srcularly polarised light has
angular momentum of7#+or % per photon and when it is passed through a halewa
plate the angular momentum of the photons is redefom + to # or vice versa.
Conservation of angular momentum of a photon pgs#inough a rotating half-
wave plate gives,
h-1Q , =-h-1Q"

rot

rot (7.2),
whereQ o andQ ‘¢ are the rotation rates of the wave plate befort after the
photon has passed through it, respectively,laadhe moment of inertia of the wave
plate. IfL;=1Q randL,=1Q " whereL; andL, are the angular momenta of the
wave plate before and after the beam has passedgthit, the change in angular
momentum is given by

- =2 (7.3).
Conservation of energy gives

ha, + L7 121 =ho, + L35 /2] (7.4).

Q; andQ ; are the frequencies of the photon before and #feephoton has passed

2
through the wave plate and the rotational kinetiergy of the wave plate i5/2| :
By comparing the conservation of angular momenturd anergy we find the
frequency shift due to the rotating wave plated¢o b

A :01' 02 :Zth (75)

In our system a rotating half-wave plate is usetithere is also the possibility of
using an electro-optical crystal to mimic this effevhich offers a system that would
have no moving parts and can also achieve frequ&métg in the megahertz regime
(Buhrer et al., 1962).
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Optical beating between the two arms of the interfester

When the input into the Mach-Zender interferometea Gaussian beam and the
half-wave plate is stationery, the output lies orfbetween complete constructive or

destructive interference. The interferometer mghin figure 7.4.
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Figure 7.4: Adapted Mach-Zender interferometer diggating two co-propagating
laser beams with a frequency shift between ther®(bf,;.. PBS, polarising beam
splitter; M, mirror;A/2, half-wave plate; R/2, rotating half-wave plate; BS, 50:50
beam splitter; #, right handed circularly polarised light,-left handed circularly

polarised lightQ ., rotation frequency of half-wave plate.

As soon as the plate starts to rotate the outpaitshet twice the frequency of the
half-wave plate rotation frequency. This is simtlathe result obtained by Simon et
al. from a dynamical manifestation of Berry’s phakédt (Simon et al., 1988) and is
used here to determine the stability of the tealmigFigure 7.5 shows a beat signal

as typically observed at the output of the interfieeter.
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Figure 7.5: The beat signal produced by interfgtimo Gaussian beams separated

in frequency using the angular Doppler effect viith

A fast Fourier-transform (FFT) analysis of this bgignal reveals a single peak at 35

Hz, exactly double the rotation rate of the halive/plate, as expected.
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Figure 7.6: Fast Fourier transform of the beataighown in figure 7.5. A peak at

35 Hz is seen.



125

The absolute frequency stability of the laser isaracial in this work since it is the
relative frequency shift between the two interfgrieams that gives the evolution in
the interference pattern. However it is necestizay the laser does not suffer from
longitudinal mode hops since this would lead tacaiiinuous jumps in the pattern.
The narrow bandwidth is necessary to ensure compl@hstructive or destructive
interference even in the presence of small inetieslin the path lengths of the two
interfering beams. If the two interfering Gaussibeams are not perfectly
overlapping then instead of a beat signal we gt af linear fringes that scan from
left to right and vice versa, depending on whethexrs positive or negative (Arlt et
al., 2002). The appearance of new fringes at tlge ef the interference pattern
occurs at the same frequency of the beat sigrd|, €& that the fringes scan more
slowly as the number of fringes in the pattern ¢gtger. These moving interference
patterns can be used to trap elongated particldstranslate them in a direction
normal to their length in a similar fashion to tm®vement of interference fringes
discussed in chapter 5. The following sectionuBses the differences between the
interference patterns between an LG beam and as@Gaubeam introduced in
chapter 6, and an LG-LG interference pattern whiels been the basis of this

chapter, and the rotation of these patterns.

7.4 Comparison of LG-LG patterns and LG-Gaussian beattems

For the case of two interfering Laguerre-Gaussiamis with opposite helicities the
number of spots in the resulting interference patie given by“1 _|2| and the rate

of rotation of the pattern is given %9/ ||1 _|2|, whereQ is the rotation rate of the
half-wave plate and the frequency difference betwdlee two arms of the
interferometer is @ On the other hand, in the case of the interfergpattern
between an LG beam of azimuthal indexnd a Gaussian beam, the number of spiral

2Q
arms (or spots at the focus)lisand the rotation rate of the pattern id . The
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interference patterns that we have created usingsskn beams and various
Laguerre-Gaussian beams are illustrated in figuie 7Figure 7.7.1 shows the
interference of two Gaussian beams which results pattern of fringes when the
two beams are not co-linear, but interfering atighsangle. Figure 7.7 (2 and 3)
show the interference of a Gaussian beam with aidmg-Gaussian beam and the
actual pattern generated, and figures 7.7 (4-6)wshize interference of two

Laguerre-Gaussian beams of opposite helicity. Tpposite helicity results in

identical beam propagation characteristics, thues glopagation of the resulting

interference pattern.

Figure 7.7: Interference patterns which we hawated and used to manipulate
various particles. 1. The pattern of linear faagnade when two Gaussian beams
are interfered at a slight angle. 2. A two arnspital pattern results from the
interference of a Gaussian beam withlan2 LG beam. 3. A three armed spiral
pattern results from the interference of a Gausseam with arl = 3 LG beam. 4.
Interfering anl = 2 and anl = -2 LG beam results in a four spot pattern.Ab.| = 3
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interfered with arl = -3 LG beam gives a six spot pattern. 6. Interfean| =1

with anl = -1 LG beam results in a two spot pattern.

It is worth noting that the rotation rate of a tgjaot pattern created by interfering an
| =1 and arh = -1 LG beam i€, while for a two armed spiral pattern created gisin
Gaussian beam and &n= 2 LG beam we find that the rotation rate is af%o
(calculated by Karen Volke-Sepulveda). It followsat for a given number of
tweezing sites (spots or spiral arms) the rotatadie will be the same if the pattern
was created by interfering a Gaussian and LG beaand.G and LG beam, even
though the expressions for the rotation rates dferent in each case. The sense of
rotation of the pattern is simply reversed by rewey the sense of rotation of the
wave plate (shifting the frequency down rather thph

The antinodes of an interference pattern betweebGibeam and its mirror image
result in more efficient trapping sites, with whitchz-trap or stack patrticles, than by
interfering an LG beam with a Gaussian beam. @anptis rotation of either of
these groups of patterns at a stable frequencygubim angular Doppler effect is
much better than the tilting of a glass plate, hamwefor alignment purposes or

slight rotation, the tilting plate method suffices.

7.5 Results

Different versions of the interference pattern lesw two LG beams of opposite
helicity have been used on various groups of trdpparticles. The pattern is
directed into a sample cell containing particles te manipulated and the
experimental set up is shown in figure 7.3 abovetwo spot pattern formed by
superimposing ah= 1 beam and ain= -1 beam has been used to tweeze and rotate
groups of um silica spheres and several rod-like particledusing chromosomes.

The rotation of the pattern and therefore the tedpparticles using the angular
Doppler shift is continuous and of a uniform sperdontrast to using a tilting glass

plate in one of the beams as described in chaptdih@ sense and speed of pattern
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and particle rotation can be easily controlled nmulating the sense and rotation
rate of the half-wave plate.

Various groups of um spheres have been trapped in the same intereepattern
with stacking of the spheres occurring in one othbof the bright spots. The
structure of spots can be rotated and translateeitiver the x, y or z direction
simultaneously. The z-trapping of a rotating stite is a result which cannot be
realised using an LG-Gaussian interference patterhy imaging an aperture. This
is because the propagation of the trapping sitegchwloccurs in an LG-LG
interference pattern is crucial to the stacking afichpping of the trapped particles.
As previously mentioned, the propagation of thenb@ad the resulting propagation
of the separate trapping sites are due to the ddckismatch in Gouy phase shift
between the two interfering beams.

Figure 7.8 shows a group of fourpin silica spheres trapped in thes 1,1 = -1

interference pattern with two spheres in each etwo spots.

Figure 7.8: A group of four im diameter silica spheres that is tweezed andllifte
vertically whilst simultaneously being rotated thghh the sample cell. The

interference pattern used is dn=(1) + ( = -1) pattern of two spots. Only the top
two spheres are visible as the structure is vieingd above.

The microstructure is tweezed and lifted verticalljilst being rotated through the
sample cell, with only the top two spheres beirgble in the picture. Figure 7.9
shows a cubic structure of eightuhh spheres assembled and rotated in a four kpot,

= 2,1 = -2 interference pattern.
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Figure 7.9: The rotation of a cubic structure c¢stingy of eight 1um diameter
spheres. The interference pattern is that oflan Z) and anl(= -2) Laguerre-
Gaussian beam which has four spots. The strugsuretated using the angular

Doppler effect at rates up to 2 Hz.

Figure 7.10 shows the same structure collapsinghaslaser beam is blocked,

revealing the eight constituent spheres.

Figure 7.10: The same cubic structure is seenotapse, revealing the eight

constituent spheres as the trapping laser bealodkda.

A cartoon of the eight spheres held in the2 +1 = -2 interference pattern can be

seen in figure 7.11 to illustrate the trapping.
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Figure 7.11: The trapping of eight silica spharea four spot interference pattern
(two spots stacked in each spot) to create a @thicture.

By controlling the number of spheres trapped inheaigght region, we can create
asymmetric 3D structures. Figure 7.12 below she@rse of the structures which
we have created in our optical traps. The longnshaf stacked particles are those
discussed in chapter 3. Future possibilities fonctures are shown in the bottom
right corner of the diagram using patterns whichhae not yet used to trap
particles. Also shown are some of the structurbghvwe created in the LG-LG

interference pattern optical traps.
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Figure 7.12: Structures that have been createduamiek possibilities.
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Our ensemble of trapped patrticles can act as a&fedined nucleus for subsequent
growth of novel crystalline structures by self-asbdy, or the patterns can be used to
rotate micromachine elements such as the micrafated cog shown in figure 7.13.

Figure 7.13: Microfabricated cogs created by Stdeale at the University of St

Andrews.

The propagating interference patterns we have gtsteicould be retro reflected to
form a standing wave which could offer discret@mpiag sites in the axial direction
(Burns et al., 1990). The creation and maniputatd artificial structures at or
below the micrometer level is of current interestolloid physics. A further use for
our interference pattern is the aligning or rotataf particles in each distinct trap

site as the pattern itself rotates as a whole (Saest al., 2002).

7.6 The alignment or rotation of trapped birefringeattjles in a
polarised, revolving interference pattern

The following work was performed by Lynn Patersdrhe technique combines two

methods of rotation; firstly the use of linearly oircularly polarised light and
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secondly the rotation of the interference patt@ims technique may assist in driving

large arrays of micromachines, or in microfluidiadies.

7.6.1 Experimental setup

The experimental set-up used is shown in figuret 7ahd the output from the
interferometer is circularly polarised, so that dnsefringent particle in a trap site
will spin due to the transfer of angular momentuonf the beam to the patrticle.
Crushed fragments of calcite or mercury (1) chler(#igCl,) were used as particles
to be trapped in this work as they are both binggent.
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Figure 7.14. Experimental set-up to use the pedéion of light and a rotating

M™ Rotating_|A
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interference pattern together to spin birefringeatticles. H, hologram/2, half-
wave plate; PBS, polarising beam splitt®f4, quarter-wave plate; M, mirror; D,
dove prism; BS, 50;50 beam splitter; A, positiorgafrter-wave plate used to make
beam linearly polarised; B, position of half-waviatp used to rotate the plane of
vibration of the linearly polarised light; L, len®, microscope objective; S, sample
chamber; CAM, CCD camera.
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Spinning and orbiting of a birefringent particle ancircularly polarised,

revolving light pattern

Figure 7.15 shows a fragment of mercury (I) chlericapped in one of the spots of
thel = 1,1 = -1 interference pattern. Both spots in thetnogapattern are circularly
polarised and the particle spins continuously agoiisi own axis a rate of tens of

Hertz with 100 mW of incident power.
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Figure 7.15: Fragment of mercury (I) chloride spi@round its own axis in a
clockwise direction (shown by changing directionasfow) and orbits in the x-y

plane of the sample in a clockwise direction (shdwrircle) both at the same time.

The rate of rotation of the particle around itssagan be lowered by reducing the
power of the laser or by making the trapping bedliptieally polarised. This
rotation of the fragments around their own axise(tlu the transfer of spin angular
momentum) can be followed by looking at the arrohiclr shows the direction of
alignment of the fragment of mercury (I) chlorigefigure 7.15. As the interference
pattern is rotated in a clockwise direction usihg angular Doppler effect (inside
the dashed circle) the trapped, spinning partitdlew the rotation of the pattern.
The pattern orbits with a period of one second.

By inserting a quarter-wave plate into the bearnhatposition marked ‘A’ in figure
7.14 we convert the polarisation of the beam framcuéar to linear. The fast axis of
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a trapped birefringent particle will align with tipdane of polarisation of the light
field causing the particle to orient itself. If wan rotate the vibration axis of the E-
field we can also make the particle rotate cordat®yl. This is done by inserting a
half-wave plate at the position marked ‘B’ in figur.14 and rotating it. The half-
wave plate changes the axis of linear polarisabgn26 where @ is the angle

between the axis of polarisation of the light ane tast axis of the half-wave plate.
Rotating the half-wave plate results in the rotatad the axis of vibration of the
electric field of the beam and the trapped particlws this rotation, as it remains
aligned with the changing axis of polarisation. isThan be seen in figure 7.16A

where a fragment of crushed calcite is trappecmspot of the interference pattern.
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Figure 7.16: Rotating a birefringent particle itireearly polarised light beam. A.
A fragment of crushed calcite is trapped in onet gfdhe interference pattern. It
stays in the same location because the interferpattern doesn’'t move, but it
rotates about its axis in a clockwise directiono(gh by arrow). The fragment is
continuously realigning with the changing axis iokhr polarisation of the trapping

laser. B. The fragment follows the clockwise tiota of the interference pattern
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(shown by dashed circle, large dashed arrow pabksesgh the centre of the two
maxima). It remains aligned in one direction ofdilown by small arrow) because
the linear polarisation of the beam remains uncedngC. The same fragment spins
around its own axis and orbits in the x-y planeuwianeously due to the axis of
linear polarisation of the trapping beam constamttating and the interference

pattern also rotating.

The interference pattern is stationary so whenhidgdéwave plate is rotated in the
beam the particle will rotate around its own axis this case in a clock-wise

direction) but remain in the same position. Figir&6B shows the fragment
following the rotation of the interference pattécircle) but remaining aligned in the
same direction (small arrow) because the beameésitly polarised and the plane of
polarisation is not being rotated. Combining ttbiation of the interference pattern
in the x-y plane and the rotation of the plane @igsation of the beam we achieve
the results shown in figure 7.16C. The same @fciigment in figures 7.16A and B
rotates around its own axis (the changing alignnseoivn by the arrow) and at the
same time follows the revolving interference patt@ircle marks the outer limits of
the pattern). The speed of pattern rotation, ttings orbiting of the particle is

controlled by the angular Doppler effect. The shekthe trapped particle rotating
about its own axis (which is typically less thakiértz) is determined by the rate of
rotation of the half-wave plate at position ‘B’figure 7.14. Figure 7.17 shows four
fragments of calcite, each trapped in a bright sgaan!| = 2,1 = -2 interference

pattern.
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Figure 7.17: Top panel from left to right thentbat panel from left to right shows
four fragments of calcite (marked a, b, ¢c and @n&ld in the bright spots ofla= 2,
| = -2 interference pattern. The pattern is rotated clockwise direction while the

fragments remain aligned with the axis of linediapeation which does not change.

In this case the beam is also linearly polarisdti thie quarter-wave plate at position
A and half-wave plate at position B.

The interference pattern and the trapped particles be moved laterally or
rotationally, with the trapped particles remainaggned to the axis of vibration of
the electric field as they are moved. The figuresked a, b, ¢ and d show more
clearly that the particles remain aligned in thensadirection as they follow the

motion of the interference pattern.

7.7 Discussion

In this chapter we have built on work describedhi@ previous chapter to improve
trapping in interference patterns but we have ptesented a new ability which has
not been previously possible, the continuous, ofiett motion of an interference

pattern.
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By interfering two Laguerre-Gaussian beams of opedselicity, an interference
pattern of spots around a circumference is creatadh bright spot acting as a
separate trap site which propagates without chamg#ructure. This leads to the
ability to stack and z-trap particles that are e in the pattern, which was not
achieved using an LG-Gaussian interference patach would be unlikely if an
iImaged aperture was used. Various 3D structunedeareated by using beams of
different azimuthal index to create the pattern, and these structures caotéked
by using the angular Doppler shift, a techniquecihitilises a rotating half-wave
plate for generating a frequency shift in one @& #mms of the interferometer. The
assembly and manipulation of these structures istefest in colloid physics plus
the groups of trapped particles can act as a predeted nucleus for the self-
assembly of novel crystalline structures.

The interference patterns may also be used in amatibn with a standing wave trap
to create discrete trapping sites in the axialadioe (Burns et al., 1990) or with
spatial light modulators (SLMs) (Curtis et al., 20@o create large arrays of micro-
machines over three-dimensions.

The applications of these rotating patterns anatirgg structures will no doubt lead
to enhanced microfluidic studies, for example thegy act as all-optically driven
pumps or stirrers in microfluidic devices, with muscopic volumes of fluid being
uniformly stirred over their entire volume by thrdemensional arrays of rotating
optically trapped structures. As optical traps@wa contact, friction will not occur
as readily and samples can remain completely stehi biology this technique may
be applied to the measurement of torsional progeeif molecules such as rotary
motor proteins or biopolymers or to viscosity meaments of microscopic
volumes, for example inside cells. The opticahtot may become an indispensable

piece of kit for lab-on-a-chip experiments.
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8 Introduction to the generation of Fluorescent
In situ Hybridisation (FISH) chromosome
probes and their application to chromatid
break studies

8.1 Introduction

We wish to create small, fluorescent chromosomdgsan order to detect any
change in the chromosomes (such as deletions, cdtiphs, translocations or
inversions) in the region adjacent to chromatidakse This chapter contains a
review of how chromosome probes similar to thosewigh to create have been
generated with more detail of the materials anchous in appendix A. Chromatid
breaks are also described, as are how they areglihde come about in a
chromosome as a result of DNA damage. Finally,ssmmarise how we plan to

generate chromosome probes using optical techniques

8.2 Polymerase Chain Reaction

The polymerase chain reaction (PCR) was inventetPBb and it is an incredibly
simple but powerful technique in which any piecddfA can be copied many times
in vitro. A typical PCR reaction follows a three cycle of denaturation, annealing
of primers and elongation. The DNA double helixitshat high temperature (94°C)
and specifically designed primers will anneal te #ingle stranded DNA molecule
at a lower temperature. Primers need to be 18tBfleatides long and have a
similar G and C content so that they anneal tortbemplementary sequences at
similar temperatures. They are designed to arnweapposite strands of the target
sequence so that they will be extended toward e#dwdr by addition of nucleotides
to their 3' end. If the target DNA sequence is kobwn but some amino acid
information is known degenerate primers can begaesi using the genetic code.
The enzyme DNA polymerase is used by cells for Di¢plication (it reads the
DNA sequence of nucleotides and makes a complenyesgguence in the presence
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of Mg?). For PCR a thermally stable enzyme called TagADpblymerase,
originally found inThermus aquaticus used along with primers and an equal mix
of bases, and works optimally at a temperature26€7 Taq polymerase however is
known to introduce errors into newly synthesisegusaces due to its lack of 3’ to
5 proofreading exonuclease activity (one nuclestigger 250 nucleotides
polymerised). The sensitivity of the reaction ne#mat any piece of DNA in the
mixture will be amplified so care must be takenatmid contamination. If the
reaction is not optimal a smear of products casd®n on a gel, and parameters such
as the M§" concentration and the annealing temperature shmiichanged. Mg
concentration required varies with each sequenceigmsually between 1 and 4
mM, and too low an annealing temperature favouspairing. If a PCR reaction is
100% efficient one molecule would becomtdtter n cycles, with 20-40 cycles

commonly used.
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Figure 8.1: The polymerase chain reaction. TheADdNbriefly heated to separate
the strands of the double helix and then cooleglltav primers to bind by hydrogen
bonding. The DNA polymerase extends the primersading nucleotides (bases)
using the longer DNA strand as a template and theuat of target DNA doubles

with each cycle performed.
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8.3 Previous methods of making whole chromosome ooregpecific

8.3.1

FISH probes

Fluorescentn situ hybridisation is one of the main advances in cgtmgics which
has led to the greater understanding of the maedasis of human disease as well
the structure, function and evolution of chromossme

Flow cytometry, which was originally developed fmll analysis and separation, is
now used also for sorting chromosomes (Langlo&.ef1982). Fluorescent activated
cell (or chromosome) sorters (FACS) measure DNAteranof chromosomes and
also the base pair composition. Dyes that binfepzatially to A-T pairs (such as
Hoechst 33258) or to G-C pairs (chromomycin A3) aeed and are made to
fluoresce by the dual laser flow cytometer, eactorwiosome emitting a different
signal and chromosomes can be collected or disdarddhese flow sorted
chromosomes are often used as a template for dearaification of DNA, or in
other words multiple loci in these sequences arplified simultaneously, in order
to create whole chromosome paints for FISH. Foregdd amplification of DNA,
primers based on repetitive sequences within therge can be used (Nelson et al.,
1989), such as thAlu repeat in human DNA of which there are 900,00Qhi&
haploid genome giving a spacing of 3-4 kb. Thetpf PCR is called interspersed
repetitive sequence PCR (IRS-PCR), however it imgaltions such as repeats not
being uniformly distributed and is only applicalitespecies where abundant repeat
families have been identified. Linker Adapter PQRA-PCR) is another useful
technique for general amplification of DNA in whichicrodissected chromosome
bands or flow sorted chromosomes are digested avitequently cutting restriction
enzyme (Ludecke et al., 1989, Saunders et al.,)1988e resulting fragments are

ligated to short oligonucleotides which serve asipg sites for PCR.

DOP-PCR allows more general amplification

Degenerate oligonucleotide-primed (DOP) PCR allonese general amplification
than IRS-PCR or LA-PCR and has been performed aertifsp flow sorted
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chromosomes or microdissected chromosomes or clsmmm fragments for various
cytogenetic applications including creating probéx fluorescent in situ
hybridisation (FISH). DOP-PCR was designed andcr®sd in 1992 in three
papers by a group at the University of Cambridgerst published was the paper
entitted ‘Cytogenetic Analysis by Chromosome Pamti Using DOP-PCR
Amplified Flow-Sorted Chromosomes’ by Telenius Et(@elenius et al., 1992a).
The template for DOP-PCR in this case was hundddfiow sorted human
chromosomes with a translocation (chromosomes wsmged by passing a
suspension through a dual-laser sorter, in whi@httio lasers excited the dyes
which stained the chromosomes and could analyze #teording to size and base-
pair composition). The degenerate primer 6-MW S3CEACT CGA GNN NNN
NAT GTG G-3' was used and the DOP-PCR was carrigdiro the presence of
MgCl,, KCI, Tris-HCI, dNTPs and Taq polymerase. Coniaidns of reagents and
thermal cycles performed are detailed in the appesekction but, importantly five
cycles using a low annealing temperature of 30°@wsed prior to 35 cycles using
a standard annealing temperature of 62°C. A seugridbelling reaction using 25
cycles with the higher annealing temperature wasecthout using an aliquot of the
primary reaction product using a lower dTTP conaiin and adding biotin-11-
dUTP. The resulting probe was ethanol precipitatétd 3 ug of competitor DNA
(Cot-1) and resuspended in 15 ml hybridisation druéind used for FISH. Target
metaphase chromosomes (normal, as opposed to dhe sibrted chromosomes
which had translocations) that were fixed on a ascope slide were denatured prior
to the hybridisation. The probes were also deedt@nd preannealed with Cot-1
DNA to suppress repeated sequences before apphdatithe slides. Hybridisation
was carried out in a humidified box for 16 hours4afC. The slides were then
washed and the probe was visualised by the twor laeadin-fluorescein
isothiocyanate (FITC) detection system which presua fluorescent signal at the
site of biotinylated probe hybridisation. Metapdmsvere counter stained with
DAPI or propidium iodide and the translocations ldobe characterised. The
authors suggest that this method could be usedidolating unknown marker

chromosomes for analysis by chromosome painting l@tte determining their
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origin. This should have relevance to the fieldcbhical cytogenetics, in cases
where specific chromosome aberrations are showave prognostic value.’

In this publication it is stated that at a suffidlg low annealing temperature only
the six specific bases of the 3' end of the oligtentide will prime the reaction,
theoretically priming every%~4kbp) base pairs along the starting DNA thus at a
frequency allowing a highly diverse amplificatiom take place. The DOP-primer
consists of three parts (figure 8.2), six spedises at the 3’ end, the middle section
contains six nucleotides of degenerate sequencehené’ end has a recognition
sequence for a restriction enzyme that cuts rasglyin the genomeXhd). The
low annealing temperature of the first cycle allaws partially degenerate 3’ end to
anneal to the template material (8.2A). In thdofwing low-temperature cycles
fragments are generated which contain the fulltleio§ the primer at one end and its
complementary sequence on the other end (8.2B).thAlproducts from the first
five cycles will contain the full length primer sggnce so the annealing temperature
can be raised from 30°C to 62°C (8.2C). The middietion will in practice anneal
to a partially mismatched sequence because oégsreracy, but apparently without
any adverse effect on the reaction. This DOP-P@Rgr and protocol should
enable the amplification of DNA sources rangingiae from 2.4 kb up to complete

genomes.
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Figure 8.2: Degenerate oligonucleotide primer &@P-PCR. A. At a low
annealing temperature the six specific bases amddiacent six degenerate bases
will anneal to the template material. B. A few nemdow-annealing temperature
cycles allow the generation of fragments contairtheg primer sequence at one end
and its complimentary sequence at the other end. A& higher annealing
temperature allows only the full length of the peh® to anneal to the fragments
already created (taken from Telenius, H., A. Hni&lr, et al. (1992). “Cytogenetic
analysis by chromosome painting using DOP-PCR diegli flow-sorted

chromosomes.Genes, chromosomes and cardeR57-263).

Another of the papers by this group is ‘Degenefaligonucleotide-Primed PCR:
General Amplification of Target DNA by a Single Egprate Primer’ (Telenius et
al., 1992b), in which two degenerate primers (6-M " 5
AAGTCGCGGCCGCNNNNNNATG 3’'and 6-MW 5
CCGACTCGAGNNNNNNATGTGG 3) and one non-degenerateémpr (5’
GCAATGAGATGCAACAGAGCA 3) were designed. Comparin@CR on
genomic DNA using primer 6-M with three specificsba at the 3’ end and 6-MW
with six specified 3’ nucleotides, it was found ttH&«MW gave more efficient
amplification, possibly reflecting more efficientirgealing of that primer. Details of

the methods used can be found in the appendix. athkors investigated the
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optimal working conditions of DOP-PCR using the &Mprimer by using it on
genomic and cosmid DNA under different concentratiof MgC}, primer and Taq
polymerase as well as with two different buffer égp The resulting product
concentration was found to be dependent mainly @ golymerase concentration
but also proportional to the primer concentratidhis important to note is that at
very high polymerase concentrations (6.5 U/bQ primer related products were
seen in negative controls. It was found that fothbbuffers used, optimal
concentrations of reagents were M primer and 1.25-4 U Taq in 50 reaction
containing 2 mM MgClL From the data published (the products detected b
ethidium bromide on an agarose gel) it seems th& 3 of Taq and M of primer
produces the highest product yield. Of courseaiheof DOP-PCR is to amplify as
many sites as possible in contrast to conventisimglle-locus PCR, so primers and
Taq will be depleted much quicker than in convemioPCR and instead of
exponential amplification, linear amplificationadserved, so for 35 cycles only 35
times the original concentration of templatg\{ill be present (35, rather tham™).
Doubling the concentration of polymerase shouldbleuhe product yield but as
mentioned above, primer related products are sedhe negative controls when
high Taq concentrations are used. DOP-PCR wastosaaplify DNA of different
species and complexity. PCRed genomic DNA from &wnmouse and fruit fly all
showed up as smears in the gel, cosmid DNA wasifaapas discrete bands. FISH
was carried out to compare the product from PCRgughe partially degenerate
primers, and the product from using two differ@ht-specific primers. It was found
that DOP-PCR produced brighter, more even and umifpaints than the paints
made from IRS-PCR products. It is concluded th@PEPCR relies on two basic
requirements, firstly the initial low annealing teemature cycles which allow the
primer to initiate PCR from short target sequeraras$ secondly, primer degeneracy.
The six degenerate nucleotides mean that therd®adéferent sequences that the
primers can anneal to, as opposed to a non-dedgenenaer which may only anneal

to one sequence.
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DOP-PCR of needle microdissected chromosomes

Also published in 1992 was a paper by Meltzer ettidéd ‘Rapid generation of
region specific probes by chromosome microdissecimd their application’
(Meltzer et al., 1992). DOP-PCR was used to creaggon specific, fluorescent
chromosome probes. The whole procedure is namemoNHISH due to the
microdissection and subsequent fluorescancsgtu hybridisation reaction and it is
stated that the method presented is rapid enoughdonorker to create one or more
paint probes in one day. This paper describesadligsecting abnormal metaphase
chromosomes instead of normal chromosomes to ctieaterobes, so that one may
microdissect a known region of unidentifiable tlanation, create a probe for that
region and hybridise with normal metaphases to &iotlfrom which chromosome
the translocated region originated. @ Metaphase ncbsome fragments were
dissected using microneedles and the desired nuwibscrapings (25-50) were
transferred to a collection drop and amplified b ®PCR, details of which, and
the rest of the process, can be found in appendix The authors speak of the
potential value of these probes for detecting dmistas well as translocations, and
how the probes will facilitate diagnosis of spexifenetic diseases by enabling the
analysis of previously unidentifiable translocaton

One year later in 1993 the same authors publishedodified strategy for the
generation of regional paint probes in ‘Generatbiand-specific painting probes
from a single microdissected chromosome’ (Guan let 1®93). Chromosome
fragments are pretreated before PCR with Topoisaseel which dramatically
increases the efficiency of amplification, and reegkithe number of dissected DNA
fragments required to generate probes. Topois@®edraatalyses the relaxation of
supercoiled DNA by producing single strand breakthe double stranded DNA and
it was thought that because DNA in metaphase chsomes is highly condensed
and the higher order structure of supercoiled DNa&yrimit the access of primers
and polymerase to the template. PCR products thenTopo | pretreated dissected
DNA appear as a smear ranging from 200-650 bass, paiwever the PCR products

which were not pretreated with Topo | remained Wetbe sensitivity of ethidium
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bromide staining, which suggests that Topo | treatimncreases the yield of the
PCR reaction. It is also noted that even thougintjties of DNA were detected by
ethidium bromide after being generated in a seagnB&R labelling reaction, no
useful fluorescent signals were observed using ggaenerated without Topo |
treatment. The introduction of preamplificationtlwiT7 DNA polymerase also
results in increased efficiency of amplificationdaftuorescence intensity, because
the lower reaction temperature promotes succegsioiing at shorter stretches of
primer annealing. One to five copies of a targetbdomosome region were
dissected and transferred into a collection buffied subsequently amplified by
DOP-PCR, fluorescently labelled and successfullybritjsed to the target
chromosome (see appendix A for method).

In 1996 and 1997 there were a few papers publisitedh describe DOP-PCR of
microdissected chromosomes to create chromosorganrespecific micro clone
libraries and chromosomal paint probes. Zimmealetamplified 15 to 20 of the
same chromosome scraped off coverslips with glagsoneedles to construct
microclone libraries (Zimmer et al., 1997). Thastof the needles with the scraped
chromosomes were dropped into a collection buffierthe DNA is amplified. This
paper had some helpful hints such as sterilizingpggent with UV radiation before
use and using stringent negative controls to redoogamination which does occur
often. It also suggests that using freshly prepp@argomosome spreads for scraping
and using acetic acid: methanol fixative in a rafid.: 5 instead of the standard 1: 3
in order to reduce the possibility of DNA damage du excessive acid conditions.
Thalhammer et al. established probes for sub regydthe human genome by using
DOP-PCR amplification of AFM (atomic force micropa&) cantilever-dissected
chromosome regions (Thalhammer et al., 1997). ARBI cantilever acted as a
needle and cut through the chromosomal area afesitend the DNA that adhered
to the tip was transferred to a collection tubénede authors found that less than 1
pg of microdissected DNA could be amplified in tivay.

A recently published article in Biotechniques byid. Masabanda and Darren K.
Griffin (Masabanda and Griffin, 2003) describes a&tmod for increasing the

specificity and the signal of FISH probes made frmiorodissected chromosomes.



150

In the paper they tried to combat the problems tl@s$o encountered using DOP-
PCR of microdissected chromosomes, such as noifispgeak signals which have
been attributed to co-amplification of non-targéiAdand the formation of primer
concatamers during the PCR. They state that thielgm is exacerbated when lower
numbers of templates are used and that 10-20 ésbletiromosomes represent the
limit of an experiment, and the problem is worsemén further amplifications are
made from the original DOP-PCR product.

Their solution for enriching the sequences in #ggan of interest was to carry out a
primary DOP-PCR and a secondary labelling DOP-PE€Ra@mal (labelling with
biotin 16-dUTP). This biotinylated product wasnhm-hybridised with fragmented
(200-800 bp) genomic hamster DNA which had a lirdeen ligated to it.

The DOP-PCR product and the linkered genomic DNAewsmmbined and allowed
to re-anneal overnight. The biotinylated DNA wapttred by streptavadin coated
paramagnetic beads and the annealed Genomic DNAawgdified by using a
specific primer complementary to the attached ldn.

The results of FISH show that the paint materiddrighter and more specific using
this purification protocol, and another advantagy¢hat the probes produced in this
manner do not require the inclusion of cot-1 DNAthe hybridisation mixture as
contaminating repetitive sequences are removedoby ®NA at an earlier stage.
They summarise by saying they ‘can take poor qualiiromosome paints and
generate bright, specific ones free from repetiglements, contaminating DNA,

primer artefacts, and non-specific background.’

8.4 Laser microdissection

The following passage describes the used of opsicaisors to cut chromosomes
directly, or to cut around film which the chromosesnof interest are attached to.
This is of particular interest as we wish to creaéerow band FISH probes using
lasers to cut the chromosomes. In 1997, He eteshmined whether laser
microsurgery, or needle microdissection in combamatvith laser pick-up, or in

combination with optical trapping can be applied D®&A cloning to improve
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existing techniques (He et al., 1997). The sysieed was a two beam optical trap
and single beam optical scissors combined with serlascanning confocal
microscope and is termed CATS (confocal ablatiapgimg system). The trapping
laser was an argon ion laser pumped cw Ti: Sapdaser with an adjustable
wavelength range from 700 nm to 1000 nm. The bieam this laser was split into
two trapping beams and each of the three beams wa@pulated by using
computer controlled joysticks that control scannimgrors. For chromosome
microdissection, a frequency doubled, Q-switched Y&G laser which produces a
beam at 532 nm was used. The focused spot ofades was 0.pim in diameter. A
chromosomal region of interest in a metaphase dpwas isolated for needle
collection by ablating the surrounding material ahen scraping the region of
interest which was left behind with a sterile needl'wenty fragments were used for
each PCR in this case. Needle microdissectionpgesrmed by directly scratching
the chromosome fragments from the slide and placmgm in a PCR tube
containing buffer. Seven fragments were colledtethis case. Chromosomes in
suspension were trapped by using the two trappéagns, one holding each end of
the chromosome in a horizontal position, and therngulaser was moved across the
desired chromosomal region. The fragment was thewed from the dissecting
well to the collecting well through a zigzag chanmgng one of the trapping beams,
but it is not discussed if these fragments areadlgtiamplified or how they are
removed from the collection chamber. It is coneldidhat laser-cut fragments can
be subjected to successful PCR and DNA libraries loa generated. The laser
technique is said to provide more accurate chromescegional targeting. Also
compared were laser microdissected fragments wirk exposed to 10 minutes of
trapping laser radiation. The fragments were ctdlé using a needle and amplified
successfully.

The group who used the AFM for microdissection gsblished a paper in 1999
entitled 'Laser microdissection and laser pressatapulting for the generation of
chromosome specific paint probes' (Schermellehl.et1899). Metaphases were
spread on a 1.3pm thick piece of polyethylene naphthalate (PEN)polyester-

based (NYLA) membrane taped onto a microscope.slBi using a commercially
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available ‘UV-laser microbeam microdissection irmtmnation with laser pressure
catapulting’, single chromosomes were collected amglified by DOP-PCR. The
basics of this technique are mounting the chromesoom ultrathin membranes, the
laser ablation of any unwanted genetic materigh@at to the target chromosome,
isolation of target chromosome by laser dissectbrthe membrane around the
chromosome and collection of the chromosome stockhé membrane by laser
pressure catapulting. The system used was the tRébmbeam, made by
P.A.L.M. Microlaser Technologies in Germany whi@nsists of a 337 nm nitrogen
laser focused through an inverted microscope, acohguter controlled stage and
micromanipulator. 0.2-0.pJ/pulse was used for ablation and 0.5{@1fpulse was
used for membrane dissection and results in anguttidth of around 3im. The
chromosome attached to the dissected membrane atagutied into a collection
device 1 mm above the slide by focusing the |lakgintty below the membrane and
using a single laser pulse of J42/pulse. The collection device was a small pidce o
glass heat sealed to a pipette tip with a droplyafegol on it to facilitate adherence
of the chromosome. Collection of the chromosomédcbe monitored by focusing
an objective onto the glass. The glass particle than transferred to a microfuge
tube and centrifuge so that the glycerol with theomosome in it would go to the
bottom of the tube and the glass could be remo20P-PCR was carried out and
following that the probe was labelled and FISH wasformed. The probe showed
specific hybridisation over the entire length oé tbaptured chromosome, even if
only a single copy of a chromosome was used amplége however, background
hybridisation is often seen due to debris from #tdated chromosomes on the
membrane being amplified along with the target sitosome. The authors make
some suggestions for creating smaller, chromos@g®m specific probes, such as
ablating all unwanted genetic material adjacerthéotarget region before dissecting
the membrane, or finding a membrane which requéees energy to cut it, making
the cutting width finer, as @m is too large to microdissect fragments.
Nanodissection of human chromosomes has been pwdousing near-infrared
femtosecond laser pulses (Koenig et al., 2001). IseBufrom an 80 MHz

femtosecond laser source at 800 nm with a mean mpofnes-100 mW, 170 fs pulse
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width and millisecond beam dwell time was usedubholes in chromosomes which
were 100 nm FWHM which is below the diffraction ited spot size.
Chromosomes were also dissected with FWHM cut siedew 200 nm. The
authors suggest that high-repetition-frequency ésextond lasers at a low mean
power focused by a high numerical aperture cansed as ‘novel ultraprecise non-
invasive nanosurgery tools with a precision belbe diffraction-limited spot size
without visible collateral damage’ and that the -mowasive inactivation of

chromosomal regions within living cells is possible

Commercially available laser capture microdisseatiools

The first commercial laser capture microdissectapparatus The PixCell was
developed in 1996 and later the PixCell Il at thetibhal Institutes of Health and
was brought to market by Acturus Engineering ofifGalia. A microscope slide
containing a dissected tissue sample is placednomwerted microscope and a
microfuge cap with film attached is placed above #ample. A focused 810 nm
HeNe laser melts the film onto the target areaissiue containing cells of interest
which is plucked from the rest of the sample whea ¢ap and the attached film is
removed. Tissue samples have to be completelydiated and the set up is not so
good for irregularly shaped samples and only replipches out circles, with the
user not having much control over their size. Hasvat has the advantage of the
user being able to visualise fluorescence whilengishe laser and the dissected
product can also be easily visualised.

A competitor of this system is the P.A.L.Mpogitioning andablation with laser
microbeams) Robot-Microbeam, mentioned previouslyictv is made by P.A.L.M.
Micro Technologies of Germany. A UV 337 nm nitrag@ser is used for laser
microbeam microdissection (LMM) and laser pressatapulting (LPC). An area
of interest within the tissue is circumscribed hg taser which has a focus of less
than 1um. The sample can be collected by using a glaseoneedle to pick up the

excised region or the laser can be refocused b#lewarget region which ejects the
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cells into a microfuge cap placed immediately abtwe sample. In the paper
described above a film is used which was providgthlke manufacturers and it was
also used to isolate single chromosomes insteaihgfe cells. The beam can also
be used to ablate any unwanted material. TheuSUT is another system from
MMI AG of Switzerland. A 332 nm nitrogen laser used. Tissue samples are
placed on a microscope slide and are covered byimamhembrane. The laser
circumscribes the membrane which is removed aloitig thie tissue by sticking to
an adhesive-lined microfuge cap.
Leica Microsystems of Germany make the AS LMD whuses a 332 nm laser to
ablate tissue as well as membrane. The tissuelsadperes to a membrane coated
slide and is place upside down on an upright mayps. When the area is excised
it falls due to gravity into a microfuge cap. Tlagstem is good for irregularly
shaped samples as you can trace the area you avtibsect on a computer screen
using a mouse.
A more recent system is the Clonis made by BioRatlgoscopy division in the
UK. The film to which the cells adhere is in arPdish and a 780 nm IR laser cuts
the film and welds it to an underlying substratéhe welded film and cells stay
behind while the remaining film and the unwantetiscare lifted away. This was
developed to be used for sterile tissue culturechntalso be used for archival tissue.
The prices of these systems start around $100R06be(ts, 2002) and they are often
used in conjunction with other tools such as mi@oipulators and optical tweezers,
and some groups have realised their potential olating whole chromosomes,
however the technique is not intricate enough tselit structures as small as
chromosomes themselves.
In summary methods used for the isolation of chreonoe fragments for enzymatic
amplification are

* Needle microdissectionMeltzer et al., 1992; Guan et al., 1993; Zimmer e

al., 1997)
* AFM cantilever tip microdissection (Thalhammer et al., 1997)
» Laser ablation of unwanted material and needle pick-up of @maining
fragment (He et al., 1997)
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« Laser ablation of surrounding membrane and laser catapulting of
chromosome-membrane stackSchermelleh et al., 1999)

» Laser microdissection and optical tweezing of fragmen{demonstrated
separately but not together (He et al., 1997)

Now that we have explored how to create a fluongtsceromosome probe, we now

discuss the application of FISH probes to the ifigason of chromatid breaks.

8.5 Mammalian DNA and chromosomes

The genetic information of living organisms is sibrin its deoxyribonucleic acid
(DNA) which is a long, unbranched linear polymertle shape of a double helix
which contains many millions of nucleotides (alsdled bases). Each base pair is
0.34 nm apart and the double helix is 2 nm widée fiuman genome contains 3 x
10° nucleotide pairs which consist of 35, 000 gend3NA is associated with
proteins and the DNA-protein complex is called chatin. During interphase,
when genes are expressed, the chromatin fibresuisrally highly extended and
tangled. As the cell prepares for mitosis, theowofatin coils and folds up
(condenses) to form a number of short, thick, éiscmetaphase chromosomes that
can be visualised under a light microscope. Deffierspecies have different sizes
and numbers of chromosomes within their cells. tipeal packaging of DNA into

mammalian metaphase chromosome can be seen ia 8dir
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Figure 8.3: Levels of chromatin packaging in a mmaailian metaphase
chromosome. A. The 2 nm wide DNA double helix ferfheads on a string’ in

association with protein complexes called nucleesmThe 30 nm chromatin fibre
is a tightly wound coil. These fibres form loopednthins 300 nm wide. A
metaphase chromosome has all its DNA highly coretbmsto a compact structure
which can be seen in B. (both taken from AlbertslgtMolecular Biology of the

Cell).

Chromosome aberrations

Some metaphase chromosomes of cells which havetlesed with chemicals or

irradiation show aberrations (UKEMS, 1983). A distinuity in the DNA such as a

break is one type of aberration, visible usinglitjet microscope to view metaphase
chromosomes, and chromosomal numerical changeswvitl cell are also classed
as aberrations. Malignant cells are usually chsonmally abnormal. Any drastic

changes in the chromosomes such as numerical changeisually lethal to the cell

so there is no danger to the organism however leswbianges in chromosomal
structure, such as translocations, inversions, icafpns and deletions, are more
hazardous to the organism as they may not be I&thié cell.

Chromosomal structural aberrations can be of thensbsome type (figure 8.4)

where the damage occurs in GO or G1 before thexubsome has replicated and the
aberrations can be seen in both chromatids at im&tap or the chromatid type
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(figure 8.5) which involves only one chromatid bétdamaged chromosome, due to
the damage occurring after replication.

Chromosome type aberrations can be classed asogdpesaks which involve only
one chromosome, or exchanges, with interchangasraog between chromosomes,
and intrachanges occurring within a chromosome.ap (r achromatic lesion) is
classified as being smaller than the width of aoofatid with both chromatids
involved at identical loci and the distal regionaisvays aligned with the proximal
region. A break or terminal deletion is so calltause the gap is larger than the
width of a chromatid and the two regions may notaligned. Interchanges are
exchanges involving two or more lesion in the samdifferent chromosomes and
results from an exchange between two chromosomé&slin Intrachanges occur
within a chromosome and the exchange can be betarees (interarm intrachange)
and result in a centric ring with an accompanyinggment, or within an arm
(intraarm intrachange) which results in an acerming (the result of an interstitial
deletion) accompanying the chromosome. These atsome type aberrations can

be seen in figure 8.2.

[nter-arm Intra-arm
intrachange  intrachange

! J ﬁa O« Iq,

Figure 8.4: Chromosome type aberrations.

Gap  Break [nterchange

Chromatid type aberrations usually involve only aheomatid of each chromosome
except for isochromatid breaks, which are due tenatge occurring after the

chromosome has replicated. These aberrationsIsarba classed as gaps, where
the gap (which occurs in only one chromatid oftheomosome) is smaller than the
width of a chromatid, a chromatid break or deletidrere the gap in one chromatid
is larger than chromatid width and the fragmentallguremains aligned with the

parent chromatid and if it is displaced it is ugualksociated with the chromosome
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of origin. Isochromatid breaks or deletions arethar class of chromatid type
aberrations in which the broken ends are rejoindtereproximally, distally or at
both ends. Exchanges are seen between chromogameshange) which are
asymmetrical if rejoining is completed and resuit@ dicentric and accompanying
fragment sometimes called a quadriradial, or symoatwhich only leads to a
dicentric chromatid or a fragment if rejoining rcomplete. Exchanges also occur
within a chromosome (intrachanges) either betweers ginterarm interchange) or
within an arm (intraarm interchange). An interamirachange will result in an
asymmetrical structure with a fragment producedejbining is incomplete or a
symmetrical structure with no fragment if rejoining complete. An intraarm
intrachange results in a minute or interstitialetieh that remains associated with
the chromosome of origin. Isochromatid interchan@e another class of chromatid
type aberrations with a dicentric and a fragmenmnfx or a monocentric triradial is
formed with no fragment if rejoining is completeExamples of chromatid type

aberrations are illustrated in figure 8.5.

Gap Break Isochromatid break Interchange

[ 1Y B3 -

Aligned  Displaced
tragment fragment

Intra-arm
intrachange

- § A

Figure 8.5: Chromatid type aberrations.

Inter-arm intrachange Isochromatid interchange
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Chromatid breaks

On average chromatid breaks occur more frequentlgells from cancer patients
than in normal control individuals indicating thathigher proportion of cancer
patients may be more radiosensitive than normabPo 4f a group of breast cancer
cases studied showed elevated lymphocyte chrometidsensitivity compared with

only 9% of a group of normal controls (Scott et 4894, Scott et al., 1999).

One of the most intriguing questions in radiobiglag the relationship between
primary DNA damage and the aforementioned visilleomosomal aberrations.
Sometimes a single dsb (double strand break) inc#ik created by ionizing
radiation (X andy rays) during the G2 phase of the cell divisionleyan result in a
break in the sister chromatid when it is viewedotiygh the microscope during
metaphase when the chromosomes have condensedt@ramil division. It is
puzzling that a single dsb can lead to the appdoest of such a large section of
chromosome (sometimes up to 30% of a sister chidnain). The precise
mechanism by which this occurs is not clear, altfioseveral models have been
proposed.

Sax proposed in 1940 that a lesion in the DNA teduih a break in the chromatid,
or if two chromatids were involved in an exchanigent this would be the result of
two lesions in the DNA (Sax, 1940). The breakag# finodel proposed by Bender
et al. in 1974 (Bender et al., 1974) follows onnirthis and states that the initial
lesion is the visible chromatid break itself, hoeevassuming a dsb is the initiating
lesion, the ends of the dsb would either have tinkhbut there is never dense
staining at the ends to indicate this) or have libgested by an exonuclease (but it
Is known that mammalian cells do not significardggrade their DNA even after
high doses of radiation). Another proposal is that dsbs create a segment which
is lost, hence the gap, however the doses usedl (G are too low to create two
dsbs in one chromosome. A dose of 0.25 Gy showud#tenone dsb per four
chromosomes per diploid cell and in addition theedeffect curve for chromatid

breaks is linear (Bryant, 1998a). Furthermordyai$ been reported that one single
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double strand break is sufficient to create a clatmnbreak (Rogers-Bald et al.,
2000).

X-RAY Chromatid break
\\h‘ Double strand break appears an

in DMNA helix chromosame
/ condensation
Dsb is rejoined

before

chromosome
condensation

Figure 8.6: The breakage first model according émdger et al. (1974). The initial
lesion in the DNA double helix (which would resirtthe loss of 0-4 bases) is the
visible chromatid break. However the chromatichkreiewed under the microscope

Is an apparent loss of up to 40 mega bases.

The Revell Exchange model (Revell, 1959) propodst in exchange occurs
between the sites of an unspecified type of damaagjee necks of looped chromatin
domains, but the chances of two such lesions aoguctose together at the necks of
the loops is again very low for the dose range usethe G2 experiments. In

addition, as mentioned above there is a lineatioglship between breaks and dose

(Bryant, 1998a) — for two lesions a quadratic retathip would be required.
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A: The Revell loop B: Interaction sites C: Types of chromatid break predicted
1 and 3 are intrachromatid by theRevell exchange model. All are
2 and 4 are interchromatid are a result of an exchange between
1 two initiating lesions at points 1-4

7 LHY

Figure 8.7: The Revell exchange model (Revell, J93Xchange occurs at neck of
loop where damage occurs. Exchanges that involeth Isister chromatids
(exchanges at point 2 or 4 in B) result in colowrtshes of type 1a or 1b in C when
chromosomes are harlequin stained. Intrachronetathanges involving only one
sister chromatid (at lesions in point 1 or 3, inrB3ult in a non colour-switch break

of type 2a, 3a or 3bin C.

Nevertheless the exchange model does make somietfmesl which are supported
by observation, for example the exchanges involdath sister chromatids which
result in a switch of strands at the break poingufe 8.8). A proportion of

chromatid breaks (between 10-20% depending on loed) are formed by a

mechanism involving such sister chromatid rearreveggs around the break site.
These are detected by the presence of a coloucts@aitthe break point in harlequin
(FPG - fluorescence plus Giemsa staining) - stasl@dmosomes. The remainder
of the (non colour-switch) breaks may be formedchyomatin rearrangements but

only involving one sister chromatid.
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Harlequin {(ErdU) stained CHO chromosomes showing
malls- Non colour-switch breaks

el Colour-switch breaks

Figure 8.8: Harlequin stained Chinese hamster chsomes (using 5-bromo-2’-
deoxyuridine [BrdU]). The lighter sister chromatsdthe most recently synthesised.
Colour-switch breaks (black arrows) and non cokwitch breaks (blue arrows) can

be seen (taken from Bryant, 1998a).

Chromatid breaks are formed by a single-event masha

Many experiments have shown that a single dsb fficiemt to induce such a
chromatid break which represents an apparent ldsspoto 40Mb of DNA.
Chromatid breaks are induced by X anrhys as a linear function of dose (Bryant,
1998a, Bryant et al., 1998, Terzoudi et al., 20@®jch suggest that chromatid
breaks are formed by a single-event mechanism.ngJai genetically engineered
CHO cell line containing a single I-Scel site thah be cut enzymatically to yield a
unique genomic dsb by treatment of streptolysin-@aged cells with I-Scel

endonuclease (Meganuclease), it was shown thahglesdsb suffices to induce
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either a colour-switch or non colour-switch chroimdtreak, in a similar ratio to that
of y rays (Rogers-Bald et al., 2000). The dsbs indimgethe endonuclease appear
to mimic radiation induced dsbs as they trigger gi®sphorylation of histone
H2AX over mega-base sized chromatin domains sudiognthe dsb (Rogakou et
al., 1999). The function of-H2AX is thought to be the signalling and recruitrhe
of DNA processing enzymes involved in the rejoinin§ the dsb and also
preparation of the chromatin prior to repair. Chatid breaks have also been
induced in Chinese hamster cells by exposure tasdft carbon K-shell X rays
(Bryant et al., 2003). The energy of these X nigysot sufficient for the secondary
electrons to span more than one DNA double heliicliislik, 1994) so only single
dsbs are created, and it was found that around aD%ie carbon K-shell X-ray
induced chromatid breaks have associated coloucis@s at breakpoints, indicating

that they arise through sister chromatid rearrareggsn

8.6 The Signal Model

The Bryant signal model (Bryant, 1998a, Bryant, 899proposes that a single dsb
in a loop of DNA (perhaps comprising one or a feanscription factory domains

(Iborra et al., 1997)) in the chromosome signalsh cell to make some kind of
recombinational exchange at the loop neck. Chromatcut (perhaps by DNA

processing enzymes located in the transcriptiotofeas) and loops (presumably
containing the repaired initiating damage) aregitiemately recombined, perhaps
leading to deletion, duplication or inversion aection of DNA and a visible break

Is seen if time does not allow for the recombinaicexchange to be completed.
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Figure 8.9: The Signal Model (Bryant, 1998a). deatooped domain structures in
the chromosome are thought to consist of one ewatanscription factory domains,
perhaps containing DNA processing enzymes. Théldairand break (dsb) signals
the cell to make an exchange at the neck of the, logsulting in an inter- or intra-
chromatid recombinational exchange, perhaps leattingxcision of the loop. If

time does not allow for exchange to be completadhramatid break is visible.

Chromatid breaks involving interchromatid exchang@lsose between sister
chromatids) show colour-switches at break pointsariequin stained cells, whereas
intrachromatid breaks show no colour-switches bay mvolve a small inversion at
the break point or the excision of a small chromatig. The exchanges are of the
same type as those predicted by Revell but the habifiers in that only one single
double strand break is required to initiate theonelginational exchange instead of
two unspecified lesions required by Revell's mod€&urthermore, the model does
not predict that the aberration types would be kylikely, with the intra chromatid
types (figure 8.11) appearing to be the predomifamt.
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Figure 8.10: Possible mechanisms for a colour-$wigarrangement. The two sister
chromatids are recombined such that one of them thet loop belonging to the
other — hence the break in the chromatid at theucedwitch site.
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Figure 8.11: Non colour-switch break rearrangemefuue to intra-chromatid

breaks) can lead to excision of a chromatin riggo¢lgenomic inversions (2, 3).

The chromatid breaks disappear with time of sargpéifier irradiation, and it was
thought that perhaps this is due to the DNA reparymes having more time to act,
but it also supports the idea of recombinationingjithe cell more time to complete
the exchange process. Thus according to the sigmalel, disappearance of
chromatid breaks represents completion of the réawetional rearrangement.

As mentioned above, cancer patients (30-40% of Yhehow higher mean
radiosensitivity than controls (i.e. more chromdiréaks per cell for the same dose
of radiation), and it is know that abnormal chroomogs are often present in cancer
cells. Also, changes in the nucleotide sequend®\A are known to lead to cancer.
Inversions and excisions of DNA sequence which caeur as a result of
recombinational rearrangements, predicted by theasimodel could be causing
proto-oncogenes to be expressed as oncogenesulor delete tumour suppressor

genes, or creating fusion proteins that could gisrthe cell cycle control
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mechanisms. Thus, formation of some types of chtmhbreak may be potentially
oncogenic.

Why the cell makes such chromatin rearrangemensste of damage is unclear.
Perhaps it is an attempt by the cell to exciseddésmaged region of DNA at first
division, making the daughter cell with the damatie, but allowing the other
daughter cell to survive, or it could be that thkole rearrangement process is a
deleterious by-product of radiation induced damagethe DNA, and cellular
machinery used for other purposes within the celtriggered to make dramatic

structural changes by the presence of the dsb.

8.7 Methods to investigate the Signal Model

Several cell lines of Chinese hamster ovary cellslontjac cells have already been
created which carry a transfected site, the seguehaevhich is recognised by the
endonuclease I-Scel. These cell lines have also leegineered to contain an
inducible expression system involving the I-Scehgand the enzyme is expressed
endogenously in the presence of the insect ecdymmaegue Ponasterone A. The I-
Scel endonuclease will cut the chromosome at oeeifsppoint in each cell always
at the same location on the same chromosome whereetognition sequence has
integrated.

Colcemid is added to the cells shortly after endtease induction and this chemical
blocks the cell division cycle at metaphase by enéwng the polymerisation of
microtubules on the mitotic spindle (by bindingidulin). The cells are then fixed,
stained and mounted onto a microscope slide anohratrd breaks are sought by
examining the metaphases using a microscope.

One of the aims of my research was to create Fifabréscenin situ hybridisation)
probes to detect the putative inversions in noowsswitch breakpoints mentioned
above. A series of narrow band fluorescent chramas FISH probes for the
regions adjacent to the chromatid break could hedpect translocations or

inversions in that area and test the signal model.
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The FISH probes were to be generated using optweézers and scissors, by
microdissecting chromosome fragments using a @utéiser, and manipulating the
cut fragment with optical tweezers. The isolatetdyfnents could then be amplified
by DOP-PCR (degenerate oligonucleotide primed yrpetase chain reaction) and
fluorescently labelled. The paint probes (say yedlow, and green), are hybridised
to target metaphases with induced double strandkbreand viewed under
fluorescence and compared to normal metaphaseposidp sequences of coloured
probes at the break sites in chromatids from tis®rmal chromatids would prove
the existence of inversions and support the sigralel. This scheme can be seen in
figure 8.12.

Yvy
/‘/ﬂﬁ 4’ & o

Gh;‘:;:it'd Cut fragments
adjacent fo ‘ “
- chromatid break
Tweeze fragments
away from parent / / /
chromosame
‘é g
Put probes back into g B & A B C
cell line (FISH) and Add a different Into
look for inversions fluorescent paint (=Tt =}
under fluorescence 5 aach PCR product chamber

Figure 8.12: Method for creating narrow band chweame FISH probes.

An alternative scheme would be to make many natvamad paint probes from over
one entire chromosome. The FISH probes woulddoedto the target metaphases
(both irradiated with induced chromosome breaks aminal), and chromosomes

examined for inversions at break sites of the iat@dl chromosomes.
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8.8 Summary

Degenerate oligonucleotide primed - polymerasercheaction (DOP-PCR) is an
existing technigue used for the general amplifaratf microdissected chromosomal
material. Chromosome paint probes have been sfatlgscreated within various
groups by performing this technique on FACS sortedole chromosomes or on
needle or optically microdissected and manipulatedmosomal material.

In this work we aim to use DOP-PCR to create fiH8H- probes from laser
microdissected, optically tweezed chromosomal frexgesn The FISH probes will
have applications in cytogenetics and cytometry, ianparticular will be useful for
the detection of chromosomal inversions which dmeught to be found in
association with single, double strand break (dstced chromatid breaks. The
search for these putative inversions using narrawdbchromosome FISH probes
created in this way will test the signal model, evhstates that chromatid breaks are
induced by a single dsb and that there is a reauamibnal event within the
chromosome which results in a chromatid gap andgper deletions, duplications or

inversions in the DNA.
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Investigation of various methods to isolate
and amplify chromosomes and chromosomal
fragments

Introduction

This chapter describes the process of creatingnobsome probes. Materials and
equipment used are listed in the appendix andctmepter details the experimental
procedures undertaken and results are also dedcribe

We aimed to create narrow band chromosome FISHor@kcentin situ
hybridisation) probes in order to detect inversiamsany change in the DNA
sequence of chromatids around a break point orclinematid. The break point
would be produced using an endogenously expressiahaclease or by irradiation.
The use of optical tweezers was the major apprdaken to isolate single
chromosomes and laser microdissected fragmentyuglh various other methods
were attempted. This isolated chromosomal DNA wagymatically amplified
using degenerate oligonucleotide primed polymemdsan reaction (DOP-PCR),
although another amplification method using a kitned Genomiphi was also used
in the later stages of work. The downstream appba of the amplified
chromosome fragments was to create a series ofsveajl FISH probes, with which
putative inversions in the DNA of chromatids maydetected. Previously, other
groups have successfully performed DOP-PCR on ledsdrof flow sorted
chromosomes (Telenius et al., 1992a) or tens aflagricrodissected chromosomes
(Meltzer et al., 1992, Zimmer et al.,, 1997). Omyo groups have claimed to
amplify a single chromosome, one group have areglifvarious single copy,
microdissected, chromosome fragments using DOP-@Rn et al., 1993). More
recently, another group have used optical tweezersmanipulate a whole
chromosome into a capillary tube and the chromoseam subsequently amplified
(Wang et al., 2003). However, the authors do ina the details of the PCR and the
results of any FISH reactions performed are nofigied, so it is not known how
efficient this method is.
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Using the optical tweezers technique we aimed @atera narrow band FISH probe
from a single optically microdissected chromosorftagment. The creation of
whole chromosome FISH probes generated from arogiifin of single, isolated,
whole chromosomes was also attempted. All the wledcribed in this chapter was
performed by Lynn Paterson, with the exception bé tecdysone response
expression system.

Whole cell DNA is also amplified and used to labletomosomes with biotin so that
streptavidin coated microspheres may be attachetletahromosomes via biotin-
streptavadin bonding. The attached spheres acthasdles’ with which to
manipulate the chromosomes in an optical trap.used laser light can trap spheres
more readily than the chromosomes due to less bghtg scattered by the sphere
and more light being refracted through it, resgltim enhanced optical manipulation.

9.2 Cell lines and chromosomes

9.2.1

Cell lines used in experiments

Wild type Chinese hamster ovary (CHO) cells andivigpoe Muntjac cells provided
us with chromosomes which were used for opticatimytand tweezing. CHO
GS1943, CHO G2H3 and Muntjac RG1Z2H1 cell linesenbgen transfected using
the Ecdysone-Inducible Mammalian Expression Sysfegwitrogen). A gene of
interest (in this case I-Scel endonuclease) is gemlously expressed in response to
the presence of Ponasterone A. The expressed p&itein cuts DNA at a specific,
transfected, recognition site, resulting in a colesnded double strand break with a
3’ 4 bp overhang.

The cut is generated as follows. The ecdysonetecéV/gEcR) and the retinoid X
receptor (RXR) are expressed from the pVgECR pldsvector and associate to
form a heterodimer which binds to a hybrid ecdysmsponse element (E/GRE) in
the presence of Ponasterone A, a synthetic analfghe insect hormone ecdysone.
The hybrid ecdysone response element (E/GRE) mrpocated into the inducible
expression vector of the system and will induceresgion of our gene of interest
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when the heterodimer binds to it. Our gene ofrage(lI-Scel) was ligated into the
inducible expression vector and is expressed, rmalses the cut, in the presence of
Ponasterone A, when the RXR/VgECR heterodimer bindthe hybrid ecdysone
response element (E/GRE). An overview of thiseystan be seen in figure 9.1.
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Figure 9.1: Overview of the ecdysone responseesysised to induce expression of
[-Scel in mammalian cells.

9.2.2 Chromosome Preparation

9.2.2.1 Preparation of cells

2-3 x 16 Chinese Hamster Ovary cells were grown for 3-4sdaytil they became
confluent in 10 ml MEM FCS, flushed with an air 0@, mixture, at a temperature
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of 37°C. (At least 5 x ToMuntjac cells were grown in each flask containifgml
MEM FCS for 3-4 days until confluent).

Cells were trypsinised and counted using a Coulienter and between 1énd 2 x
10’ cells were put into a roller bottle containing MDMEM FCS. The bottles were
flushed with air and C@Omixture and put on rollers at 37°C. The CHO cellwe

incubated for two days and the Muntjac cells foe¢éhdays.

9.2.2.2 Isolating the mitotic cells

Colcemid was added to the medium in the rollerlést(final concentration 0.1
pug/ml) and the bottles were left for a further 2-@uts at 37°C. This treatment
blocks the cell division cycle at metaphase by entwg polymerisation of
microtubules on the mitotic spindle. In the roltmttles the growing cells adhere to
the plastic inner wall of the bottles but duringasis the cells round up and adhere
less strongly to the surface and can be shakenthetonedium by rapidly rotating
the roller bottles using an in-house made shakée medium containing the mitotic
cells was collected and replaced by 100 ml frestiame containing a final colcemid

concentration of 0.jug/ml and the process was repeated.

9.2.2.3 Preparation of chromosomes

The medium containing the cells was centrifugedlf@minutes at 1200 rpm. The
medium was removed leaving a pellet of cells indbetrifuge tube. Cells were then
pooled in hypotonic solution (HYP 2 - 1:1, 0.075MCK dH,O) for 20 minutes

allowing them to swell. The cells were centrifugaghin for 10 minutes at 1200
rpm, the supernatant removed and the pellet o ceBuspended in fixative (1:3,
acetic acid: methanol). Centrifugation and resosjg® in fixative was repeated
twice and finally the sample was dispensed intol Eppendorfs tubes and stored (1

ml of cells in fixative for every half roller bo&tlused).
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9.3 Methods of isolation of whole chromosomes and closomal

9.3.1

fragments

Isolating a single chromosome or chromosomal fragiging optical tweezers

Several methods were tested to isolate chromosomigagments and transfer them
to a sterile container in which PCR could be penfed and they are described in the
following passage. Chromosomes are microdisseseldmicromanipulated using

optical tweezers initially and later needles orepiip tips were used to isolate single

chromosomes for amplification.

9.3.1.1 Preparing chromosomes for optical tweezing

Cells in fixative were passed through a 25¢g neadtk syringe ten times to lyse the

swollen cells. The sample was then centrifugedlfdminutes at 1200 rpm. The
fixative was removed and chromosomes were resuspend 200ul Phosphate
Buffered Saline (PBS). Centrifugation and resusymenin PBS was repeated.

To stain the chromosomes for tweezing Dif Quikrsteg was used. 2(l of the
sample was added into an @® deep, 1 cm wide, vinyl spacer that was adhered to
large cover glass. @ of Dif Quik was added to the sample. This dy&irst any

DNA present thus the CHO chromosomes can be viewed monitor. The large
cover glasses (22 x 50 mm) were coated in a hyatwphsubstance called
Sigmacote, which prevents chromosomes stickindgvéobiottom of the sample cell

by binding to glass and forming a hydrophobic stefa

9.3.1.2 Tweezing chromosomes

Chromosomes in suspension were prepared as dabarnigection 9.3.1.1. A diode
running at 780 nm or Nd: YAG laser operating at av@length of 1064 nm was
directed into a sample cell from above (standarekizers) and chromosomes in the
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local vicinity of the beam were pulled into the &cegion due to the gradient force
of the laser. Chromosomes tend to align with teanb in the direction of beam
propagation and can be manipulated in three diroaasi Figure 9.2 shows a CHO
chromosome approximatelyun in length, stained with Diff Quik, which has not
aligned with the beam, being tweezed laterally gltre bottom of the sample cell.
In an inverted set-up the chromosomes were ledtavards through the sample

cell by the radiation pressure of the laser conmihg the sample from below.

Figure 9.2: Tweezing of a CHO chromosome.

9.3.1.3 Cutting chromosomes

Laser light at a wavelength of 1064 nm does not atpanthe genetic material,
however, a pulsed laser at a wavelength of 532 rihocause heating in the
chromosome and will cut through the material. Asv@dtched, frequency doubled
Nd: YAG laser with a wavelength of 532 nm and 10 roi¥verage power per pulse
was used as optical scissors to cut chromosomes fragments with which
fluorescent probes could be generated by ampilificand labelling of the amplified
product. Figure 9.3 shows a 10n long Muntjac chromosome being cut into
fragments using this laser. The chromosome wask gtuthe bottom of a sample
cell and the microscope stage was translated dottibachromosome crossed the
optical path at the beam focus and was cut dueatirig (opticuted).
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Figure 9.3: Optical microdissection of a Muntjdwa@mnosome.

The optical tweezer and scissors are combinedsiystem illustrated in figure 9.4,
which shows the tweezing beam directed into a samgll from below and a cutting
laser coming from above. This set up allows ugume whole chromosomes or
laser microdissected fragments away from other mbsmmes and debris in the
sample cell by levitation caused by the radiatioespure from the laser. These
whole chromosomes or fragments are then used aglaEmDNA with which
chromosome FISH probes can be created.
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Figure 9.4: Schematic of chromosome microdisseaitd manipulation system.
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Chromosomes which had settled on the bottom osdémeple cell were cut and then
levitated upwards through the sample cell, awagnfibe rest of the chromosomes.

Whole chromosomes were also levitated in this manne

9.3.1.4 Chromosome levitation

One method explored with which to isolate a chroonoes or a laser microdissected
chromosomal fragment using optical tweezers is rdest as follows. A
chromosome was guided to the top of the samplendedle it stuck to the coverslip
and the remaining chromosomes in the suspensioa le&rto sink due to gravity
and stick to the bottom of the sample cell. Theecslip with the single attached
chromosome or fragment was then removed, cut akglin a microfuge tube, to
which the PCR regents were added. This technigjukustrated in figure 9.5 and
captured frames of a chromosome being levitatatdisnmanner are shown in figure
9.6.
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Gurndes] chromosome Coverslipis cut Chronmasoeme on
3 Sinale cks ~oserslip LVErsiip 18 T AT
Chromaosomes in Y = . sticks to top coversiip arounid region ulass "r.‘*?*”“'u E
suspension »Il_rc:ummnme 15 as all other SGntRinie placed in e
guided upwards chromosomes sink to AN and PCR reagents

CcHrOm oS

bottom of sample cell are added

Figure 9.5: Attachment of chromosome to covenssimg optical tweezers.
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Figure 9.6: Chromosome levitation.
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The first frame shows a Muntjac chromosome which $ettled near the bottom
surface of the sample chamber and the second fsmows the chromosome
beginning levitation as the laser, coming intogheple from below, is switched on.
The third image is hat of the bottom of the sangiiamber with the chromosome
gone and the fourth frame is that of the same chsmme having been guided to the

top coverslip of the sample chamber.
In another experiment a chromosome was guided shahit stuck to the top

coverslip in the sample cell and then the wholeecslip was removed with the

spacer attached to it and was itself used as alwtvamwhich PCR was performed.

Mechanical isolation of chromosomes (scraping tHég)

Due to lack of success in generating FISH probesnfithe aforementioned

techniques of chromosome isolation, the follow rodthwere attempted.

9.3.2.1 Preparation of chromosomes fixed on slide for strgp

Ice cold slides are flooded with 50% ice cold acatid and 2@l of cells in fixative

(1: 3, acetic acid: methanol) are dropped ontcstitke. Excess acetic acid is tapped

off and slides are left to air dry slowly overnight

9.3.2.2 Needle/Pipette tip micromanipulation of chromosomes

Single chromosomes fixed on a microscope slide weund under the phase
contrast microscope. These chromosomes were scadpéhe cover glass using a
25g needle and transferred into a collection buffethin a PCR tube. The
chromosomes could also be removed from the coassdly pipetting ul of sterile

water onto the site and scraping the chromosoméhefiglass with the pipette tip,
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and then transferring the water and chromosom¢hefiglass and into a PCR tube.

This method is illustrated in figure number 9.7.

= == 4 4
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Pipette tip is used to Drop of water and

serape a chromosome oft

the glass and collect it in
| Jl of water in the tip.

chromosome is
transferred into PCR tube
and other reagents are

added.

Figure 9.7: Chromosomes are scraped off a coassgind resuspended in a small

volume of water then transferred to PCR tube.

9.4 Generating a chromosome FISH probe from isolatedncbsomal
material

9.4.1 Degenerate Oligonucleotide Primed Polymerase CRaaction (DOP-PCR)

9.4.1.1 Primary DOP-PCR

The primary PCR of chromosomes or of the positiwatls (using fragmented,
genomic DNA or many chromosomes in suspension)odranegative control with
no DNA template is performed in a final volume &8. The final concentrations
of reagents is 1x PCR buffer, 2 mM MgCHl uM degenerate oligonucleotide
primers of sequence 5— CCGACTCGAGNNNNNNATGTGG -8.2 mM dNTP
mix, 0.05% W-1 and 2 units of Taq polymerase. Wheture is made up to 50l
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with sterile H0. PCR is performed on a thermal cycler (Techneé)@cles used in

the following work have included;

1 cycle 95°C 3 minutes
30 cycles 94°C 1 min
50°C 1 min
72°C 2 mins
1 cycle 72°C 8 mins.
Also used was;
1 cycle 94°C 9 mins
8 cycles 94°C 1 min
(25°C) 30°C 1.5 mins (three minute transitiomir80°C to 72°C)
72°C 3 mins

25 (30) cycles 94°C 1 min
(50°C) 62°C 1 min
72°C 1.5 mins
1 cycle 72°C 8 mins

9.4.1.2 ReadyMix Taq

Primary amplification was also carried out usinga@®gMix Taq (Sigma) which, as
the name suggests, is a ready made master mix tifeateagents needed for the
PCR, excluding DNA template and primers. The athg of using this method is
that it saves preparation time and reduces theafisbontamination. 28 of the
Ready mix was used for each amplification reactrdth 4 pM of degenerate
oligonucleotide primer (DOP) and DNA template, wiitle total volume being made
up to 50ul with H,O. The final concentrations of the reagents inRbadyMix Taq
were 10 mM Tris-HCI, 50 mM KCI, 1.5 mM Mggl0.001% gelatin, 0.02 mM
dNTP and 1.5 units of Taq polymerase. The cygliatameters used were the same

as described above.
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9.4.1.3 Alternative protocol for chromosome amplification

Chromosome fragments have been pretreated befoRe VA Topoisomerase |
which is used to increase the efficiency of amgdifion (Guan et al., 1993).
Topoisomerase | catalyses the relaxation of supecc®NA by producing single
strand breaks in the double stranded DNA. DNA ietaphase chromosomes is
highly condensed and the higher order structursupercoiled DNA may limit the
access of primers and polymerase to the templatensymatically producing nicks
in the DNA should allow primers more access to tetep

Two units of Topoisomerase | is added to the chson® in collection buffer and
incubated for 30 minutes at 30 °C, and the enzymeaictivated by incubating at 94
°C for ten minutes. Collection buffer was eitheplf 10 x PCR buffer and 4l
25mM MgCh (the reagents of the PCR reaction described alexayuding Taq,
dNTPs and primer, which would be denatured by hgatr by enzyme action), or
TAPS buffer used by Telenius (Telenius et al., 1¥92and Thalhammer
(Thalhammer et al., 1997) which consisted of fi@lmes of 25 mM TAPS (N-tris
(hydroxymethyl) methyl-3-amiopropanesulfonic acpghl 9.3, 50 mM KCI, 1 mM
DDT, 2 mM MgChk and 0.05% W-1 or the collection buffer used by @ien et al.
(Zimmer et al., 1997) which contains 40 mM Tris-HBH 7.5), 20 mM MgCJ, 50
mM NacCl.

Proteinase K may also be added to the collectidfebaontaining the chromosomal
material to digest any proteins associated with cheomatin which may inhibit
PCR. 50ug/pl is added and incubated at 37 °C for one hourthed inactivated by

incubating at 95 °C for ten minutes.

9.4.1.4 Secondary Polymerase Chain Reaction

A secondary labelling reaction of the primary pradis performed to incorporate
biotin 16-dUTP into the PCR product or directlydtescently label the product with

spectrum Green-dUTP. The labelling reaction igiedrout in a volume of 50,
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containing final concentrations of 1 x PCR buff2nmmM MgCh, 4 uM degenerate
oligonucleotide primers, 0.08M of dATP, dCTP and dGTP and OiM of dTTP
and 0.01uM of biotin 16-dUTP or Spectrum Green-dUTP, 0.05%1W2 units of
Taq polymerase and 10 of the primary reaction product. The mix is mageto

50 ul with sterile HO and the cycle used is as follows:

1 cycle 94°C 9 mins

25 (30) cycles 94°C 1 min
62°C 1 min
72°C 1.5 mins

1 cycle 72°C 8 mins.

ReadyMix Taq is also used in some secondary laigelteactions, however the
concentration of dTTP cannot not be reduced, abelllag with dUTP may not be
as efficient.

Fluorescent in situ hybridisation (FISH) techniques

9.4.2.1 Precipitating Probe

To prepare the probe mix, di0of biotin or Spectrum Green labelled secondar)RPC
product is combined with 0.1 volume () of 3M sodium acetate and in some
instances Cot-1 DNA is also added at this stagé v@lumes (2fl) of ice cold
absolute ethanol are added to the mix to precgpttag DNA. The mixture is briefly
mixed and left at minus 20°C for two hours and thentrifuged at 13,000 rpm in a
mini centrifuge for thirty minutes to pellet the BN The supernatant is removed
and the pellet is air dried for fifteen minuteshelDNA pellet is resuspended inu3
H,O and 7yl hybridisation buffer and left for thirty minutds dissolve. Before
hybridising the probe to target metaphases onda shie probe and the metaphases
must be denatured, either separately or togetfidére probe can be denatured by

heating the probe mix for five minutes in a 73°Qavdath.
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9.4.2.2 Preparation of microscope slides with target meteges

Ice cold slides are flooded with 50% ice cold aratid and 2@ of cells in fixative
(1: 3, acetic acid: methanol) are dropped ontcstitke. Excess acetic acid is tapped
off and slides are left to air dry slowly overnighBefore hybridisation with the
probe the target metaphases on the slides cannaguded by immersing slides for
five minutes in denaturation solution at 73°C.d&84 are then dehydrated by placing
in 70% ethanol solution for one minute, followed twye minute in 85% ethanol
solution, and one minute in a 100% ethanol solutidrhe ethanol is allowed to
evaporate before 0 of the denatured probe and in some instancesLdMA is
dropped onto the slide and a coverslip is placedopmnand sealed with rubber
cement. The slide is placed in a humidified box/Btte) at 37°C for at least
sixteen hours.

The target metaphases and probe may be denatuyeithéo by dropping the probe
(not denatured) and in some experiments Cot-1 Ddg the slide (not denatured),
putting a coverslip on top and sealing with rubbement and then denaturing by
heating in the HYBrite to 73°C for five minutes atien hybridising at 37°C for at

least sixteen hours.

9.4.2.3 Spectrum Green-dUTP labelled probe

Following hybridisation with the Spectrum Green-d¥JTabelled probe, the rubber
cement and coverslip are removed from the slide thedslide is washed in a
solution of 0.4 x SSC/0.3% NP-40 at 74°C by agigtior 1-3 seconds then left to
stand in the solution for 2 minutes. The slid¢hisn immersed in a wash solution
containing 2 x SSC/0.1% NP-40 at ambient tempegadnd is again agitated for 1-3

seconds and left to stand in the solution for noentban one minute. Following

washing, the slides are left to air dry in darknasd once they have dried RDof
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DAPI counter stain is added to each slide, a cdipeiss placed on top and is sealed
using nail polish.

Slides are viewed using a fluorescent microscop the optical filters used are
DAPI to view the DAPI counter stain and FITC towi¢he Spectrum Green-dUTP
labelled probe. The triple band pass filter allobsth signals to be seen

simultaneously.

9.4.2.4 Biotin-avadin Cy3 probe

Metaphases that have been hybridised with a bibB+tlUTP labelled probe are
washed as above by placing in 0.4 x SSC/0.3% NBt4@°C for two minutes and
then in 2 x SSC/ 0.1% NP-40 at ambient temperdtrao more than one minute.
The slide is left to air dry and is then incubatéath 100l of blocking buffer (BSA
blocking buffer, TNB blocking buffer, or non fatidamilk blocking buffer with a
large coverslip placed on top) for 30 minutes amaemperature in a humidified
box. After this incubation any excess blockingfeufs tapped off and 10@ of a
1:300 solution of avadin-Cy3 in blocking buffer aslded to each slide. A large
coverslip is placed on top and the slide is inceban the dark for thirty minutes at
37°C in a humidified box. Slides are then wash#tkeethree times for five minutes
each time in washing buffer (50% formamide in 2 SC$ and then rinsed three
times in dHO and air dried or, alternatively, washed threeeinm TNT washing
buffer for five minutes each wash and then airdiri€inally 20ul of DAPI counter
stain is added onto the slide, a coverslip is plaoe top, sealed and the slide is
viewed under fluorescence. The DAPI filter is usediew the blue signal from the
DAPI counterstain and the rhodamine filter is usegiew the red signal of the Cy3

signal. Again a triple band pass filter can beduseview the two signals together.
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9.4.3 Other methods used for the generation of chromoge®id probes

9.4.3.1 Purifying genomic DNA

Fragmented genomic DNA is used as a template foR BT positive control
reactions and it is generated as follows.

1-2 x 10" CHO cells are grown over two days in one rollettlbountil confluent
when the cells are trypsinised and collected irel&epby centrifugation. Digestion
buffer (400 mM NacCl, 100 mM Tris HCI (pH 8.5), 50MnEDTA and 0.5% SDS)
and RNase (at a final concentration of 4§fml) are added to the pellet and the
sample is incubated for one hour at 37 °C. Folhgwihat, an equal volume of
digestion buffer containing proteinase K (for fimaincentration 10Qg/ml) is added
and the mixture is incubated overnight at 50 °Che Bample is combined with a
double volume of isopropanol and the sample islgenixed for approximately one
hour until the DNA has precipitated. The DNA idlected using a pipette tip and
transferred into a fresh tube where it is rinsethwi0% ethanol by centrifugation at
2000 rpm for 2 minutes in a 20 cm diameter rotdihe pellet is air dried and
resuspended in TE of pH 8 and is ready for use.

Alternatively, a Genomic DNA Purification (Promedd) may be used. 1-2 x 10
CHO cells are used to give a yield of 4@ of DNA. Cells are harvested by
trypsinisation and centrifuged to pellet the cellfie supernatant is removed and the
pellet is washed in PBS by centrifugation, the so@iant is removed and the pellet
Is vortexed vigorously. Nuclei Lysis solution ideed to the pellet and pipetted until
the cells are lysed and there are no clumps ren@inBul of RNase Solution is
added and mixed into the nuclear lysate. The mexigiincubated for 15-30 minutes
at 37°C then cooled to room temperature, and @OOf Protein Precipitation

Solution is added and the mixture is vortexed ogsty. The sample is chilled on
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ice for ten minutes and centrifuged to precipithe protein into a tight white pellet.
The supernatant containing the DNA is removed andsferred to a fresh tube
containing 600ul of isopropanol at ambient temperature, leaving phecipitated
protein behind. The solution is mixed until whiteead-like strands of DNA form a
visible mass and then centrifuged until the DNArsra small visible pellet. The
supernatant is removed and g0®f 70% ethanol is added to wash the DNA and the
sample is centrifuged then the supernatant is rechowhe DNA pellet is dried and
100l of DNA Rehydration Solution is added and incublaa¢ 65°C for one hour or
at 4 °C at room temperature.

The DNA can be fragmented by sonication and the gfZragments can be checked
by running an aliquot of the sample on an agarade dhe concentration of the

DNA is measured using the Gene Quant and can rdducdiluting with TE.

9.4.3.2 Preparing Cot-1 DNA

Cot-1 DNA is made as follows. Genomic hamster DiAsolated from CHO cells
as described above and is sonicated to producenénaiy between 500-2000 bp.
The DNA is diluted to 0.2%g/ul in S1 nuclease reaction buffer and denatured in
boiling water for fifteen minutes. Repetitive segues are allowed to reanneal at
63°C for 22 minutes and then cooled to 37°C andrémeaining single stranded
unique sequences are digested with S1 nucleaseu(t8 perug of DNA) and
incubated for two minutes at 37°C. The reactiostapped by adding 0.1 volume of
0.5M EDTA. The digested DNA and proteins are reawbisy a phenol chloroform
extraction. An equal volume of phenol is addedh® mixture and is vortexed for
one minute and then centrifuged at 12,000 rpm imiero centrifuge for two
minutes. The top (aqueous) layer containing theADNtransferred to a fresh tube
and the size of the generated Cot DNA should kikarrange 100-500 bp.
Alternatively, commercially available mouse or hum&ot-1 DNA is used in

hybridisation experiments (Vysis, Invitrogen).
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9.5 Results of enzymatic amplification of isolated ahosomes and

9.5.1

fragments to make chromosome FISH probes

DOP-PCR of a previously DOP-PCRed, needle micredissl, chromosome

fragment

Needle microdissection of the CHO X chromosome d&»dP-PCR of the

microdissected fragments was carried out by anajh@up at another location and
an initial experiment was the amplification anddbiibg of this primary product in a
secondary DOP-PCR reaction. The reagents uséusiamplification were 1x PCR
buffer, 2 mM MgC}, 4 uM degenerate oligonucleotide primers, 0.5 mM of @AT
dGTP, dCTP, 0.4 mM dTTP, 0.1 mM of biotin 16-dUTR)5% W-1 and 2 units of
Taq polymerase. The mixture was made up tqub@ith sterile H0. Cycling

parameters were

1 cycle 95°C 3 minutes

30 cycles 94°C 1 min
50°C 1 min
72°C 2 mins

1 cycle 72°C 8 mins.

FISH was performed on CHO metaphases following gtaocol detailed in the

methods section and the resulting hybridisationltesre shown in figure 9.8.
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Figure 9.8: Red region is paint probe generate®®y-PCR of a microdissected

chromosome.

9.5.2 DOP-PCR of isolated chromosomes or fragments

9.5.2.1 Optically levitated chromosomes or fragments stoajlass

Whole chromosomes and laser microdissected chramo$mgments were guided
in a sample cell using inverted optical tweezersh set up illustrated in figure
number 9.4 above. As described above, the chraom@swas guided to the top of
the sample cell where it stuck to the coverslip #mel other chromosomes and
cellular debris in the sample were allowed to smkhe bottom of the sample cell.
The coverslip was then carefully removed and courd the region where the
chromosome adhered. This glass fragment with tinencosome or chromosomal
fragment attached to it was transferred into a ofiicye tube, and PCR reagents were
added. This method is illustrated in figure numBes above. The DNA was
subjected to a PCR reaction which is describedhen methods section as is the
second round, labelling reaction, precipitationtioé probe and the hybridisation

reaction. An alternative method which was tested W use the top coverslip, with
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vinyl spacer attached, as a well in which to penff®@dCR. The tweezed chromosome
remains stuck to the glass and the PCR reageatidisd to the well created by the
spacer. Another coverslip is placed on top to gsalchamber and PCR cycles are
performed on a heating block.

9.5.2.2 Micromanipulation using a pipette tip

Another method used to isolate single chromosormes few chromosomes for
subsequent amplification makes use of @ Ripette tip. Chromosomes fixed on a
glass coverslip or slide can be scraped off byusgpending a single chromosome of
interest in a micro-litre volume of sterile waterdamaking use of the plastic pipette
tip to free the chromosome from its attachmenh&oglass. The micro-litre of water
with the chromosome suspended in it may then besfieared to a Microfuge tube

and PCR can be performed. This method is illustrat figure number 9.7.

9.5.2.3 DOP-PCR

The degenerate oligonucleotide primer of sequeflC€G ACT CGA GNN NNN
NAT GTG G-3' consists of three parts; six spedifases at the 3’ end, the middle
section contains six nucleotides of degenerateeseguand the 5 end is a specific
sequence of ten bases. The low annealing temperatuhe first cycle allows the
partially degenerate 3’ end to anneal to the tetaptaaterial. In the following low
temperature cycles, fragments are generated wtoakain the full length of the
primer at one end and its complementary sequenc¢h@mther end. All the
products from these first low-annealing temperatcyeles will contain the full
length primer sequence so the annealing temperaamebe raised from 30°C to
62°C and these long nucleotide sequences can bidiathfurther.

If the PCR is performed using the following cycles:
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1 cycle 95 °C 3 minutes
30 cycles 94 °C 1min
50°C 1 min
72 °C 2 mins
1 cycle 72 °C 8 mins.

A product for the positive control (containing gemo DNA or many chromosomes
suspended in water) is observed when an aliqutiteoPCR product is run on a 2%
agarose gel, and no product is seen for the negatintrol (which is the same as the

positive but contains no template DNA). Howevenew the cycles used are

1 cycle 94 °C 9 mins
8 cycles 94 °C 1 min
(25 °C) 30 °C 1.5 mins (three minute transitiiom 30°C to 72°C)
72 °C 3 mins

25 (30) cycles 94 °C 1 min

(50 °C) 62 °C 1 min

72 °C 1.5 mins

1 cycle 72 °C 8 mins,
as recommended in the literature for degeneragemlicleotide primed - polymerase
chain reaction, a product in the negative congallways created.
Reagents used in the PCR of positive controls andhiorodissected, tweezed
chromosomes and of single scraped chromosomes eagled in the methods
section. DNA template used as a positive contras wither fragmented, genomic
DNA or many hundreds of metaphase chromosomes pesdsd in PBS, TE or
water. To create a probe that does not label esl@rgmosome in the cell, either
fragments of chromosomes, whole single chromosamesfew chromosomes (up
to half the chromosomes in a metaphase cell) a&d as template DNA. For the
negative control, sterile water is added in placemplate DNA.
An experiment was performed to determine if attaghinof chromosomes to a glass

substrate inhibits amplification of the DNA. Sérdilutions of chromosomes in
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water are dropped onto a fragment of cover gladsadiowed to dry, and the same
dilutions of chromosomes in suspension are PCRiag) tise following; one cycle at
95 °C for 3 minutes, 30 cycles of 94 °C for 1 n80,°C for 1 minute and 72 °C for
2 minutes and finally one cycle at 72 °C for 8 m@su Chromosomes in water were
counted using a haemocytometer and dilutions aoatlapproximately 250, 25 and
2.5 chromosomes and a negative control containiagmonly was also performed.
An aliquot of the products were run on a 2% agagseand typically showed a
bright smear for the amplification product of 25@ramosomes in suspension and
very feint smears for the other products.

PCR was performed on chromosomes in suspensiomwdrat either not stained or
stained with Giemsa or with Diff Quik to determi¢he stain (which is required to
visualise the chromosomes when optical tweezing)dry adverse effect of FISH,
and it was discovered that neither Giemsa staion@®if Quik staining inhibited
FISH. Chromosomes were brightly labelled in akkesaand the negative control

which was run in parallel showed no labelling.

DOP-PCR of optically levitated chromosomes

PCRs were performed using a positive control, singhole chromosomes that had
been tweezed onto a glass coverslip and placedanRCR tube (initially laser
microdissected fragments were used, however whienfdiled to produce results
single whole chromosomes were used), and a negadiveol. A typical result can
be seen in figure 9.9. The target metaphaseseqgbdbitive control are labelled with
Spectrum Green (9.9A), the negative is very faitdlyelled (9.9G) and the single
whole chromosome probes are label all of the chemmmes of target metaphases at
an intensity in between that of the positive arelrthgative controls (9.9B-F).
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Figure 9.9: FISH slides of A. positive control, @obe 1, C. probe 2, D. probe 3, E.

probe 4, F. probe 5, G. negative control.

In many of the DOP-PCRs carried out there was daielling of chromosomes in
the negative control. This was initially thouglot be contamination, and efforts

went into getting rid of any contamination, by gsitow hoods to prepare samples,
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UV sterilising tubes, tips and water, and usintgfittips to stop any splash back of

reagents into the pipette.

9.5.3.1 DOP-PCR using ReadyMix Taq

In order to combat contamination Readymix Taq wdsoduced in place of Taq,
buffer, ANTPs, detergent and MgCIThis meant that contamination due to repeated
pipetting is reduced and all that needs to be atloléae mix is primer, template and
water. It was also discovered that, at the lowealing temperature used for DOP-
PCR a product in the negative control is alwaysdpeed, thought to be
concatenation and then extension of the primemnsbé/es. As a result of this, a
fresh negative control was set up for every secgnasction performed, and at the
last stage of the experiment — the FISH slide s thsulted in no labelling of the
target chromosomes. This can be explained asiieaiing temperature used in the
secondary reactions is higher, so primer dimerscanttamers are not produced so
are not available to be amplified by Taqg polymerase

Positive and negative controls were working asrddsnith all chromosomes being
labelled by FISH in the positive control, which dsgenomic DNA or chromosomes
suspended in water as template material, and clsomes not being labelled in the
negative reaction. However, it seemed that theliieghband labelled product from
a tweezed whole chromosome or fragment resultethenlabelling of the same
region of chromosome each time FISH was performemhardless of the
chromosome that was tweezed. This happened inct#s of both CHO

chromosomes and Muntjac chromosomes (figure 9.10).
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Figure 9.10: In each FISH performed, the sameoregf chromosome was labelled

in A. CHO metaphases and B. Muntjac metaphases.

On first appearance this could be thought of aactimal FISH probe which could be
utilised in chromatid inversion studies, but aftesiny amplification experiments on
different chromosomes it was concluded that thisorscence is labelling of
repetitive sequences in the DNA. To prevent ttosifhappening again, Cot-1 DNA
was preannealed with probe or target metaphasesuppress the labelling of
repetitive sequences. At this juncture opticallye¢ézed chromosomes and
chromosomal fragments were substituted with chrames scraped off a
microscope slide using either a needle or a pipgtigs the micromanipulator.

DOP-PCR following published protocols

Various protocols, described in the literature agidcovered from personal
communications with Julio Masabanda, were followearder to create a specific
and strong probe. Single whole chromosomes, soine cases a few chromosomes,
were collected using the scraping method descriirede and transferred to a tube
containing PCR buffer, Mggland W-1. Topoisomerase | was added to the sample
and then the mixture was incubated for 30 minut&¥ &C for the enzyme to create
single strand cuts in the DNA to relax the tightbiled double stranded DNA of the

fragment. Proteinase K was then added to the saamul incubated for a further 30
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minutes at 37 °C to digest any protein in the samplThe enzyme was then
denatured by incubating at 95 °C for 10 minutemally, the DOP primers, dNTPs
and Taqg polymerase are added and PCR is perforatedding to the low annealing
temperature protocol described above. Variousratbkection buffers are used to
incubate the chromosomes with or without Topois@®er. Telenius et al., in the
original DOP-PCR paper (Telenius et al., 1992byfqumed the amplification of
genomic DNA using two different buffers, named AddB. Buffer A consisted of
10 mM Tris HCI, 1.5 mM MgGland 50 mM KCI and buffer B consisted of 25 mM
TAPS, 2 mM MgC}, 50 mM KCI, 1 mM DDT and 0.05% W-1. The positiaad
negative controls, and the single scraped chromesamthe collection buffers were
incubated with Topoisomerase |, and after the dmaabn step the remaining

reagents were added to the mixturgi§2 DOP primer, 0.2 mM dNTPs, 1.5 units of

Taq polymerase in buffer A and 2.5 units in bur As described in the methods
section, the primary amplification used the loweadmg temperature cycles and the
secondary labelling reaction used the higher ammgpatemperature cycles.
Unfortunately the FISH probes generated in this didynot label target metaphases
well. The positive controls for sample A and B aetightly speckled with probe
but not brightly labelled, the whole chromosomebgrdor both methods A and B
also did not label a single chromosome only, beckles of probe could be seen on
all chromosomes and background and the negativeotamas similar. Two other
buffers were used in experiments, taken from tweopapers, one by Zimmer et al.
(Zimmer et al., 1997) which consisted of 40 mM €l (pH 7.5), 20 mM MgCGl

50 mM NaCl and 0.5 mg/ml Proteinase K and anotherThalhammer et al.
(Thalhammer et al., 1997) which contained 25 mM $AB0 mM KCI, 1 mM DTT,

2 mM MgChL and 0.05% W-1 which is the same as Telenius’ busfe Positive
controls, negative controls and single chromososeeasped off a cover glass were
incubated with Topoisomerase | prior to amplifioatiin order to increase the
amount of PCR product. Cycles with the initial l@amnealing temperature were
used in the primary amplification reaction, as désc above. Aliquots of the
sample were run on a gel and showed no productmfpof the reactions, not even a

smear for the positive control, thus a secondaagtien was not performed.
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A further DOP-PCR method

Another scheme was attempted using the reagentB@Rx buffer, 2 mM MgGl 1
UM DOP primers, 0.2 mM dNTP, 0.05% W-1, 2.5 unitsTafq polymerase and

made up to 2%l with sterile water. A positive and a negativettol were of course
performed and two samples containing single chrames were also used to create
a whole chromosome paint probe. This amplificati@s carried out in parallel with
an experiment in which the samples were incubaiéu 35 units of Topoisomerase
| at 37 °C for 30 minutes and then the enzyme wasatired for ten minutes by
heating to 95 °C. The cycles used were:

1 cycle 94°C 9 mins
8 cycles 94°C 1 min
30°C 1.5 mins (three minute transition from 3@6G2°C)
72°C 3 mins
25 cycles 94°C 1 min
62°C 1 min
72°C 1.5 mins
1 cycle 72°C 8 mins.

An aliquot of the products were run on a gel whsbbwed only a feint smear for the
positive control without Topo | added. A secondeggction was performed using
either 10ul of primary product as template with pbof Ready mix Taq, M DOP
primers and made up to pOwith sterile water, or using @l primary product, 1 X
PCR buffer, 2 mM MgGl 2 mM DOP primers, 0.2 mM dATP, dGTP, dCTP, 0.18
mM dTTP, 20uM Spectrum Green-dUTP, 0.05% W-1, 5 units of Tatymperase
and made up to 50 with sterile water. The cycles used in the seleon PCR

were:
1 cycle 94°C 9 mins
25 cycles 94°C 1 min

62°C 1 min
72°C 1.5 mins
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1 cycle 72°C 8 mins.

The gel of the secondary reaction always showedmaas for each product.
However, the FISH image showed faint labelling bftarget metaphases for both
Topo | treated and untreated positive controls wipldied CHO fragmented,
genomic DNA. The fresh negative control would shoavlabelling, the negative
control that was carried across from the primanyatiee showed speckling of probe
in the background and on the target metaphases. aitiplified single chromosome
probes showed similar labelling to the secondargatiee with slight speckled
labelling of probe on all target metaphases anthenbackground. These results
were typical of many DOP-PCRs attempted and typieslilits can be seen in figure
9.11. In this experiment the technique describedctly above was used and
resulted in the all the target metaphases of tisgtipe control probe and of one of
the whole chromosome probes being slightly labelldd. (A and C) and the other
whole chromosome probe, the secondary negativetmmdrimary negative not

being labelled 9.11 (B, D and E respectively).




9.5.6

203

Figure 9.11: Typical DOP-PCR results. A. positianirol, B. probe 1, C. probe 2,

D. secondary negative control, E. primary negatwetrol.

Due to the continuing problem of obtaining resolt$ISH similar to that described
above, we decided to try making chromosome paiobgs via another method,
discovered through a personal communication withioJMasabanda and a
subsequently published piece of work (Masabanda @niéfin, 2003), which

claimed to create paint probes that were brightdrraore specific.

Linker Adaptor PCR
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9.5.6.1 Method

A technique that has been used to create a brigini@e specific paint probe uses
streptavidin coated paramagnetic spheres to isblatewylated PCR product. The
biotinylated DNA is hybridised with fragmented gemo DNA with adaptors linked
to the fragments which are a template for PCR pinte anneal to, and PCR is
performed using these specific primers. This metthvas developed by Masabanda
and Griffin and published in Biotechniques (Masatzaand Griffin, 2003) and an

overview of the technique is illustrated in fig@d.2.
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Figure 9.12: Overview of PCR using linker adaptors
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Genomic CHO DNA is isolated as described above feagmented by sonication.
Two oligonucleotides (Invitrogen) of complementagquence (5-CCT CTG AAG
GTT CCA GAA TCG ATA GGT CGA CCG-3 and 5-CGG TCGQC TAT CGA
TTC TGG AAC CTT CAG AGG TTT-3) are annealed to neatke double stranded
adaptor prior to ligation in a final volume of 1fDcontaining final concentrations
of 10nmol of both oligonucleotides, 1 x annealingfér (100 nM Tris-HCI (pH
7.5), 1 M NaCl, 10 mM EDTA) and made up to 10@vith dH,O. The solution was
held at 65 °C for 10 minutes allowed to cool slowdyoom temperature. Adaptors
are ligated onto the sonicated CHO DNA using T4 Didjase (Promega) with a 1:
3 molar ratio of genomic DNA: adaptor. 200 ng ehgmic DNA, 20 ng of adaptor,
1 x ligase buffer and 1 unit of T4 DNA ligase ammbined in a final volume of 10
pl and the reaction is incubated for eighteen haudsb °C.

Chromosomal DNA is amplified using one of the abawentioned methods and in
the second amplification reaction the DNA is labelwith biotin 16-dUTP. The
probe is precipitated as detailed above. The gen®MNA with the linker adaptors
attached and the labelled probe are heated forihQtes at 75 °C to separate the
double stranded DNA and they are both separatalynealed with Cot-1 DNA at 37
°C for 3 hours. The two samples are mixed togedimer allowed to reanneal at 37
°C for sixteen hours then cooled to ambient tentpeza

Streptavidin coated paramagnetic microspheres apaped by washing prior to
adding the entire contents of the annealing reactidhe spheres and DNA are
incubated for 10 minutes at ambient room tempesatand gently mixed by
inverting. The beads with attached DNA (due temvidin-biotin bonding) are
captured using a magnetic stand and the supernataarefully removed without
disturbing the pellet. The spheres are washediaallly the DNA is eluted and used
as a template for two further PCR reactions. Anpri of sequence 5-CCT CTG
AAG GTT CCA GAA TCG ATA G-3' (complementary to onef the linked
adaptors) is used at a final concentration ofpd/bin a volume of 5Qu which also
included 1 x PCR buffer, 2 mM Mg&10.05% W-1, 0.2 mM dNTP, 5 units of Taq
and 20ul of the eluted DNA. The cycles used for this P&R:
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1 cycle 94°C 5 mins

35 cycles 94°C 1 min
60°C 1 min
72°C 2 mins

1 cycle 72°C 8 mins.

A second reaction which uses these cycles in wiielDNA is labelled with biotin
16-dUTP is carried out as described in the sectdwove as is than situ

hybridisation reaction in which the probe is aneddb target metaphases.

9.5.6.2 Results of chromosome amplification using Linkeagtdr PCR

DOP-PCR was performed as described in the methasios on single
chromosomes scraped off a microscope slide usiagpibette tip method, and a
secondary amplification was performed in which freduct was labelled with
biotin 16-dUTP. The method described immediatélgvae was followed and a gel
of the products of the first PCR reaction usingrampr specific to the Linker
Adaptor showed no smears on the gel for the pes@tontrol, the negative control or
for the two samples which both contained a singlamed chromosome at the
beginning of the process. However, a gel of thedpcts from the secondary
reaction using the specific primer (the fourth aifigation in all) showed discrete
bands for the positive control and the two wholeaotbsome probes but not for the
negative control. This could indicate that fragiseaf genomic DNA with the
linker adaptors attached of different size havenhmdled out of the sample at the
stage of biotin-streptavidin attachment and hawentsibsequently amplified.

Probe precipitation and FISH was performed andslidges showed that the positive
control had indeed labelled all target metaphasik e negative control had not
labelled any of the target chromosomes which wgsaal result, however one of the

whole chromosome probes had labelled all of thgetathromosomes quite brightly,
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and the other paint probe had labelled some chromes quite faintly, but not
others, although it was unfortunately not unifoabélling of specific chromosomes
for each metaphase. At this juncture another ditgion method, which does not
utilise degenerate oligonucleotide primers but msakee of a kit that contains

random hexamer primers for general amplificatio®DbfA, was attempted.

Genomiphi PCR

9.5.7.1 Method

After many unsuccessful attempts to create chromagprobes from chromosomal
fragments or whole single chromosomes using degen@ligonucleotide primers
(DOP-PCR) a further attempt was made in which aroergially available DNA
amplification kit, named Genomiphi (Amersham Bieswes) was used. The
manufacturers claim was that any DNA present inrdaetion would be primed at
multiple sites by random hexamers and the reacstionld produce large quantities
of DNA. The kit uses random hexamers which ante#&mplate DNA at multiple
sites and non-specifically prime polymerisationabgted by bacteriophage Phi29
DNA polymerase. Phi29 DNA polymerase initiatedioggion simultaneously at the
multiple sites on denatured double stranded DNAie Teaction does not require
thermal cycling and is performed overnight at 30 th@ optimal temperature for the
enzyme to replicate DNA. As new single strandedADl synthesised additional
primers bind to the newly replicated and displasgdnds and subsequently, large
quantities of high molecular weight, double strah@&A is produced.

1 ul of template DNA is added to |9 of sample buffer which contains the random
hexamers. The sample is heated to 95°C for 3 méntd denature the template
DNA then cooled to 4 °C on ice. This mixture ohdtured template and random
hexamers is combined, on ice, withu9f reaction buffer (which contains salts and
deoxynucleotides, and is adjusted to a pH that pin@al for Phi29 DNA

polymerase-catalysed synthesis) andulenzyme mix, and incubated at 30°C
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overnight. After amplification Phi29 DNA polymemss heat-inactivated by
incubating for ten minutes at 65°C. The biotingthprobe is precipitated amdsitu
hybridisation is performed as described above.

9.5.7.2 Results of Genomiphi PCR

To create paint probes, |l of sterile water with a few resuspended chromasom
scraped off a cover glass is used and no DNA ie@&dd the negative control.
Template DNA used for one positive control was ldmiDNA which comes with
the kit and another positive control uses genonti©MNA. Large smears can be
seen when an aliquot of the products (even thetwegeontrol) is run in a 2%
agarose gel, except in one of the samples whitlfeiproduct of the amplification of
a few chromosomes. A secondary labelling reactiith Spectrum Green-dUTP
was performed using DOP primers and the low anmgatemperature cycle
described above, and the FISH probes were creafée. positive control worked
well and labelled all the target metaphase chromesabrightly however, probe 1, 2
and the negative control all showed only ‘specKliag chromosomes and in the
background. The secondary labelling reaction vegeated with biotin 16-dUTP
using the Genomiphi kit rather than DOP-PCR howettee gel of the product
showed a bright smear in the negative lane, asagdiss bright smears in the lanes
for the positive controls and the two probes. FI&Hhe positive control probe
showed good labelling of all the target metaphasesfirst probe showed labelling
around the outside of all chromosomes, the secaolgepwvas also slightly speckled
with probe but not quite as much and the negat@rol also appeared slightly
labelled.

In summary, many attempts were made to generdteretwhole chromosome paint
probe or a narrow band paint probe using DOP-PCGR (@enomiphi PCR) of a
single chromosome or chromosomal fragment as tdéenfdA for the reaction.
This proved to be unsuccessful resulting in eitimgliscriminate labelling of all
chromosomes or no labelling at all, instead of llalggon a specific chromosome, or

chromosomal region.
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A completely different approach was then taken hicWw a whole cell paint probe
from one species was used as a FISH probe foatedespecies. If this resulted in
banding patterns on the chromosomes the probe doeildiseful for studies of
chromatid rearrangements caused by irradiationcedbreaks in the DNA.

Whole cell paint probe hybridised to metaphasemnother cell line

A paint probe created by amplifying genomic DNAarfe cell line was hybridised
with target metaphases of another cell line. I wapected that this would result in
banding patterns on the chromosomes due to corsseguences of the genomes,
and these large bands could be useful in the sdarclputative chromosomal
inversions. Muntjac chromosomes were amplified #aoelled in the method
previously described and the resulting paint prewes hybridised with CHO
metaphases which were fixed on slides. The resgulabelling was similar to that
which was seen earlier when repetitive sequences labelled on the same region
of each metaphase no matter which chromosome herd daplified. A picture of
such a CHO metaphase labelled with a paint probergéed from Muntjac DNA
can be seen in figure 9.13. Again the same regioapetitive DNA can be seen to
be labelled by this probe as can be seen in figureA.

Figure 9.13: CHO metaphases labelled with a wbeleMuntjac paint probe.
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CHO genomic DNA was used to create a chromosomiat peobe for FISH with

target Muntjac metaphase chromosomes. The prolsecvemted by the standard
method described in the methods section and hgeddio Muntjac metaphases
fixed onto slides. Two attempts were made at ladgethe Muntjac metaphases with
a CHO whole cell paint probe. Initially the prolabéls the repetitive DNA region
on the chromosome (figure 9.14A) as seen in figud®B. However, when the
experiment was repeated at a later stage the Munljepomosomes were labelled
with the probe in small spots rather than largedsa®.14B) and it was difficult to

determine if the speckling was uniform for everytaphase.

Figure 9.14: CHO whole cell paint probe hybridiseduntjac chromosomes.

As the label was spotted across the chromosomésrrétan bands across the
chromosome, it was concluded that these probesdwmtl have a use in the search
for putative chromatid inversions associated widldiation induced chromatid

breaks.

9.6 Attachment of streptavidin coated microspherestomosomes

Another set of experiments which involved the dttaent of microspheres to whole
chromosomes via biotin-streptavadin bonding in otdeacilitate the manipulation
of chromosomes in an optical trap are describe ha following section.

Chromosomes scatter much of the focused laser, hghéreas transparent spheres
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will readily refract the trapping light and scatiedess hence the spheres will be

trapped more strongly than chromosomes themselves.

Attaching microspheres to CHO chromosomes

Two general methods have been used to attach miwoss to chromosomes, both
making use of the bonding between streptavidin biodin. Streptavidin coated
microspheres (either dm or 5um in diameter) are used (from Bangs laboratories)
and CHO genomic DNA is amplified and labelled witiotin 16-dUTP by DOP-
PCR as described above. In one technique a ppiieres conjugate is made prior to
hybridising with metaphase chromosomes and ther otbehnique consists of
hybridising the probe to the chromosomes and thembating the microspheres with

the biotinylated chromosomes.

9.6.1.1 Hybridising a probe-sphere conjugate to chromosomes

100 pl of stock solution of streptavidin coated microsps is washed twice by
centrifugation (1200 rpm in a 20 cm diameter rdmr 10 minutes) in PBS and
finally resuspended in 200 of PBS. 1Qul of these spheres in PBS are added to the
biotinylated probe in hybridisation buffer (see eddor how probe was made), and
incubated for fifteen minutes at ambient temperatwhile gently mixing. The
sphere-probe mixture is then washed three timed0@ yl wash solution by
centrifugation (1200 rpm in a 20 cm diameter rdtwr 10 minutes) and is finally
resuspended in 10d of hybridisation buffer. The hybridisation buffeontaining
the probe-sphere conjugate is then added to a pélleetaphase chromosomes, and
the mixture is denatured by heating at 73°C foe iminutes and then hybridised to
the chromosomes by incubating for sixteen hou8y &C.

The pellet of metaphase CHO chromosomes is madpabging mitosis blocked

cells in fixative through a 25g needle and syringe times to rupture the cell
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membrane and release the metaphase chromosomessaiiiple is then washed
twice in PBS by centrifugation for 10 minutes ab@2pm in a 20 cm diameter rotor
with all the supernatant being removed in the lssp leaving a pellet of
chromosomes.

After hybridisation with the probe-sphere conjugdbe chromosomes are washed to
remove unbound spheres and probe three times inull@@sh wash solution by
centrifugation (1200 rpm in a 20 cm diameter rdtor10 minutes each wash), and

the chromosomes with spheres attached are firedlyspended in 80 PBS.

9.6.1.2 Attaching microspheres to biotinylated chromosomes

9.6.2

10 pl biotinylated probe in hybridisation buffer is atbto a pellet of metaphase
chromosomes and the mixture is denatured by he&tif@°C for five minute and
hybridised by incubating at 37 °C for sixteen hour€hromosomes are washed
twice in 200 yl of high stringency buffer (50% formamide in 2 XSG) by
centrifugation each time at 1200 rpm in a 20 cnmdiger rotor for 10 minutes, and
then washed once more in Alof wash solution by centrifuging at 1200rpm fér 1
minutes in the same rotor. The sample is incubftethirty minutes with 10Qu of
blocking buffer (non fat dairy milk) and then cefuged out of the blocking buffer
(1200 rpm for 10 minutes). The supernatant israggd and 1@l of streptavidin
coated microspheres (which had been washed twideresuspended in PBS as
above) in 5Qul blocking buffer is added then incubated for thiminutes at ambient
temperature. Chromosomes were washed three tigmeeririfugation in 10Qul
wash solution at 1200 rpm for 10 minutes to remaw#ound beads and

chromosomes were resuspended ini8®BS.

Results of attaching microspheres to whole chromeso



213

Both 1um and 5um diameter spheres were attached to chromosomé®n \BLImM
spheres were added to previously biotinylated closomes, approximately 5 or 6
spheres would attach to the chromosomes, and vilegprbbe-sphere conjugate was
added to chromosomes between zero and two spheve$d vattach to each

chromosome. Typical examples of these resultdeaseen in figure 9.15.

Figure 9.15: A. Five pim diameter spheres attached to a DAPI stained cysome
by incubating streptavadin coated microspheresdtnlglated chromosomes, B. A
single 5um diameter sphere attached to a chromosome bydisiog probe-sphere

conjugates with chromosomes.

One micron diameter spheres were also attachelsrbonosome using the same two
methods. If the spheres were added to biotinylate®@mosomes approximately
twenty spheres would attach to a chromosome, arldeifprobe-sphere conjugate
method was used, between zero and four sphereshatath to each chromosome.
Examples of the results of these experiments casbberved in figure 9.16.
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Figure 9.16: A. Many Lum spheres attached to chromosomes, B. Fam $pheres

attached to chromosomes, using the two methodsidedadn the text.

Interestingly, if excess spheres were added tobtbgnylated chromosomes, the
surface of each chromosome becomes saturated phithes, and this can be seen in
figure 9.17.

Figure 9.17: Many Lm streptavadin coated spheres attached to chronassafter

incubating them in excess with biotinylated chroomoss.
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Optical micromanipulation of chromosomes with mgpleeres attached

These samples of chromosomes with beads attachredeaweezed in a Bessel
beam, with the sphere attachments used as hanidles/iich the focused laser light

traps more strongly than the chromosome itself.

Bessel beams were introduced in chapter 2. Theg &a intensity cross section that
does not change as they propagate and are terrordliffracting’ beams because
the beam centre does not spread. The Bessel bifars @ narrow beam of light

which is equivalent to an enhanced depth of foousflight beam and this provides
good two dimensional localisation when guiding #és through a sample cell

compared to using a Gaussian beam. It is illusdrat figure 9.18 that guiding with

a Gaussian beam provides good localisation eithitreainitial capture area (a) or at
the final destination for the particle (b) wheree tHiffracting Gaussian beam is
focused, but the central maximum of a Bessel beawwiges good localisation

throughout the sample cell.

00 000 000 00 00000 COR00 00 000 000 0O

Figure 9.18: Comparison of Gaussian and Besseh lgeading.

As discussed in chapter 2, passing a Gaussian tteaagh a conical shaped optical
element called an axicon offers the most efficigay to generate an approximation
to a Bessel beam.

Microscopic particles can be guided horizontallpngl such beams, and data of
guiding various objects (a @m diameter sphere, a jim diameter sphere and a

single CHO chromosome) can be seen in 9.19.
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Variation of horizontal guiding velocity
of single sphere along BB beam
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Figure 9.19: Guiding velocities of auBn sphere, a iim sphere and a chromosome

in a Bessel beam.

It can be seen that larger objects are guidedoates|velocities. The velocities of
many CHO chromosomes with @m spheres attached via the biotin-streptavadin

bond were measured, and the distribution of vakxcis shown in figure 9.20.
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Chromosome guiding velocities
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Figure 9.20: Chromosomal guiding velocities alori@easel beam.

The lower velocities in this graph are attributeal the larger of the CHO

chromosomes with smaller chromosomes and unattasipbeéres have higher
velocities. This method of attachment of sphemeadt as handles with which to
ease manipulation of chromosomes also has hugecatiphs in chromosome

sorting, and may differentiate between chromosofmgsmass, or by velocity

measurements, differences in which are determigatidomass of the chromosome.
Chromosomes can also be transported in a tiltedhlvessd potential in a manner
analogous to the unidirectional motion of a molacuhotor along a polarised linear
substrate (Tatarkova et al., 2003a, Tatarkova. &oabe submitte@003Db).

9.7 Discussion

Several methods have been used in the work dedanbthis chapter in an attempt
to create a fine chromosome FISH probe. Initiddger microdissected, optically
tweezed chromosomal fragments were used as a tempith which to amplify

using DOP-PCR, label and make into a probe. Aatarlstage, single whole,

tweezed chromosomes were used as template mageriaihen whole chromosomes
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or a few chromosomes scraped off a cover glassP-BOR has been widely used to
amplify FACS sorted chromosomes or many copies afeadle microdissected
chromosome fragment. In our work, amplification arfly single copies of a
chromosome or fragment was attempted unlike meltgolpies in other work. This
is perhaps one of the reasons we were unsuccassidating a fine probe or even a
single chromosome probe. In theory amplificatidnaosingle piece of template
should work but it may be that the nature of thgesherate primers results in
concatenation of the primers which compete withctim®mosomal material and take
over as the main template.

Whole cell paint probes have applications in therde for chromosome inversions,
for instance a whole cell paint probe from one mseenay be hybridised with
chromosomes of another species, resulting in andisbanding pattern along the
chromosomes, however when this was tried using & Giobe on Muntjac
chromosomes and vice versa the resulting patters sptted throughout the
chromosomes. Perhaps if a species more similaruseg the labelled area would
be larger and appear as bands across the chromosémele cell probe has also
been used to biotinylate chromosomes, and attaeptatvadin coated microspheres
to the chromosomes via biotin-streptavadin bonding.

The use of optical tweezers to isolate single clusymes and laser microdissection
to create fragments has huge potential if the te@ezhromosomal material can
remain sterile and free from other contaminatingADMnd if DOP-PCR can be
optimised. In fact a paper has recently been phetl by another group which has
used DOP-PCR to amplify an optically tweezed chreonee (Wang et al., 2003)
and the work carried out for my PhD came closectoeving similar results.
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10 Final Conclusions

10.1 Summary of Thesis

This thesis reports novel optical techniques usethie enhanced
micromanipulation of particles in optical tweeze#sssingle beam, optical gradient
force trap was discovered in 1986 by Arthur Ashdmal has since become an
important tool in many aspects of biology, chenyisind physics. Novel laser
beams have been developed in order to manipulatielpa which could not
previously be trapped in optical tweezers and inwoyk we have used annular
shaped Laguerre-Gaussian beams which posses angialar momentum and ‘non-
diffracting’ Bessel beams as well as the most comiynesed TEM, mode Gaussian

beam.

After introducing optical tweezers, novel laserisand biological uses of optical
tweezers in chapter 2, experimental work perforomdg a Gaussian in both a
standard and an inverted configuration is describethapter 3. Silica spheres were
aligned along the axis of beam propagation, usitrg@ping in the standard
configuration, with maximum stacks of three spheresthe inverted set up
radiation pressure is used to stack particles]tregun stacks of sixteen spheres at
most. The critical horizontal velocities of stagks measured in order to determine
their stability. Critical velocities in both thateral and axial directions are also
measured and described in chapter 4. In this ed®® spheres are trapped in a
Laguerre-Gaussian beam and the velocities aretassdculate th€&) value (or trap
efficiency) of the optical tweezer. The use ofeguerre-Gaussian beam is reported
to improve axial trapping efficiency due to thelaxt on-axis rays which do not
contribute to the transverse trapping force anal standard configuration are
detrimental to axial trapping due radiation presstaused by scattering.

We have also demonstrated a novel method to abgishaped particles in the
sample plane as opposed to the beam propagatismiadtitranslate them in two

dimensions using an interference pattern betweerGaussian beams. The pattern
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consists of a sequence of bright and dark fringelsasrays of rods can be created by
trapping them parallel to the bright fringes. Wsoashow the trapping and creation
of arrays of low refractive index particles (buls)leand arrays of high and low
refractive index particles. The creation of aerférence pattern for novel trapping
experiments leads us to the following chapters e/lhaguerre-Gaussian beams have
been used to generate interference patterns. ltisdsg patterns we can create,
translate and rotate optically trapped structures.

Spiral interference patterns were created by comfia Gaussian beam and a
Laguerre-Gaussian beam. A particle could be trdppeach of the spiral arms of
the pattern so that structures could be createdaated by setting the pattern into
rotation. This was achieved by changing the oppath length in one arm of the
interferometer by simply tilting a glass plate ne tboeam path. The following
chapter builds on the Gaussian Laguerre-Gaussiak b also introduces new
abilities which were not previously possible. Aguarre-Gaussian beam is
interfered with its mirror image (of opposite hélg to create a pattern of spots
rather than spirals. In this work pattern andipitotation is induced using the
angular Doppler effect — a technique developedngutie course of my PhD —

which introduces a frequency shift between the itwerfering beams by passing one
arm of the interferometer through a rotating hadiver plate. This frequency shift
between two beams ranges from less than one Hehtzrtdreds of Hertz is
applicable not only to this work but for moving anyerference pattern in many
fields, including optics and atomic physics.

The following two chapters describe the backgroand experimental work
performed in order to create fluorescent chromosprabes. Chapter eight
describes chromatid aberrations and proposed mischsuas to how the come about
and how we plan to study these breaks in the chsome. The technique of
degenerate oligonucleotide - polymerase chainimaf®OP-PCR) is described and
this is the major method used in chapter nineleramplification of optically
microdissected and manipulated chromosomal fraggnéie also describe
additional experimental work performed in the phgst biology interface such as

the guiding of chromosomes in a Bessel beam, wsphgres attached to the
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chromosomes as handles, and also the fluorescéstamed chromosomes using a
newly available blue diode laser.

In summary, novel laser beams have been used tow@phe optical trapping of a
range of particles from silica spheres, glass dgis, bubbles and chromosomes and
in particular we can build three dimensional stuoe$ using optical scaffolding (an

interference pattern) and furthermore rotate tis¢setures.

10.2 Future work

This work will lead to many exciting avenues ofegach but the areas which |
believe hold most intrigue are the manipulatioclmomosomes and other biological
particles in optical tweezers, microfluidic studiesng the aforementioned rotation

techniques and the building of three dimensionalkstres using optical scaffolding.

The ability to isolate a single whole chromosomea ehromosomal fragment could
mean the rapid and inexpensive generation of fhaenetin situ hybridisation
(FISH) chromosome paint probes. At this presenetihere are only a few groups
worldwide who report on generating their own profsgsvhole chromosomes or
specific regions on the chromosome, and this israptished by using FACS or
needle microdissection, with DOP-PCR performed amyrcopies of the
chromosomal material. Commercially available whdleomosome paints are
expensive (approximately £300 for 10 assays) aadiraited to only human
chromosomes. Recent work published by researam€kina has reported the
amplification of a single optically tweezed ricee@mosome, which will have very
important implications for the generation of FISkblpes. The future could see
FISH probes of very narrow sections of any chromwsmade to order, using
optical scissors and tweezers in combination witthecular methods, within a day,
for use in translocation studies or for the in\gegtion of chromatid breaks at St
Andrews University School of Biology.
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Interference patterns such as those describedapters 5, 6 and 7 will no doubt be
used in future applications not only in optical ézers but in the investigation of
novel modes such as the Laguerre-Gaussian beaatterm3 similar to those we
have created can be used for creating lock-andakegmblies of particles for
example, in the construction of a predeterminedauscfor the subsequent growth
of self assembling, novel crystalline structur&se angular Doppler effect which
we have used for the motion of our interferencégpas may find many applications
where there is a need for frequency shifts in gggon of less than 1 Hertz to kHz,
for example in atomic physics.

The rotation of interference patterns in a contknd continuous fashion paves the
way for rotational devices in lab-on-a —chip ensksjsuch as valves and pumps to
control the flow of volumes in the microlitre to livitre range, and for torsional
control, to viscosity measurements in a small vawhfluid, for example in

different regions within biological cells.

To summarise, novel laser beams can be used t@ ¢edlared beams for use in
optical tweezers for the enhancement of non-congdlebptical micromanipulation.
In the future such optical traps may be found ipooated into labs-on-a-chip. They
could be used in biological assays for either adinig the flow of fluid by means of
turning valves and cogs or by using the opticalkibdirectly on biological
specimens. Cutting, guiding, rotating or tweezigamples is possible using the

array of optical tools available in the Kkit.
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Appendix A

DOP-PCR protocols

Al Introduction

The following is a review of previously used methddr DOP-PCR of

chromosomal material. The methods of transferttiegchromosomes to a collection
PCR tube is described in chapter 9 and this sedttails the experimental methods
used for DOP-PCR and FISH published by other groups

A.2 Review of DOP-PCR methods

A.2.1 Telenius et al. ‘Cytogenetic analysis byathosome painting using DOP-

PCR amplified flow-sorted chromosomes’, 1992a.

Hundreds of flow-sorted chromosomes were used@splate for DOP-PCR. The
degenerate primer 6-MW 5’CCG ACT CGA GNN NNN NAT GTG-3' was used
and the DOP-PCR was carried out in gubfeaction volume containing 2 mM
MgCl,, 50 mM KCI, 10 mM Tris-HCI (pH 8.4), 0.1 mg/ml g¢ine, 20Qu of each
dNTP, 2uM of primer and 1.25 units of Taq polymerase. @gdbr the primary
reaction were 10 minutes at 94 °C, follower by foyeles of one minute at 94 °C,
1.5 minutes at 30 °C, a three minute transitiomf@0 °C to 72 °C, and three
minutes extension at 72 °C. This was immediatallpdved by 35 cycles of one
minute at 94 °C, one minute at 62 °C and three tagat 72 °C with an addition of
one second per cycle to the extension step. Tiaédixtension was increased to ten
minutes. A secondary labelling reaction was cdroet as above usingb of the
primary reaction product and the following amendtaemhe dTTP concentration

was lowered to 8QM and 200uM of biotin -11-dUTP was added. Only 25 thermal
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cycles were performed and the cycles using ther@aneealing temperature were
omitted. The resulting concentration was typicédiynd to be 30 ngdl and 200 ng
of probe was used for each hybridisation. The @rwhs ethanol precipitated with 3
ug of competitor DNA (Cot-1) and resuspended in 1hybridisation buffer (50%
formamide, 10% dextran sulphate, 2 x SSC, 0.5 migtHCI (pH 7.6), 0.1 mM
EDTA, 0.1ug/ Wl sonicated salmon sperm DNA). Target metaphasenobsomes
(normal, as opposed to the flow-sorted chromosomitbsa translocation which
acted as a template for DOP-PCR) that were fixethimnoscope slides were
denatured in 70% formamide, 2 x SSC at 65 °C fimiriutes prior to the
hybridisation. The probes were also denatured &0sfor ten minutes and
preannealed with Cot-1 DNA at 37 °C for a minimuh80 minutes in order to
suppress repeated sequences before applicatiba target metaphases.
Hybridisation was carried out in a humidified bax 1.6 hours at 42 °C. Following
that the slides were stringently washed twice i#%30rmamide, 2 x SSC at 42 °C
for 5 minutes. The probe was visualised by thelayer avadin-fluorescein
isothiocyanate (FITC) detection system which predug fluorescent signal at the
site of biotinylated probe hybridisation. Metapé&ssvere counterstained with DAPI
or propidium iodide and the translocations couldharacterised.

A.2.2. Telenius et al. ‘Degenerate oligonucleofpdened PCR: General
amplification of target DNA by a single degeneratiener’, 1992b.

Reactions were carried out fDcontaining 10 mM Tris-HCI (pH 8.4), 2 mM
MgCl,, 50 mM KCI, 2uM primer, 0.2 mM dNTPs and 1.25 U Taq DNA
polymerase, and products were analysed by eleairepb separation on a 1%
agarose gel. Cycling conditions were 5 minuteé35a€C, followed by 5 low
annealing temperature cycles of 1 minute at 94’&nfinutes at 30°C, a 3 minute
transition from 30 to 72°C and 3 minutes of extenst 72°C. This was followed
by 25-35 cycles of 1 minute at 94°C, 1 minute &and 3 minutes at 72°C with
an additional 1 second per cycle to the extendigm and a final extension of 10
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minutes. If the five low annealing temperaturelegavere omitted there was no
amplification. Cosmid DNA was used as template DisAompare the non-
degenerate primer with 6-MW primer, and it was shdlat more priming sites are
available to a partially degenerate primer thaa tmique primer. Two buffers were
used. Buffer A was as described above, buffermained 25 mM N-
tris(hydroxymethyl)methyl-3-aminopropanesulphoreda TAPS) (pH 9.3), 50 mM
KCI, 1 mM dithiothreitol (DTT) and 0.05% polyoxystiene ether (W1). Product
yields up to g in 5Qul were achieved under optimal conditiongl ®f primary
product was labelled with biotin-11-dUTP in a sestany amplification reaction for
25 cycles excluding the low annealing temperatyotes. The final reaction
mixture was as described above but with the add@afdi300uM biotin-11-dUTP.

150 ng of biotinylated probe was used for eachtintg/bridisation. The probes
were ethanol precipitated with@ of Cot-1 competitor DNA resuspended inpl5
hybridisation mixture containing 50% formamide, 1@8&«tran sulphate, 2 x SSC,
0.5 mM Tris-HCI (pH 7.6), 0.1 mM EDTA and Qud/ul sonicated salmon sperm
DNA. Probes were denatured at 65°C for 10 mintites preannealed at 37°C for 1
hour. FISH was carried out as described in ‘Cytegie Analysis by Chromosome
Painting Using DOP-PCR Amplified Flow-Sorted Chrasomes'.

A.2.3. Meltzer et al. ‘Rapid generation of regiqesific probes by chromosome

microdissection and their application’, 1992.

25-50 microdissected chromosomes are transfertediinollection drop containing
50 pg/ml proteinase K. The collection drop was inceldadt 37°C for 1 hour and
then at 90°C for 10 minutes to denature the pratsrK. The final reaction volume
for PCR was 5@l and the mixture contained 1B/ primer, 200uM of each dNTP,
2 mM MgCh, 50 mM KCI, 10 mM Tris-HCI (pH 8.4), 0.1 mg/ml g¢ine and 2.5 U
Taq polymerase. The cycles were an initial deaditum at 93°C for 4 minutes
followed by 8 cycles at 94°C for 1 minute, 30°C fominute, and 72°C for 3
minutes, then 28 cycles at 94°C for 1 minute, 5&8fC1 minute and 72°C for 3
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minutes with a final extension at 72°C for 10 mesut 2ul of the primary reaction
product was labelled in a secondary reaction idahto the first except the dTTP
concentration was reduced to 0@ and 100uM biotin-11-dUTP was added and
28 cycles were performed at 94°C for 1 minute, 58fC1 minute and 72°C for 3
minutes with a final extension at 72°C for 10 méesut 10ngll of probe was used
for FISH in a 2Qul hybridisation mixture also containing 50% formaei 10%
dextran sulphate, 1 x SSC angd@Cot-1 DNA. This hybridisation mixture was
added to metaphase slides which had been dendtyteshting in 72°C 70%
formamide, 2 x SSC for 2 minutes and dehydrateabiin an alcohol series and air
dried. Slides were incubated at 37°C overniglat moist chamber. After
hybridisation slides were washed three times inS5L, 50% formamide at 42°C
for 3 minutes, then rinsed for 3 minutes in 2 x S®@om temperature. For probe
detection the slides were washed in 0.1 M sodiuosphate, 0.1 % NP-40 (pH 8.0)
at 45°C for 15 minutes and 2 minutes at room teatpeg then incubated at room
temperature for 20 minutes in a bath containing/nl fluorescien conjugated
avadin in 0.1 % NP-40 with 5% nonfat dairy milkda®02% sodium azide. The
slides were washed twice in 0.1 % NP-40 for 2 neawgach time and the signal was
amplified by incubation with fng/ml biotinylated anti-avadin in PN with 5% nonfat
dairy milk and 0.02% sodium azide for 20 minutesoaim temperature. The slides
were washed twice in PN for 2 minutes each timethadncubation in fluorescein
conjugated avadin was repeated. Metaphases arentented by adding 1d
fluorescein antifade solution (10 mg/ml p-phenylaendihydrochloride in 90%
glycerol (pH 8.0)) containing 0429/ml propidium iodide.

A.2.4. Guan et al. ‘Generation of band-specifimpag probes from a single

microdissected chromosome’, 1993.

One to five copies of a targeted chromosome regiene dissected and transferred
into a collection buffer containing 40 mM Tris-H@H 7.5), 20 mM MgCJ, 50 mM
NaCl, 200uM of each dNTP, 1 U Topo | and 5 pM of primer anaksvincubated at
37 °C for 30 minutes, followed by an incubatiord@tC for 10 minutes. They



229

found that treating microdissections with or with&uoteinase K had no apparent
effect on probe quality. An initial eight cycleBRCR at 94°C for 1 minute, 30°C
for 2 minutes and 37°C for 2 minutes were carrietlhy adding fresh 0.3 units of
T7 DNA polymerase at each cycle. This preamplifozawas followed by a
conventional PCR reaction in pof reaction volume containing 10 mM Tris-HCI
(pH 8.4), 2 mM MgC{, 50 mM KCI, 0.1 mg/ml gelatine, 2QM of each dNTP, and
2 units of Taq DNA polymerase. The initial denation was at 95°C for 3 minutes
followed by 35 cycles at 94°C for 1 minute, 56°€ fominute ad 72°C for 2
minutes with a final extension of 5 minutes at 722}l of the primary PCR
product was labeled with biotin-16-dUTP in a se@yd®CR reaction identical to
the first except for the addition of 20/ biotin-16-dUTP, and only 12-16 cycles of
1 minute at 94°C, 1 minute at 56°C and 2 minute®a€ with a 5 minute final
extension at 72°C. The PCR products were thetigditising a Centricon 30 filter
and used for FISH. For each hybridisation 100 fngrobe was added to 10
hybridisation mixture containing 55% formamide, 38C and Jug human Cot-1

DNA and denatured at 75°C for 5 minutes. The ntetap slides were denatured in
70% formamide, 2 x SSC at 70°C for 2 minutes ariatidised with probes at 37°C
in a moist chamber overnight. Slides were washegkttimes in 50% formamide, 2
x SSC at 45°C for 3 minutes each. The probe weectsl by two layers of FITC-
conjugated avadin and amplified with one layermf-avadin antibody and slides

were counter stained with Og/ml propidium iodide in an antifade solution.

A.2.5. Zimmer et al. ‘Microisolation of the chické@hchromosome and

construction of microclone libraries’, 1997.

Fifteen to twenty copies of the same chromosomapsect off coverslips with glass
microneedles are amplified to construct microclbimgaries. The tips of the needles
with the scraped chromosomes were dropped inid @0a collection buffer
consisting of 40 mM Tris-HCI (pH 7.5), 20 mM MgCb0 mM NacCl, plus 0.5

mg/ml proteinase K. 1 U of topoisomerase ana@fl of proteinase K were then
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added to the buffer, the topoisomerase 1 to catge strand nicks in the DNA to
relax the tightly coiled DNA allowing the primersaess to the template DNA. The
proteinase K digests any proteins present in thencatin. A drop of mineral oil
was added on top and then the solution was incdlzt87°C for 1 hour. The
enzymes were inactivated by incubating at 95°CL@ominutes. DOP-PCR was
carried out in 5@ containing 10 mM Tris-HCL (pH 8.3), 50 mM KCI,5.mM
MgCl,, 0.01% gelatin, 20QM of each dNTP, 2M of DOP primer and 50 U/ml|
Taq polymerase. The DNA was amplified for 8 cyadé€94°C for 1 minute, 30°C
for 1 minute, and 72°C for 3 minutes and then forcgcles of 94°C for 1 minute,
56°C for 1 minute and then 72°C for 3 minutes. Qaullaliquot of the primary
reaction product was subjected to a secondary DOR-# before but without the 8
preliminary cycles, and this was not a labelingi@as the aim was not to create

fluorescent chromosome paints, but to clone therssry PCR products.

A.2.6.  Thalhammer et al. ‘The atomic force micrgee@s a new microdissecting
tool for the generation of genetic probes’, 1997.

Chromosomes are microdissected using an atomie farcroscope (AFM) needle
and the whole cantilever is transferred to a cabeduffer containing 25 mM N-
tris(hydroxymethyl) methyl-3-aminopropanesulphoawtd (TAPS) (pH 9.3), 50
mM KCI, 1 mM DTT, 2 mM MgC}, 0.05% W1 detergent. Topoisomerase 1 was
added to a final concentration of 2 U and incubd&e®@0 minutes at 37°C.
Inactivation of the topoisomerase 1 was performethbubating at 95°C for 10
minutes.

The DNA was amplified in a 2pl final reaction volume containing 25 mM TAPS
(pH 9.3), 50 mM KCI, 1 mM DTT, 2 mM MgGJ 0.05% W1 detergent, 2QM of
each dNTP, 4M of DOP primer and 5 U of Tag polymerase. Thenaiiy cycling
conditions consisted of an initial denaturation8aninutes at 94°C followed by
eight low annealing temperature cycles each of $4f@ minute, 30°C for 1.5
minutes, a ramp to 72°C over 3 minutes then 72t@ fminutes. These cycles were

followed immediately by 25 cycles each of 94°C Taninute, 62°C for 1 minute
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and 72°C for 1.5 minutes with a time increment @fs&conds. In the final cycle the
last step was extended to 8 minutes. 2 pg of tinegpy reaction product was
labeled for FISH in a secondary DOP-PCR reactibme dTTP was reduced to 100
uM and biotin-16-dUTP was added to a concentratiatDO uM. The cycling
conditions were 5 minutes at 94°C followed by 36ley of 94°C for 1 minute, 62°C
for 1 minute and 72°C for 1.5 minutes. In the fioygcle the last step was extended
to 8 minutes. An aliquot of this secondary PCRdpat was taken to make the FISH
probe and was co precipitated with the same amafusdt-1 DNA (5ul of probe, 5
ug cot-1 DNA), salmon sperm DNA, 3M sodium acetate] 2.5 volumes of EtOH.
The DNA was precipitated overnight at -20°C andpbkiet was resuspended in 15
ml hybridisation buffer consisting of 50% deionidednamide, 10% dextran
sulphate,0.5 M Na$PQ,, 0.5 M NaHPQ,, 2 x SSC and ddiD. The probes were
denatured at 68°C for 7 minutes with 30 minutesuipnealing at 37°C. The target
metaphase spreads were denatured in a hybridisadlotion containing 2 x SSC
and 70 % formamide for 1 minute at 68°C. The pnobe added to the target
metaphases and they were hybridised together umadified box overnight at
37°C. The slides were washed twice in 2 x SSC, &f#whamide at 45°C, and twice
in 2 x SSC at 45°C. Slides were washed in 4 x $®€¢n solution at room
temperature and incubated with 3% bovine serumrmaillb(BSA) dissolved in 4 x
SSC/Tween for 30 minutes at 37°C to avoid non-gjgdainding of the antibody.
The biotinylated probes were detected using avemiipled with fluorocein
isothiocyanate (FITC). 10@ of avadin-FITC diluted 1:200 in 4 x SSC/Tween/3%
BSA was dropped on the slides and incubated fondbites at 37°C. Slides were
washed three times in 4 x SSC/Tween at 42°C fomtas each wash and then

counterstained with DAPI.

A.2.7. Masabada et al. ‘Generation of chromosomagaApproach for

increasing specificity and intensity of signal€03.

A method for enhancing the specificity and sigrfaFk&H probes is to perform the
primary DOP-PCR and a secondary labeling DOP-PQrbamal (labeling with
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biotin 16-dUTP). This biotinylated product wasnhm-hybridised with fragmented
(200-800 bp) genomic hamster DNA which had a lirdeen ligated to it using T4
DNA ligase. The sequence of the linker arm used has
5-CCTCTGAAGGTTCCAGAATCGATAGGTCGACCG-3'
3-TTTGGAGACTTCCAAGGTCTTAGCTATCCAGCTGGC-5..
Both the biotinylated PCR product (100 ng) andgeeomic fragments with
attached linker arms (1g) were pre annealed with hamster cot-1 DNA. Deubl
stranded DNA was separated at 75°C for 10 minutddfzen re-annealed at 37°C
for 3 hours, following that both the DOP-PCR pradared the linkered genomic
DNA were combined and allowed to re-anneal ovemidine biotinylated DNA
was captured by streptavadin coated paramagnetistend the annealed Genomic
DNA was amplified by using a specific primer compentary to the attached liker
arm
(5-CCTCTGAAGGTTCCAGAATCGATAG-3’). The products we checked
using an agarose gel, and a further PCR incorpgy&iiotin 16-dUPT was

performed using fl of product.

A.2.8. Schermelleh et al. ‘Laser microdissectiod Eser pressure catapulting

for the generation of chromosome specific painbpsd, 1999.

Laser microdissected chromosomes were amplifi@b containing 60 mM Tris-
HCI (pH 8.5), 15 mM (NH).SO;, 3.5 mM MgC}, 0.05% W1 detergent, 2QM
each dNTP, 1.pM 6MW primer and 1.5 U Taq. Cycles were an initlehaturation
at 96°C for 3 minutes and 8 low stringency cycles8a5C for 1 minute, 30°C for 1
minute, a three minute transition from 30 to 72fd &2°C for 2 minutes, followed
by 35 high-stringency cycles of 94°C for 1 mindé;C for 1 minute, 72°C for 2
minutes and a final extension of 5 minutes at 722@l of the primary reaction
product were labeled with digoxigenin or biotinarsecondary PCR in a p0
volume containing 10 mM Tris-HCI (pH 8.3), 2 mM M50 mM KCI, 200uM
each dNTP, except dTTP which was at a concentrafia@e0uM, 40 uM
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Digoxigenin-11-dUTP or biotin-16-dUTP, 18 6MW primer and 2 U Taq.

Cycles were initial denaturation at 94°C for 3 ntésy 20 cycles of 94°C for 1
minute, 56°C for 1 minute, 72°C for 30 seconds afidal extension at 72°C for 3
minutes. Probe size was measured on a 1% agazbaedywas found to range from
300-800 bp. 50 ngl of the labeled probe was hybridised withdipl of Cot-1 onto
metaphase chromosomes and resulted in the speylficisation over the entire

length of the captured chromosome.

References

Guan X, Trent JM, Meltzer P&eneration of band-specific painting probes from
a single microdissected chromosoméluman Molecular Genetick993;2:1117-
1121.

Masabanda JS, Griffin DKGeneration of chromosome paints: Approach for

increasing specificity and intensity of signalsBiotechniquef003;34.

Meltzer PS, Guan X, Burgess A, Trent JRapid generation of region specific
probes by chromosome microdissection and their applicatiomMature Genetics
1992;1:24-28.

Schermelleh L, Thalhammer S, Heckl W, Posl H, Creméchutze K, Cremer M:
Laser microdissection and laser pressure catapulting for the geneiian of
chromosome specific paint probesBiotechniqued999;27.362-367.

Telenius H, Pelmear AH, Tunnacliffe A, Carter Nehghel A, Ferguson-Smith
MA, Nordenskjold M, Pfragner R, Ponder BAJytogenetic analysis by
chromosome painting using DOP-PCR amplified flow-sorted chromasnes.
Genes, chromosomes and cant892a4:257-263.



234

Telenius H, Carter NP, Bebb CE, Nordenskjold M, dRarBAJ, Tunnacliffe A:
Degenerate oligonucleotide-primed PCR: General amplification ofarget DNA

by a single degenerate primerGenomicsl992b;13:718-725.

Thalhammer S, Stark RW, Muller S, Wienberg J, H&KI: The atomic force
microscope as a new microdissecting tool for the generation of genetic pesb
Journal of Structural Biology997;119232-237.

Zimmer R, Haberfeld A, Verrinder Gibbens AMlicroisolation of the chicken Z
chromosome and construction of microclone librariesGenomel997;40:865-
872.



235

Appendix B
Materials
Product Supplier

B.1. Reagents

B.1.1. Antibiotics

Zeocin Invitrogen

Hygromycin Invitrogen

B.1.2. Chemicals

10 x Phosphate Buffered Saline (PBS) Gibco
Acetic Acid BDH AnalR
Bovine Serum Albumin Sigma
Colcemid Invitrogen
Dithiothreitol (DDT) Sigma
Dextran Sulphate Sigma

Diff Quik Sigma
EDTA (Ethylenediamine Tetraacetic Acid) Sigma
Ethanol BDH AnalR
Ethidium Bromide Sigma
Formamide BDH AnalR
Hydrochloric Acid (HCI) BDH AnalR
Isopropanol BDH AnalR
Isoton Coulter electronics

Magnesium chloride (MgG) (25 mM) Promega
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DAPI counterstain

Methanol BDH AnalR
Nonident-P40 Sigma
Potassium Chloride (KCI) BDH AnalR
Sigmacote Sigma
Sodium Acetate BDH AnalR
Sodium Chloride (NacCl) BDH AnalR
Sodium Dodecyl Sulphate (SDS) BDH AnalR
TAPS) buffer (pH 9.3) Sigma
(N-tris(hydroxymethyl) methyl-3-amiopropanesulfomicid
Tris ((hydroxymethyl)methylamine) BDH AnalR
Tween 20 Sigma
B.1.3. Enzymes
Proteinase K Sigma
Readymix Taq  (0.06yl) Sigma
RNase Sigma
S1 nuclease (100l) Fermentas
T4 DNA Ligase (100Udl) Promega
Taq polymerase (in storage buffer B) (100y/ Promega
Topoisomerase | (5-15\4) Invitrogen
Trypsin Difco
B.1.4. Other PCR/ ligation/ hybridisation reagents
10 x PCR buffer Promega
1 kb DNA ladder Promega
Avadin-Cy3 Vysis
Biotin 16 dUTP (1 mM) Roche

Vysis



DOP primers (84 nmol)

dNTPs (10 mM)

Hindlll/lambda DNA ladder
Human Cot-1 DNA

Lambda DNA/ Hindlll ladder
Ligase buffer

Linker adaptors (50 nmol)

MgCl, (25 mM)

Mouse Cot-1 DNA

Primer for adaptors (50 nmol)

S1 nuclease buffer

Spectrum Green dUTP (1 mM)
Spectrum Orange dUTP (1 mM)
Streptavidin coated microspheres
Streptavidin Magnasphere Paramagnetic Particles
W-1

B.1.5. Kits

Genomiphi DNA Amplification kit
Wizard Genomic DNA purification kit

B.2. Equipment

B.2.1. Centrifugation

Centrifuge (Function line)

Microfuge (microcentaus/ force 7)

B.2.2. Electrophoresis

Sigma-Genosyis
Promega
Promega
Vysis

Promega
Promega

Invitrogen

Promega

Invitrogen
Invitrogen
Fermentas
Vysis
Vysis

Bangs

méga

Amersham

Promega

Heraeus
MSE/Labnet

237

Life Technologies/Gibco
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Gel rig made in house
Electrophoresis power supply (SL-3654) Scotlab

B.2.3. Glassware

Slides BDH
Coverslips BDH

B.2.4. Microscopy

Fluorescence microscope (Axioskope) Zeiss
Olympus Microscope Olympus
Software Smart Capture VP

B.2.5. Plastic ware

Culture flasks (T75cm2) Nunclon
Roller bottles (850 ml) Griener
Centrifuge tubes (50 ml, 15 ml) TTP
Microfuge tubes (1.5 ml, 0.6 ml, 0.2 ml) Axygenetific
Petri dishes (30 mm) Nunclon
B.2.6. Others
Gene Quant Pharmacia
Slide warmer (HYBrite) Vysis
Incubator for cell culture Heraeus Instruments
Magnetic Separation Stand Promega
Particle Counter Coulter Electronics
Pipette tips (1qul, 20 ) Thistle laboratories

Roller bottle shaker made in house
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Slide shaker Scotlab
Thermal cycler (Techgene/GeneE) Techne
Water bath Grant

B.3. Formulation of frequently used solutions

B.3.1. Solutions for chromosome preparation

Fixative
1: 3, Acetic acid: Methanol

Hypotonic solution (HYP)
0.075 M KCI

Trypsin
25% trypsin
0.02% PBS/EDTA

B.3.2. Collection buffers for PCR

TAPS collection buffer

TAPS (N-tris (hydroxymethyl) methyl-3-amiopropanksnic acid) buffer (pH 9.3)
50 mM KCI

1 mM DDT

2 mM MgChb

0.05% W-1

Zimmer collection buffer
40 mM Tris-HCI (pH 7.5)
20 mM MgCb
50 mM NacCl
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B.3.3. Solution for agarose gel

Tris-EDTA
1mM EDTA
10 mM Tris (pH 7.6)

2% agarose gel
2% agarose
Tris-EDTA

B.3.4. Solutions for FISH

Denaturation solution (pH 7.0-7.5)
70% formamide
2Xx SSC

Hybridisation buffer
50% formamide

10% Dextran Sulphate
2 x SSC

B.3.5. Solutions for washing slides after FISH
Wash solution
4 x SSC

0.05% Tween 20

High stringency washing buffer (HSB)
50% formamide in 2 x SSC
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73 °C wash solution
0.4 x SSC
0.3% Nonident P-40

Room temperature wash solution
2 X SSC
0.1% Nonident P-40

TNT Washing Buffer
0.1 M Tris-HCI

0.15 M NacCl

0.05% Tween 20

B.3.6. Blocking buffers used prior to labelling wvavadin-Cy3

BSA blocking buffer

4 x SSC

0.05% Tween 20

3% bovine serum albumin (BSA)

Non fat dairy milk (NFDM) blocking buffer

TNB blocking buffer

0.1M Tris HCI (pH 7.5)

0.15 M NacCl

0.5% blocking reagent (i.e. BSA)
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Appendix C

Publications and publicity

C.1. Publications

C.1.1. Publications (Refereed)

Tatarkova SA, Paterson L, Carruthers AE, Bryant BEglakia K: Chromosome
transport in an optical washboard potential To be submitte@003.

Lake TK, Carruthers AE, Paterson L, Taylor M, GiMoere F, Allen JW, Sibbett
W, Dholakia K:An optical trapping apparatus incorporating violet diode laser
and extended cavity surface emitting laser systemgo be submitted003.

L. Paterson L, M. P. MacDonald MP, J. Arlt J, W.l2WV, H. Schmitzer H, W.
Sibbett W and K. Dholakia KSimultaneous rotation of multiple optically
trapped particles. Journal of Modern OpticR003;50:1591-1599.

Arlt J, MacDonald M, Paterson L, Sibbett W, Dholakf, Volke-Sepulveda K:
Moving interference patterns created using the angular Dopglr-effect Optics
Express2002;10:844-852.

MacDonald MP, Paterson L, Volke-Sepulveda K, ArliSibbett W, Dholakia K:
Creation and manipulation of three-dimensional optically trapped structures.
Science 2002296:1101-1103.

MacDonald MP, Volke-Sepulveda K, Paterson L, ArltSibbett W, Dholakia K:
Revolving interference patterns for the rotation of opticallytrapped particles.
Optics Communicatiorn2002;201:21-28.



243

MacDonald MP, Paterson L, Sibbett W, Dholakia Ky&it PE:Trapping and
manipulation of low-index particles in a two- dimensional iterferometric
optical trap. Optics Letter2001;26:863-865.

Paterson L, MacDonald MP, Arlt J, Sibbett W, Bry&#i, Dholakia K:Controlled
rotation of optically trapped microscopic particles. Science 2001292:912-914.

C.1.2. Publications (Not refereed)

Paterson L, MacDonald MP, Volke-Sepulveda K, ArlEibbett W and Dholakia K:
Continuous motion of interference patterns using the angulaDoppler-effect.
Proceedings of SPIE vol. 5121, pp. 98-102 (2003).

MacDonald MR Paterson L, Armstrong G, Arlt J, Bryant P, Sibigtand Dholakia
K: Laguerre-Gaussian laser modes for biophotonics and micromanipation.
Proceedings of SPIE (2003).

C.2. Conference papers

C.2.1. Conference papers (Refereed)

MacDonald MR Paterson L, Armstrong G, Arlt J, Bryant P, Sibbgtand Dholakia
K: Laguerre-Gaussian laser modes for biophotonics and micromanipation:
Advanced Laser Technologies 02, Adelboden, Swanel| September 2002.

Paterson L, MacDonald MP, Volke-Sepulveda K, AriBibbett W and Dholakia K:
Continuous motion of interference patterns using the angular Dopplerféect.
LAT 2002, Moscow, June 2002.
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Dholakia K, Paterson L, MacDonald MP, Arlt J, Silthé/ and Bryant PEOptical
Micro-rotator. The Royal Society Summer Science Exhibition D0g.2

MacDonald MP, Paterson L, Arlt J, Sibbett W and ki K: Controlled
construction, rotation and translation of 3-dimensional, optically trapped
structures. Conference on Lasers and Electro-Optics 2002 Ma24], Long Beach,

California, paper CFC3.

MacDonald MP, Paterson L, Arlt J, Volke-SepulvedaBikyant PE, Sibbett W and
Dholakia K:Controlled rotation of optically trapped particles. Quantum
Electronics and Photonics 15 September 3-6 20Qisgelv, Scotland.

Paterson L, MacDonald MP, Arlt J, Sibbett W and Bkia K: Optical trapping of
low-index spheres in an interference patternQuantum Electronics and Photonics
15 September 3-6 2001, Glasgow, Scotland.

Paterson L, MacDonald MP, Arlt J, Volke-Sepulved@8Kant PE, Sibbett W and
Dholakia K: Controlled rotation of trapped particlesin a spiral interference
pattern. Conference on Lasers and Electro-Optics 2001 May Baltimore,
Maryland, postdeadline paper CPD27-1.

MacDonald MP, Paterson L, Sibbett W, Bryant P ahdlBkia K:Optical tweezing
of rod-like particles and hollow spheres in an interference patternConference
on Lasers and Electro-Optics 2001 May 6-11, Balten®Maryland, paper CWN4.

C.2.2. Conference papers (not refereed)

Paterson L, MacDonald MP, Arlt J, Sibbett W, Bry®t, Dholakia K:Controlled
Rotation of Trapped Microscopic Particles in an Interferene Pattern. SET
(Science, Engineering and Technology) for BritaMarch 2001, House of

Commons, London, UK.
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Paterson LNovel optical manipulation techniques Postgraduate Conference, June
2001, School of Physics and Astronomy, St Andrews/éfsity, St Andrews, UK.

Armstrong GN, Dholakia K, Bryant PE, Sibbett W, étabn L, Gray L, Garces-
Chavez V, MacDonald MPStudies of chromatid inversions using novel optical
micro-manipulation techniques Postgraduate Conference June 2002, School of
Physics and Astronomy, St Andrews University, StAsws, UK.

Paterson L:Novel optical tweezers for bioscienceLEOS (Lasers and Electro-
Optics Society) meeting, June 2003, St Andrews &hsity, St Andrews, UK.

C.3. Publicity

Numerous local, national and international newspaptcles when ‘Controlled
rotation of optically trapped microscopic parti¢lems published in Science in May
2001.

Exhibited the ‘optical micro-rotator’ at the Roy&ociety Summer 2002
Exhibition.

Exhibited optical tweezers at the BBC Tomorrow’s MidRoad show, summer
2002 (in London and Glasgow).

BBC Radio 4 ‘Frontiers’ programme on Optical Twasz&echnology reported
on the chromosome cutting aspect of our work.



