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Abstract

Optical micromanipulation is a powerful and versatile technique across all of the physical
and biological sciences. Whilst the forces exerted by optical traps are naturally very
small, they are sufficient to realize non-invasive mechanical control over mesoscopic
particles within atomic, biological and colloidal systems. The inherent compatibility with
modern microscopy enhances the reconfigurability of the trap while the accuracy
achieved in a calibrated optical trap presents itself as a quantitative force probe. Thus
forces can be applied in a controlled manner to biological systems including cells and
molecular motors and processes measured with high precision. The impact is not limited
to biology. Optical traps have provided seminal studies in colloidal and optical physics
including the phase dynamics of thermodynamic systems, Brownian diffusion, aspects of
microfluidics, and fundamental issues related to optical angular momentum. This article
aims to focus upon the emergent theme of optical trapping with structured light fields. By
structured light fields we refer to areas such as the generation of multiple arrays of traps
and the use of specialist light fields such as Bessel beams and Laguerre-Gaussian beams.
All of these are making a major impact in optical trapping and in subsequent applications

including those in biomedicine.
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1. Introduction

Laser microscopy has unravelled a wealth of complex processes in cell and molecular
biology. The prominent imaging methods of laser scanning confocal fluorescence
imaging and two-photon fluorescence excitation are established techniques for
visualizing cells and molecules. The light-matter interaction has had a profound impact
upon fundamental science and enabled a deeper understanding not only in biology but in
the domain of atomic and molecular theory. Notable advances in the last few decades
have included the concept of light exerting mechanical forces upon atomic ensembles
paving the way for the very powerful methods of laser cooling (Chu, 1998) and the
achievement of ultra cold quantum gases and onset of Bose-Einstein condensation (Davis
et al., 1995; O'Hara et al., 2000). The forces of light have made an impact at these size
scales that are much larger than that of an atom (angstrom) or molecule: importantly light
forces can readily manifest themselves upon objects of up the size of a single biological

cell (micrometer).

How do such forces arise? — light may be considered as quanta of energy that possesses
momentum. Overall, the exchange of momentum with matter may result in physical
motion: in this manner, light may move, hold and exert a very controllable force upon
material objects and importantly for our purposes to objects the size of a single cell or
smaller. This form of optical momentum transfer and subsequent force is at the heart of

the area of optical trapping or optical micromanipulation.

The use of laser sources is crucial to the field though one must acknowledge that we are
limited to exerting forces of the order of piconewtons. The interaction between light and
the particle (microscopic or smaller) produces a change of photon momentum upon the
particle at a rate that would lead to small forces that are sufficient enough to move or
hold a microparticle. At such a size level, this concept can be utilized particular by the
biological sciences in pursuit of studying several macromolecular and cellular processes
in a quantifiable manner. The field of fundamental physics too has benefited in numerous

ways using optical traps: seminal studies in the last fifteen years include a deeper
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understanding of the optical angular momentum of light, exploration of colloidal
hydrodynamics, microfluidics and the study of thermodynamics at small scales, this latter
topic related to the exciting topic of non-equilibrium physics. Such experimental studies
of light-matter interaction have, in turn, advanced physicists towards a more complete

appreciation of the theoretical basis for optical forces.

It is now over thirty five years since the first optical trapping experiments and over
twenty years since the inception of the popular “optical tweezers” (Ashkin et al., 1986).
Beginning in 1970, Ashkin (Ashkin, 1970) performed experiments with a visible argon
ion laser. In a single horizontally propagating beam, microspheres were seen to align
along the propagation axis and propelled along the propagation direction of the beam:
this is now commonly known as optical guiding. He then added a second beam (of
equivalent optical power) at counter-propagating geometry halted the motion of a sphere
along the beam axis whilst retaining its position within the bright region of the two
beams: the first optical trap was formed. This counter-propagating (or dual) beam optical
trapping geometry (Ashkin, 1970) has been realized with fibers (Constable et al., 1993)
and is making a comeback as we shall discuss later in the form of the optical stretcher
(Guck et al., 2001) and for longitudinal optical binding (Tatarkova et al., 2002; Singer et
al., 2003). In subsequent studies Ashkin (Ashkin and Dziedzic, 1974) also investigated
the stability of trapping of hollow and glass spheres with optical beams by balancing
optical forces against gravity. Indeed the levitation of hollow spheres constituted the first
use of “structured light fields” in optical traps. An output TEM*;; mode from a laser was
needed as for such a hollow particle is repelled from regions of high light intensity (its
refractive index is lower than its surroundings) and thus needs to be “caged” by light
(Ashkin and Dziedzic, 1974). Sixteen years after the dual beam trap, Ashkin and
colleagues realized the single beam gradient trap (popularly known as optical tweezers)
(Ashkin et al., 1986) that is the simplest incarnation of optical forces for moving
microscopic particles and indeed forms the basis for most of the discussion within this
article. This trap has now been well-recognized as having the largest impact within the

field of optical micromanipulation.



Vol.56 Advances in Atomic, Molecular and Optical Physics - submitted 6

This article aims to give the reader an insight into some of the most exciting areas of this
research field with the spotlight firmly upon the topics of multiple trapping or use of
specific light modes within optical micromanipulation. We broadly group these topics
under the heading of structured light fields or beams: that is moving away from a
standard single Gaussian light field. The types of structured light beams include multiple,
reconfigurable Gaussian arrays of traps, as well as non-zero order light modes such as
Laguerre-Gaussian modes and Bessel modes. We refer the reader elsewhere for more
concise reviews (Molloy and Padgett, 2002; Grier, 2003; Neuman and Block, 2004;
Dholakia and Reece, 2006; McGloin et al., 2008; Dholakia. K, 2008) of this topical area.
As a precursor to the discussion of these structured light patterns in this article, we shall
begin with an introduction to optical tweezers, its operation and a brief consideration of
some of the experimental issues for its implementation. This is followed by a review
particularly how this powerful optical concept is applied to biology namely the study of
molecular motors and other biological macromolecules as well as studies of cells as well
as some aspects of colloidal science. Optical tweezers have produced some seminal
studies within single molecule biophysics and allowed an insight into this field in a
manner hitherto unforeseen (Block et al., 2007). We then move specifically to the topic
of structured light fields and give examples of how such fields may be generated and
implemented as well as their applications. The field is dynamic and though in some
senses established it is still very contemporary and if anything expanding its remit across
the natural sciences. Many of the applications within biology and chemistry are very
active current areas of research which are continually evolving, so the aim will be to give
the reader a proficient grounding in the various techniques to facilitate the reasoning
behind the future use of such structured light beams.

2. Single beam optical tweezers
2.1 Optical tweezers : theoretical treatment of trapping forces

The light — matter interaction is at the heart of optical trapping and the subsequent forces
may be understood in a number of ways. Perhaps the most straightforward case is to
consider an object in the Mie regime: where the particle radius, r, is much larger than the

trapping wavelength, 1). When trapping in the Mie regime, one can invoke the use of
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geometrical ray optics to picture the forces involved. Ashkin shows a clear calculation of
how to derive the forces present in this instance by ray tracing and use of the Fresnel
equations at the sphere- medium boundary (Ashkin, 1992), by consider the scattering and
gradient forces as arising from the reflection and refraction of light. A trapped
microsphere (if of higher refractive index than its surroundings and transparent to the
incident light) acts as a microscopic lens that focuses the light field. This focusing effect
in turn causes the particle to move to the position of highest light intensity as may be seen
in figure 1. Figure 1 shows how we may visualize optical trapping forces in the Mie
regime with a high numerical aperture (N.A) microscope objective (Ashkin, 1992). Both
lateral trapping (figure 1(a) and axial trapping (figure 1(b) are considered. In this
diagram, we can see that gradients of light intensity both in the lateral and axial direction
are key to the operation of this technique. Here, the microsphere has a higher refractive
index than its surrounding medium. A Gaussian beam, tweezing beam, is being focused
through a high numerical aperture (typical NA > 1) microscope objective and in front of
the microsphere. In the transverse plane (x-y) and axial direction (z), the refracted light
rays (a), produce net forces (Fa) on the microsphere that draws the microsphere towards
the center of the focus while the reflected light rays (b) creates a net forces (Fb) that
pushes microsphere away. The resultant net forces, Fa and Fb, contribute to the overall
gradient forces (Fgradient) and the scattering forces (Fscattering) (figure 1(a)). When the
microsphere is located away from the center of the beam focus (maximum intensity), the
resultant gradient forces (Fgradient) in both the transverse plane (x-y) and axial direction
(2) act to pull the microsphere into the center of the focus. At the same time, the resultant
scattering forces (Fscattering) act to push the microspheres away from the center of the
beam focus. (figure 1(a)) Thus by balancing the gradient (Fgradient) and scattering
(Fscattering) forces with a highly focused beam, the microsphere is stably held in three

dimensions by optical forces (figure 1(b)).

Any light scattering should result in a force opposing the direction of light propagation
and any refraction of the light results in a force attracting the particle to the region of
highest light intensity. This physical picture cannot be used to explain optical forces

exerted upon objects that are a far smaller than the wavelength: in this Rayleigh regime
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(r s%), it is more appropriate to consider the particle as a dipole that minimizes its

energy in the field gradient created by the light (Malagnino et al., 2002; Harada and
Asakura, 1996). A full theoretical treatment of how an optical tweezers performs for a
given object in a light field is a non-trivial question. In the Rayleigh regime, the object
may be considered as a point dipole and the contributions of the time-averaged gradient

force F,q. and scattering forces F_...., may be readily separated as follows:
2ra
Foradgiont = — VI (1)
gradient Cnmz
lon
scattering = c = (2)

where « denotes the polarisability of the sphere which for a standard non-absorbing
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dielectric object is proportional to the volume of the particle is equal to n§r3£m2 ZJ’
_+_

o is the scattering cross section of the sphere equal to 128ﬂjr6 ( m22 _1j2, ris the
31 m-+2
particle radius, | is the intensity, nm is the refractive index of the surrounding medium, ¢
denotes the speed of light, m refers to the ratio of the refractive indices of particle (n) to
that of the surrounding medium (nm) and 4 is the wavelength of the trapping laser used .
We can see from this that the scattering force is directly proportional to the trapping laser
intensity and the gradient (or dipole) force upon the object is due to the inhomogeneous
field gradient created by the tightly focusing the light beam (Svoboda and Block, 1994b;
Neuman and Block, 2004). Chaumet and Nieto-Vesperinas derived the expressions for
the time averaged forces for the Rayleigh regime. (Chaumet and Nieto-Vesperinas,
2000). In general, we see the gradient force as proportional to the polarizability, which
when considering the dielectric particle scales with the volume of the particle. This
means it is quite difficult in practice to trap very small dielectric objects (e.g. diameter of
50 nanometers) but one can readily hold dielectric objects from diameter of ~ 0.5 -5
micrometer in diameter a tweezers. These considerations also explain why gold

nanoparticles (with their very large polarizability) may be readily trapped at sizes of
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100nm and below (Hansen et al., 2005) though absorption is a key consideration to take
note (Seol et al., 2006).

Other work looked at different aspects of the problem. Barton and co-workers (Barton
and Alexander, 1989; Barton et al., 1989) derived a fifth order corrections to the focused
Gaussian beam such as to compute the forces using a Maxwell stress tensor approach.
Rohrbach and Stelzer (Rohrbach and Stelzer, 2002) extended the Rayleigh theory to
make it valid for large particles by inclusion of second-order scattering terms. The
incident field is expanded in terms of constituent plane waves allowing apodization and
aberration transformations (due to the high numerical aperture microscope objective) to
be incorporated in the theoretical model to yield the resultant optical forces upon the
dipole, in this instance without resorting to use of the Maxwell stress tensor method. The
vast majority of optical tweezers and trapping experiments are performed where the
particle size is comparable to the wavelength of the trapping laser beam. In this region
key studies by Rohrbach reported good quantitative agreement between the theory
calculations and experimental measurements pertaining to the strength of the optical
tweezers (Rohrbach, 2005). His theoretical approach for trapping forces computed the
Lorentz force density. He found that the optimal trapping performance is reached when

the wavelength of light (within the viscous medium) is comparable to the diameter of the
. A .
particle, d zH(Rohrbach, 2005), where A denotes the wavelength and n the refractive

index of the medium. Overall, it is important to note that the numerical and theoretical
modeling of optical forces at these scales still presents many challenges.

2.2 Design considerations of an optical tweezers system

The single beam optical tweezers has been widely implemented. The fact it is a
calibrated optical force transducer has been the core of many of its applications (Neuman
and Block, 2004). Constructing an optical tweezers involves some important physical
optics principles and due consideration of certain mechanical components. A more

comprehensive technical discussion of this may be found elsewhere (Lee et al., 2007).
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The basic optical tweezers requires only a single laser beam for its operation and may be
based around standard microscope which already comes equipped with a high numerical
aperture (N.A) objective lens (Lee et al., 2007). Alternatively one may build the optical
tweezers from standard cage plate or other opto-mechanical components (Rohrbach et al.,
2004; Appleyard et al., 2007). Many of the deliberations are upon the types of lasers,
choice of microscope objective and the beam delivery by the optical setup which are all

crucial for three dimensional (x, y and z) trapping.

The vast majority of optical trapping experiments use monochromatic continuous wave
(CW) sources that have the key properties of low absorption of the light by the subject
being trapped, especially when using biological materials: the laser wavelength is chosen
in the near-infra red region to avoid damage to biological specimens. Wavelengths of
830nm and 970nm have been shown to be particularly favorable to these studies
(Neuman et al., 1999). In the near infra red there are ample laser sources with good beam
shape (denoted by M? ~1 (Kogelnik and Li, 1966; Siegman, 1998) and beam pointing
stability) notably the new generation of near infra-red fibre lasers. In the domain of
colloidal science, there has been a widespread use of visible lasers notably at 532nm due
to the low absorption of water that reduces heating effects (McGloin et al., 2008). Ultra-
short pulsed lasers have also been used when one wishes to combine optical trapping with
nonlinear phenomena (e.g. two photon excitation). For the case of pulses of ~100
femtosecond duration if the repetition rate of the laser is high enough (eg 80MHz), any
anomalies due to particle diffusion in between pulses are not significant and the forces
exerted equal to their continuous wave counterparts (Agate et al., 2004). Temporal
coherence of the light field is not such an issue (except of course where the laser
bandwidth encroaches upon an absorption band within the trapped sample). Some recent
experiments have even used a “white light” laser sources based on a supercontinuum

generation (Li et al., 2005) to combine optical trapping with spectroscopy.

To achieve a diffraction-limited beam spot (radius = 0.61 A/ N.A) at the focal plane, a
high numerical aperture (min. N.A =~1) microscope objective lens is a natural choice.

Today, microscope objectives can produce an image at infinity. With such “infinity
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corrected” objectives, researchers may use an additional telescope and optical conjugates
to relay the collimated laser source to the microscope objective (within the “infinity
space”) without affecting the bright-field or fluorescence imaging aspect of the system.
The optical telescope is desirable for achieving a diffractive limited spot for true three
dimensional tweezing. One needs to slightly overfill the back aperture of the microscope
objective (Lee et al., 2007). The use of optical conjugates for the trapping beam enables
the optimum steering of beam before entering the microscope objective. The input beam
needs to be translated across the sample stage whilst ensuring the beam does not “walk
off” or is deviated in a way that might cause it to miss or clip any apertures in the beam
path, notably the back aperture of the microscope objective. Ensuring that input beam is
centered upon the back aperture during steering would mean a good quality trapping
beam at the focal plane at all times. In figure 2 we illustrate the idea of optical conjugates
for the steering of the trapping beam. The back aperture of the microscope objective is
imaged onto a mirror: thus positioning the light onto that mirror is equivalent to
positioning the beam onto the objective: tilting the mirror in the lateral plane now moves
the beam at the sample plane but does not move it across the back aperture of the
microscope objective. We now look in some detail at figure 2. The beam steering system
is made of up two lenses as seen in the figure, denoted as L1 and L2, and a rotating
mirror M1. Each lens is placed at one focal length away from the other and the rotating
mirror M1 is positioned at one focal length away from one of the lens L1. By placing the
back aperture of a microscope objective at one focal length away from lens L2, a beam
steering system is formed. Here, the rotating mirror M1 and the back aperture of the
microscope objective form conjugate planes. Both the green thin line (deflected beam)
and the red thick line (deflected at 45 degree angle illustrates the rays from rotating the
mirror M1 maintains its position with central rays at the back aperture of the microscope
objective. The central purpose of the conjugate planes is to ensure that a collimated beam
(light blue line) before the mirror M1 maintains overfilling of the back aperture of

microscope objective without any “walk off”.

Preparing a sample for tweezing also requires some careful thought. Colloidal particles

are usually dispersed in deionized water and approximately 10 microliters is placed on
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the sample, while biological cells are often suspended in suitable buffer solution. When
using cells, these are suspended in suitable buffer medium. In both cases, when
employing an oil-immersion microscope objective for tweezing, the beam would
propagate through a layer of oil, a thin piece of glass (coverslip) and then into the sample
solution which is of a lower refractive index than the glass and oil. Thus the beam will,
unsurprisingly, experience a large change in refractive index that generates spherical
aberrations along the axial plane, broadening the beam spot along the axial plane. Thus, a
well aligned optical tweezers may still suffer inherent aberrations due to refractive index
mismatches. As the results, the trap performance degrades when operating in deeper
region of the sample (Rohrbach and Stelzer, 2002). With the use of immersion oils with
varying refractive indices, Reihani and Oddershede succeeded in minimizing spherical
aberrations to allow trapping at depth using oil immersion objectives (Reihani. S. N. S.
and Oddershede, 2007). On the other hand, water immersion objectives are corrected for
the refractive index of water (removing the requirement of using immersion oil and a
coverslip) which reduces the spherical aberration (Rohrbach and Stelzer, 2002;
Vermeulen et al., 2005). Alternative adaptive optical techniques to obviate these
aberrations are available in the form of dynamic holographic (Wulff et al., 2006)
elements or the use of deformable mirror (Theofanidou et al., 2004) technology by
imposing correction terms of the appropriate Zernike polynomials upon the input

wavefront of the tweezing beam.

Trapping a particle is of course a key step but how do we then use this trapped object to
make force measurements? Converting an optical tweezers into a highly accurate force
measurement system requires an understanding of the underlying physical principles of
its operation with relationship to particle dynamics and Brownian motion. The crucial
tenet is that an optical tweezers may be modelled as a near ideal highly overdamped
simple harmonic oscillator. In particular, the particle resides in a parabolic potential well
created by the optical trapping beam. When the particle is at equilibrium, it tends to rest
at centre of the potential well (trap) where it has the minimum energy. Once the particle
is perturbed, it will experience a restoring force that is proportional to the distance away

from centre of the well (the resting position) akin to a miniscule spring that obeys
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Hooke’s law: this perhaps innocuous statement embodies some of the most powerful
principles of optical trapping as illustrated in figure 3. This idealized case may be
represented by a one dimensional equation of motion in direction x for a Brownian

particle in a harmonic potential:

%% Ox
Mg +y— K x=F; (t)

ot?
®3)
If we examine the left-hand side of the equation 3, the first term represents the inertial
force component for a particle mass m; the second term is the velocity dependent viscous

damping force, where y is the drag coefficient; and the final term is the optical restoring
force for the trap stiffness, k. The right hand side of the equation represents the

fluctuating force, F, (t), due to the Brownian motion. By monitoring either the

distribution of the particle position within the trap or the frequency response of the
particle motion we may obtain two independent methods of determining the trap
stiffness, k. Under typical trapping conditions (which is the low Reynolds number

regime (Squires and Quake, 2005)) , the viscous damping forces dominate and inertial

2
effects (m %) may be neglected. As illustrated in figure.3, the particle in this potential

well essentially behaves like a spring obeying Hooke’s law where the force on the object
is proportional to the displacement (Ax and Az as seen in figure 3) of its position from the
center of the trap (see figure 3) with the constant of proportionality denoted as the trap
stiffness. The particle position may be recorded as a histogram that may be described by a
Boltzmann distribution that in turn will be directly related to the shape of the trapping
potential, which is harmonic over the size range of a fraction of the trapping wavelength
(Berg-Sorensen and Flyvbjerg, 2004; Svoboda and Block, 1994a).

To use optical tweezers for measuring small forces, we require the addition of an
optoelectronic sensor capable of measuring the mean position of the trapped object in all

three dimensions to extract the corresponding trap stiffness, « . The sensor and detection

circuitry is calibrated by moving the trapped objects over a known distance. With the
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relationship of signal (voltage) and the distance (nanometer), the sensor can be calibrated
for specific distances. Once this position calibration factor and the stiffness x of the
optical tweezers, which is calculated from analysis of the thermal motion of the trapped
object or by application of known viscous drag forces, are quantitivity collected, the
optical tweezers can then be implemented as a force transducer. A popular method of
detection is the imaging of the back focal plane interference pattern of the trapped object
(Allersma et al., 1998) onto an optoelectronic detector (quadrant photodiode or position
sensitive detector) (Berg-Sorensen and Flyvbjerg, 2004). Such a detector has a high
bandwidth and fast response and the signal can be collected from either back scattered
light or forward scattered light with the aid of a probe laser beam (Volpe et al., 2007a;
Huisstede et al., 2005). The detector measures the geometrical center of the trapped bead,
in three dimensions, over a given time scale. In the absence of any biological forces, the
motion of a trapped microsphere is determined by the balance between the thermal
Brownian motion and the tweezers trapping force. We refer the reader to the paper by
Lee et al (Lee et al., 2007) that explains in detail the assembly and calibration of an
optical tweezers and the choices regarding the detection system. Neuman and Block also
make pertinent comments regarding the choice of a quadrant photodiode and position
sensitive detector detection system (Neuman and Block, 2004). A recent direct
comparison of video and quadrant photodiode detector techniques has been presented by
Keen et al (Keen et al., 2007) shows the viability of using a high-speed video camera to
measure trap stiffness with relevance to multi-particle trapping. Recent techniques in
optical tweezers have started to make use of evanescent light scattering to capture weaker
long range forces between a single colloidal particle and a flat surface as a function of
separation (Clapp et al., 1999). This type of geometry has been successfully applied for
the direct determination of weak critical Casmir forces (Hertlein et al., 2008). We remark
in concluding this section that most excitingly the particle position may be determined to
dimensions that are at least one to two orders of magnitude smaller than that of the
trapping wavelength: this is the crux of the reason why such small displacements (and

thus forces) may be discerned with this method.

2.3 Other incarnations of optical trapping
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Significant attention in the field has been invested into the designing of alternative
trapping geometries to that of single beam optical tweezers. Many of the technical
developments aim to accommodate specific trapping geometry and add flexibility for
forces analysis, simultaneous spectroscopy or the trapping of larger objects. Here we
describe a few of these developments.

An elegant and inexpensive approach to create two adjacent but independent
optical tweezers has been desired by the biophysics community for stretching and holding
macromolecules: the dual beam optical tweezers (Fallman and Axner, 1997) achieves this
goal and is seen in figure 4. Figure 4a shows a simple illustration of the dual beam optical
trapping setup using a single near infra-red fiber laser and an inverted fluorescence
microscope system. Using a set of polarization optics, a single beam can be split into two
beams of equal power but each orthogonally polarized (to minimize optical interference
effects) with the aid of a Mach Zender interferometer setup, with each beam creating an
independently steerable optical tweezers. Here the two tweezers are formed in the same
transverse plane, as seen with the tweezing of polystyrene microspheres and gold
nanoparticles in figure 4b. In some instances, this form of dual beam tweezers may used
together with the high speed steering provided by an acousto-optical modulator
(Greenleaf et al., 2005; Shaevitz et al., 2003; Vossen et al., 2004). We shall describe the
acousto-optic modulator later in this article.

Other forms of trapping arrangements exist, amongst which the dual beam optical
fiber trap (Constable et al., 1993; Guck et al., 2000; Singer et al., 2003; Metzger et al.,
2006a; Jess et al., 2006) has taken prominence. As mentioned earlier Ashkin’s first trap
(Ashkin, 1970) was made with two counter-propagating Gaussian beams. A powerful
and now common variant of that experiment is the dual beam fiber trap where the
(divergent) output of the two single mode optical fibres are meticulously aligned to be co-
axial with respect to each other at a separation of around 100 micrometers. Here the two
emergent beams from the fibre create a counter propagating geometry for a single trap. In
this trapping geometry, the scattering force dominates due to the divergence of the output
beam. The total gradient force from the two beams acts to draw a high refractive index
particle into the overlap region between the two beams, whilst the scattering force from

each of the beams balances to hold the object in between the two beams. Here, the risk of
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optically induced thermal effects i.e photodamage from two photon absorption (Konig et
al., 1996), especially when manipulating biological cells, is much lower due to the
absence of tightly focused light fields. One is able to immobilize a single particle and
collect scattered signal i.e. fluorescence or Raman scattering through an auxiliary
microscope objective (Jess et al., 2006). The system has led to the development of the
optical stretcher that controllably deforms cells held in the trap. The deformation has a
dependency upon the cytoskeleton of the trapped cell and ultimately gives a signature of
cancerous versus non cancerous cells (Guck et al., 2001; Lincoln et al., 2004; Guck et al.,
2005) The dual fibre optical trapping system may not be readily integrated into a
commercial microscope system when compared to the single beam/dual beam optical
tweezers system, but is notably compatible with microfluidic flow chambers (Lincoln et
al., 2007).

3. Applications within biophysics and the colloidal sciences

Optical tweezers are not usually used to move macromolecules directly. However they
offer a powerful method that can indirectly manoeuvre such macromolecules with the
trapped microparticles acting as “anchors”. By labeling DNA (deoxyribonucleic acid)
strands with biotin and mixing them with polystyrene microspheres (coated with
streptavidin - this binds to biotin with high affinity), one can obtain for example DNA
strands tethered to microspheres, which the form the “handles” required to indirectly
manipulate the DNA strands. From the preceding sections we know that for a single
beam tweezers to work well, we must use optically transparent dielectric particles
(usually of size 0.5-5 microns in diameter). The determination of the position of the
microsphere when trapped is the crucial step to ultimately make quantitative
measurements. The behavior of an optical tweezers transducer is very different from a
macroscopic force transducer; this is because it works in the very low force regime,
where thermal forces are significant. It is also rather different from the atomic force
microscopes (AFM) because the motion of an AFM probe is dominated by its relatively

high mass and high stiffness so the probe tip shows resonant behavior.
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3.1 Molecular and cell biology

Prior to the use of optical tweezers much of the knowledge of mechanical processes in
biological systems was gleamed from bulk samples. In many senses this was unsatisfying
and gave insufficient insight into the exact mechanisms of processes at the single
molecule level. The emergence of optical traps made available non-invasive biological
tools with sensitivity and range that is beyond other forms of transducer in this field. In
terms of force, optical traps exert forces in the piconewton range so are ideally suited to
unravelling DNA, exploring the world of protein-protein interactions and importantly the
work cycles of motor proteins. However such forces fall well short of those required to
break covalent bonds (1nN) (Grandbois et al., 1999).

The initial studies with optical tweezers were on biological samples that were relatively
large in size. Ashkin and colleagues first employed optical tweezers to trap and move
bacteria and small numbers of tobacco mosaic virus (Ashkin and Dziedzic, 1987) and
then to manipulate single cells (Ashkin and Dziedzic, 1989b), cell organelles (Ashkin and
Dziedzic, 1989a) and finally to measure the force of cell organelle movement inside
living cells (Ashkin et al., 1990). However such studies did not involve truly quantitative
measurements which later followed, opening up the realm of quantifiable single molecule

dynamic. We now progress to describing some of these studies.

3.1.1 Single molecule studies

Understanding the living cell is a fascinating aspect of modern biology: the cell has a
range of molecular motors that operate by converting chemical energy to mechanical
work. Exploring the work cycles of such motors and their behaviour has become a major
application of optical tweezers in the last two decades. We may broadly group such
motors into the two categories of rotary motors and linear motors. Membranes possess
what are termed “rotary motors” which derive energy from ionic flow across
transmembrane electrochemical gradients. Linear motors use chemical reactions as their
power source, for example the hydrolysis of the chemical, adenosine triphosphate (ATP)

to adenosine diphosphate (ADP) and phosphate. Optical tweezers can not only give
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insights into the forces exerted by both of these types of motor but also into the manner
of their motion (Block, 1996)

A major step forward in the use of optical tweezers for single molecule studies
occurred when researchers (Block et al., 1990) measured the individual steps taken by
kinesin, a molecular porter (a subclass of a linear motor described above) during its
motion along a fixed microtubule track created upon a microscope slide. The single
kinesin molecule was bound with appropriate surface chemistry as described earlier to a
microsphere and this was then held close to its microtubule track (Visscher et al., 1999).
A buffered salt solution containing the chemical fuel ATP constituted the sample
medium. The use of the optical trap and a quadrant diode for imaging permitted detailed
observations of the kinesin motor and microtubule track interaction. The trapped sphere
was pulled along by the kinesin and the experiment was able to observe approx eight
nanometer sized, steps taken by the kinesin molecule as seen in the figure.5. The
behaviour of the kinesin molecule is attributed to it pausing for a random interval after
taking each step as it waited for a fresh ATP molecule to arrive. In essence a single

chemical reaction and its consequences were thus seen in real time!

The optical tweezing geometry needed to be adapted to enable them to be applied to the
study of the actin-myosin system, which is the molecular motor associated with muscle
action. This interaction occurred in an intermittent fashion and to understand this system
a dual trapping arrangement was required. Finer et al. (Finer et al., 1995) adapted the
dual trap system (Fallman and Axner, 1997) described earlier to hold the two proteins,
actin and myosin, in close proximity so several interactions could be recorded from a
single molecule. The dual trap system enabled them to hold a single actin filament
suspended between two trapped microspheres. This allowed them to manoeuvre the actin
filament into close proximity of a third (fixed) myosin coated microsphere. When the
proteins made contact with a single molecule of fuel (the sample solution contained the
chemical fuel, ATP), the protein breaks down resulting in a single kick, or displacement
of actin. This movement was measured by monitoring the position of one of the trapped

beads. Subsequent studies by Molloy and colleagues (Molloy et al., 1995) shed more
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information upon this process and indeed this system is one of the most widely studied to
date using optical tweezers. The studies on motor proteins are likely to be paradigms for
future single molecule mechanical studies. Readers who would like further information
on optical tweezers based studies of rotary and linear motor proteins are directed to the
excellent recent reviews (Greenleaf et al., 2007; Mehta et al., 1999) and the references

therein.

Watson and Crick’s determination of the double-helix structure of DNA
(Deoxyribonucleic acid) is an undoubted landmark for Structural Biology (Watson and
Crick, 1953). DNA has been studied extensively woth optical traps. For example, a
length of DNA was attached to a microsphere and then extended by dragging through a
viscous medium in order to measure its mechanical properties (Perkins et al., 1994). This
gave useful information about its polymer mechanics. Knowledge of its mechanical
bend-persistence length (about 50 nanometers) informs the biologist about the probability
of adjacent regions of DNA forming some contact with one another. For instance, we
know that if two pieces of the sequence are 20 nanometers apart then the intervening
length of DNA is relatively stiff, if they are 500 nanometers apart then the linking region
will be flexible enough to allow the two regions to come together. Later, researchers
(Smith et al., 2003; Bustamante et al., 2003) applied very large forces (> 60 pN) to DNA
and found that it suddenly overstretches and breaks the double-helical B-form to give a
parallel ladder. Figure 6a illustrates force versus extension for dsDNA and ssDNA
molecules, obtained with a micropipette and an optical trap. Figure 6b shows the changes
in extension observed at a constant extension during polymerization (Poly) or force-

induced exonuclease activity (Exo) (Wuite et al., 2000).

A major advance in displacement and force studies with optical tweezers was recently
achieved by Abbondanzieri and colleagues (Abbondanzieri et al., 2005) where they
achieved resolution of angstrom level motion, as seen in figure.7. In this figure we see a
single, transcriptionally active molecule of RNA poymerase (green) is attached to a bead
(blue) held in trap Tweak (the right hand tweezers) and tethered via the upstream DNA
(dark blue) to a larger bead held in trap Tsuong (the left hand tweezers). The right hand
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bead is maintained at a position near the peak of the force-extension curve of Tweak,
where trap stiffness vanishes (white arrow), creating a force clamp (trap stiffness k).
During elongation, the DNA tether lengthens and the beads move apart. Owing to the
force clamp arrangement, only the right bead moves: displacement is measured for this
bead. With the configuration shown in figure.7, they measured the force produced by
RNA polymerase as it transcribed a DNA gene. They attached a glass bead to one end of
a DNA strand and then allowed the other end to bind to an immobilised molecule of RNA
polymerase. When a “transcription buffer” was added (containing all the necessary
nucleotides for transcription) RNA polymerase moved along the DNA proceeding with
its task of transcribing the gene and producing a new RNA chain. The authors grabbed
the bead that was attached to the free end of the DNA and then measured the pulling
force produced by the RNA polymerase. The force was about 25 piconewton, perhaps
surprisingly this is five times greater than that produced by either of the studied motor
proteins myosin or kinesin. The authors measured a mean distance of 3.4 angstrom in
discrete steps taken in the transcription process. The advancement reported in this paper
included the development of an ultra-stable trapping system. The authors encased the
optical path in helium gas so as to stabilize the trapping position removing any instability
in laser pointing arising from the surrounding environment. The fact that the refractive
index of helium was closer to unity than the use of air reduced variations in the laser
positioning. Furthermore, the team developed a constant force clamp by placing one of
the two trapped beads slightly off-axis on the non-linear part of the force versus extension
curve (Abbondanzieri et al., 2005).

One may explore very exciting aspects of statistical mechanics using optical traps and
macromolecules. Intriguingly, developments in statistical mechanical theory can be used
to solve fundamental problems in experimental thermodynamics. In 1997, Jarzynski
(Jarzynski, 1997) proved an equality relating the irreversible work to the equilibrium free
energy difference. This work put forward the notion that it is possible to obtain
equilibrium thermodynamic parameters from processes occurring well away from
equilibrium. Liphardt et al. (Liphardt et al., 2002) explored the Jarzynski's equality by

using optical tweezers to mechanically stretch a single molecule of RNA reversibly and
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irreversibly between two conformations. Application of this equality to the irreversible
work trajectories recovered the equilibrium free energy difference profile of the stretching
process. Excitingly this experiment and interpretation forms a link between the statistical
mechanics of equilibrium and non-equilibrium systems (Liphardt et al., 2002). A very
good account of further experiments and studies of the physics of non-equilibrium

systems is given elsewhere (Bustamante et al., 2005).

3.1.2 Cell biology

As mentioned before, Ashkin’s early work dealt with the possibility of using optical
tweezers to move and manipulation biological cells and its internal organelles (Ashkin,
1997). The trapped microsphere can also be used to tether onto cell membranes such as
blood cells (Dao et al., 2005) which had led to the measurements of its mechanical
structures. Liang et al (Liang et al., 1993) used optical tweezers in combination with
pulsed laser cutting (laser scissors), to manipulate and explore the behaviour of
chromosomes during cell division in view of studying the complexities of mitosis. Seeger
et al (Seeger et al., 1991) used the same type of technique for isolation of a
microdissected gene. An excellent and thorough review of optical microbeams (laser
scissors) may be found in the articles by Berns (Berns ef al., 1998) We have already
mentioned the optical stretcher that uses the dual beam counter-propagating geometry
trap. Guck (Guck et al., 2002; Guck et al., 2001) showed that the forces from two
diverging beam (output from optical fiber ends) can steadily measure the mechanical
deformation on red blood cells without any tethering. In this way the elastic and
viscoelastic properties of red blood cells (RBCs) alter in manner that is often correlated
with the manner in which the cells respond to structural and molecular alternation
induced by the onset and progression of a disease within the cell. Hence the cell
deformation in the presence of the calibrated force can be used to calculate the
mechanical properties (shear modulus). Optical traps have been applied to study infected
RBCs with optical tweezers by Mohanty et al (Mohanty et al., 2005). In hypertonic
buffer, a normal RBC rotated by itself when trapped by optical tweezers and the
rotational speed increases linearly at lower trap-beam powers and more rapidly at higher

powers. In contrast, a malarial parasite-infected RBC did not rotate under the same
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experimental conditions. The rotational speeds of other RBCs from malaria-infected
sample were found to be an order of magnitude less than for normal RBCs. Biological
processes i.e. cell division, vesicle trafficking, endocytosis and phagocyotsis within the
cells are crucial to its proper functionality and may be probed with optical tweezers.
Using a calibrated optically trapped latex bead, Kress et al (Kress et al., 2005; Kress et
al., 2007) were able to measure direct cell binding of beads to membranes of living cells
during the process of phagocytosis. Kress and co workers were able to measure with a
trapped microsphere that the F-actin-dependent stepwise retraction of filopodia, which is
responsible to act as cellular tentacles that pulls particles into the cells during cell

ingestion, with a mean step size of 36 nm and at counteracting forces of up to 19 pN.

Optical tweezers operating at 980nm were explored for the movement of mature isolated
retinal cells. Such studies may lead to the creation of synaptic circuits in vitro. Rod and
cone photoreceptors as well as other retinal nerve cell types were manipulated and
approximately 60% of the tweezed cells survived for at least 48 hours. The tweezing was
observed not to affect the organelle, nuclear and cytoplasmic structure of the manipulated
cells. Additionally, in photoreceptors, synaptic vesicles and ribbons were also unaffected.
Optical micromanipulation seems to offer provide a strong technique to manoeuvre
whole neurons (Townes Anderson ef al., 1997). Ehrlicher and colleagues (Ehrlicher et
al., 2002) performed intriguing work showing that neuronal growth could be influenced
by laser light and attributed the behaviour to the optical gradient force enhancing the
neuronal growth. The exact mechanism for such behaviour is still elusive (Ehrlicher et

al., 2002; Stevenson et al., 2006)

Optical tweezers are also finding their niche in the immobilization of cell over a probe
beam (Xie et al., 2002; Jess et al., 2006; Creely et al., 2005). The probe acts to scatters
enough light off the cell (the vibrational energies level) which is then recorded by a
detector. This form of optical trapping and detector techniques opens up a new range of
spectroscopy technique where the optical traps are used to fix cell in three dimensions.
This allows research to choose the specific site for detection i.e. Raman scattering.

Combining optical tweezers, Raman spectroscopy and microfluidics allow interesting
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prospects for cell studies. Ramser et al (Ramser et al., 2005) had control over the media
surrounding the cell in their microfluidic chamber that is defined by electron beam
lithography that is then moulded into rubber silicon. Different buffers flowed through the
channels, while the resonance Raman response of an optically trapped red blood cell
(RBC) was recorded. The authors were able to monitor the oxygenation cycle of the cell
in real time and understand the effects of photo-induced chemistry. This system has
prospects for in vivo monitoring of cellular drug response (Ramser et al., 2005). Jess and
colleagues were able to combine the dual beam counter-propagating trap with
simultaneous Raman spectroscopy creating a form of Raman flow cytometer (Jess et al.,
2006). They also were able to take definitive Raman spectra from local parts of the
trapped cell and perform multivariate analysis on the spectra ascribing the spectra to

specific cell regions.

3.2 Examples of studies of colloidal systems with single beam optical tweezers

A calibrated optical trapping system has application in areas of colloidal sciences,
especially in the measurements of weak interaction forces between small particles
suspended in a viscous medium (~micrometer). Furthermore, in the microfluidic
environment (of low Reynolds number), these small interaction becomes more
pronounced. Meiners and Quake (Meiners and Quake, 1999) made use of a dual beam
trapping system (Fallman and Axner, 1997) and measured the hydrodynamic interaction
between two trapped spheres. They recorded the position fluctuations of each bead and
from this determined both the correlation and anti-correlation functions. They showed
that these trapped spheres exhibit a pronounced, time-delayed dip in the cross-correlation.
This time delay is linked to the relaxation time of the harmonic well created by the
tweezers. Further detailed study by the authors showed that the anti-correlations seen
were well understood by using the Langevin equation and invoking a standard Oseen

tensor hydrodynamic coupling (Meiners and Quake, 1999).

Microrheology refers to the study of the deformation of viscoelastic materials or fluid
flow in response to applied force. Crocker et al (Crocker et al., 2000) introduce a new

form of two-point microrheology that is centered on the measurement of the cross
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correlation of the thermal motion of pairs of tracer particles. Thus it is not surprising to
infer the possibility of using optical traps for such local viscosity measurements (Nemet
et al., 2002; Bishop et al., 2004; Pesce et al., 2005). A more recent paper by Brau et al
(Brau et al., 2007) summarizes the range of microrheology applications that optical
tweezers can be employed in. The non-invasive nature of optical tweezers lends itself
very well to exploring the local viscoelastic properties of solutions. The optical trap may
both act in an active or passive mode for microrheology applications. In the passive mode
one simply monitors the position of the particle and relates these observations with the
predictions of the Stokes-Einstein equations. A more active role is also possible: the
trapped particle may be dragged through the sample, thus mechanically deforming the

medium under study.

4. Optical trapping with structured light field and their applications
4.1 Structured light fields

The previous sections have shown how a single focused light beam in the form of optical
tweezers can be a remarkable tool for a diverse range of biological and colloidal science.
We firstly consider and indeed question why we might wish to deviate from the use of a
single Gaussian beam for a single optical trap and use structured light fields (or beams),
either as traps on their own or replicated in arrays. Though the optical tweezers have
proven themselves as a general interdisciplinary tool, serious drawbacks and limitations
remain. The basic tweezing geometry uses a microscope objective lens and a standard
Gaussian laser beam. This arrangement can only provide a single trap with an
approximately ellipsoidal focal volume, thus constraining the ratio of trap stiffness in
lateral and axial directions. These conventional techniques offer little flexibility for
tailoring the trap (and its stiffness) in a three dimensional space. A Gaussian beam
expands and diffracts as one knows upon high focusing and potentially limits the types of
applications, e.g. optical guiding or the even transportation of particles separated over
large distances (millimeter). Rotation would be beneficial to add to the optical toolkit: If
one can gain precise rotational control within optical tweezers, a new capability is
attained and a calibrated rotational torque (La Porta and Wang, 2004; Volpe et al.,

2007b) can be applied upon bio-molecules. In the field of microrheology, a rotating
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particle may be used to measure a range of viscoelastic behavior in different media. In a
microfluidic environment, rotating single particles or groups of particles can induce
pumping action within a laminar flow (Friese et al., 2001; Galajda and Ormos, 2001;
Terray et al., 2002) which has potential for controlling flow rates and pumping and
mixing small volumes of analyte. By increasing the number of the optical tweezers —
creating multiple trap arrays - researchers may start to explore different trapping
experiments in parallel or work with larger array of cells or colloids. One can also view a
large array of optical tweezers as an optical potential energy landscape (a topographic
array of potential energy wells) which can thus impose a distribution of optical forces
over a large area. These landscapes can in turn optically organize colloidal particles into
two and three dimensional quasi-crystals structures and can be used to tune the
interparticle interaction over an extended physical space. Such an ensemble of self
assembled colloidal particles provide a strong platform for potential rich scientific studies
in areas such as materials science and thermodynamics (Bechinger et al., 2001; Korda et
al., 2002a). The full impact of this technology is yet to be realized. In the following
section we aim to address these issues and broadly group our discussion under the
heading of structured light fields. There is a consensus in the community that this area is
burgeoning and potentially one of the most powerful for future studies within the field of
optical trapping. From the materials science viewpoint for example, a system by a given
set of microparticles that can be organized and assembled into any form of geometry
would be of great importance to material sciences. There is a wealth of novel science
that may be performed with not just creating large arrays of trap but also controlling each
trap site independently. Additionally one opens up the prospect of collective or co-
operative effects between objects held at individual trap sites within a potential
landscape. Self assembling of colloidal particles (Dillen et al., 2004) play a vital role in
the understanding of phase (liquid-solid) transitions and depending on the optical
properties of the particles, one can form composite materials with these colloids. We start
by detailing the different ways of multiplexing a single beam optical tweezers into many
traps. We then progress to mention some emerging applications, in colloidal and
biological science, that have employed such arrays of optical traps and where appropriate

compare and contrast different approaches. After this we discuss two popular forms of
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non zero order light beams: Firstly Laguerre-Gaussian beams which are light fields with
inclined wavefronts and accompanying orbital angular momentum. Then we look at light
fields of a “non-diffracting” or propagation invariant nature. These Bessel beams that
offer interesting dynamics for guiding and sorting in particular. Both Laguerre-Gaussian
and Bessel modes may provide an added ability within different geometries of optical

micromanipulation.

4.2 Large arrays of optical traps

In this section we give a brief introduction to four major techniques that allow
crafting arrays of optical traps and look at each of these methods involved and comment
upon some of the experiments that have been performed using each technique. A direct
and straight forward way of obtaining multiple trapping sites is with the use of
interference. A second method capitalizes on the fact that optically trapped particles are
typically suspended within a viscous medium (i.e. water, glycerol, buffer solution) and
operate in a highly overdamped regime. The outcome of such damping is that it brings
about relatively slow rate of diffusion of particles over a given space. Thus if a single
optical trap is scanned to discrete locations at a rate and returns to its original position
quickly enough the diffusion rate of the particle within a given area is not so significant.
It would be possible to simultaneously tweeze multiple particles at each of the discrete
sites by time sharing the beam between each trapping location. Another technique uses
the principles of holography and, for example, imprints the phase of several beam
splitters onto a single holographic (photo-sensitive) element: one beam can then be split
into multiple beams at the same time but at different spatial points. The beams can then
be relayed directly onto the trapping plane forming individual traps. Finally, it is possible
to convert phase structure of any form into its corresponding intensity with high optical
efficiency by using the generalized phase contrast technique, which increases the optical
efficiency of the output power. We remark before continuing that trap multiplexing may
be achieved by other means than the four we describe, for example the use of vertical
cavity emitting lasers (Birkbeck et al., 2003; Flynn et al., 2002; Shao et al., 2006) . Near-
field micromanipulation is also another power method to obtain large area self assembly

of particles (Garces-Chavez et al., 2005; Garces-Chavez et al., 2006; Reece et al., 2006;
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Righini et al., 2007) is the emergent area of light induced dielectrophoresis (Chiou et al.,
2005). Here though we concentrate on the four areas mentioned as they are the most

prominent. Let us now look at these in some more detail.

4.2.1 Interferometric trapping

Optical interference is inherently linked to the temporal and spatial properties of
the generating light field. Laser sources typically offer very high spatial and temporal
coherence that may be used in a number of ways. In the area of optical trapping,
interferometric patterns can instantaneously provide an optical potential energy landscape
over a large area. If we overlap two light fields taken from a single laser source with an
appropriate coherence length, two dimensional interference patterns can be formed which
is possibly the most straightforward way to generate multiple beams (traps). To achieve
this, one can directly modify the dual beam optical trap, described earlier in figure 4
(Fallman and Axner, 1997) with non-polarizing optics. This creates a Mach Zender
interferometer and it is possible to create a periodic linear intensity fringes from the two
trapping beams from this system to form an extended optical potential landscape (Chiou
et al., 1997; MacDonald et al., 2001). In this manner, Chiou et al (Chiou et al., 1997)
made use of the translating intensity line traps formed with the help of a microscope
objective and the interference fringes from two coherent laser beam, where high
refractive index microspheres are trapped and transported. Macdonald et al (MacDonald
et al., 2001) manipulated low index particles of appropriate size relative to the fringe
spacing in between the bright fringes of such an interference pattern. Such two beam
interference was also employed by Chowdhury and colleagues (Chowdhury et al., 1985)
in studies of laser induced freezing.

With three or more beams, it would be possible to form three dimensional optical lattices
for tweezing large arrays of particles (Rubinov et al., 2003; Casaburi et al., 2005;
MacDonald et al., 2001). Indeed past studies in optical binding which we will discuss
later (Burns et al., 1990, 1989) have shown how multi-beam interference may be used for
studies in optical binding, where particle-particle interaction arising from multiple

scattering are taken into consideration. As shown in figure.8, a basic three dimensional
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optical interference pattern or lattice can be made up from three interfering beams each

having a complex amplitude denoted by w1, w2, w3. The complex amplitude of the final

interference light field, y,,, (r), which can be described by

l//int(r) =Wt Yty
AO e iko-r+ Al eikl-r+ Azeikz-r

(4)

where r is a position vector, A,, A, A, are arbitrary complex amplitude
constants, and k,,k;,k, are the wave vectors in the plane and that lk,+mk, +nk, =0

where I, m, n are the optical lattice indices. In figure.8, we show a three beam
interference that can generate an array of discrete high intensity spots (inset) spread out
with an overall Gaussian distribution. In fact one finds that with only four non co-planar
light beams can actually form fourteen different types of three dimensional optical
lattices (Bravais lattices), as indicated by L. Z. Cai et al (Cai et al., 2002) .

4.2.2 Time shared optical trapping

As mentioned in the introduction of the section 4.2, a particle trapped in an optical
tweezers in liquid (medium of high viscosity) is equivalent to an overdamped oscillator.
The concept of time shared optical traps is that one may remove the tweezing beam for a
very short period of time to tweeze another object and return to this original tweezed
particle some time later. Of course, once the optical field is moved away from particle’s
current position, the particle is left free to diffuse due to Brownian motion. If the
tweezing beam returns to its original position within a relatively short time scale (less
than a 0.1 millisecond or so) before a micron-sized particle diffuses away due to
Brownian motion, the mean position of the particle essentially remains unchanged (it
would only have diffused the order of a few nanometres). The distance d which the

particle would diffuse away from its original trapping position is given by

KgT
67znr

d=,[2

t (5)
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where kgis the Boltzmann constant, T is the temperature, 7 is the viscosity, r is

the radius of the particle and t is the time of absence of the optical tweezing beam.
Hence, the smaller the particle the further the diffusion distance will be whilst the trap is
absent. This characteristic of the time-shared multiple optical traps is also its Achilles'

heel and needs careful consideration in design of all such systems.

Using a pair of fast scanning mirror driven by galvanometers, Sasaki and colleagues
(Sasaki et al., 1991, 1992) demonstrated that by scanning a single trap in a designed path
repetitively one may obtain a specific two dimensional light pattern, where microspheres
would find themselves aligned onto the designated light patterns. By rotating the trap in a
circular path over a few hundred Hertz, they were also able to cage and transport
reflective metallic particles or low refractive index microdroplets. Visscher and
colleagues (Visscher et al., 1993) integrated a two-axis galvanometer mirror onto a
confocal fluorescence microscope system to achieve rotational control of E. coli
bacterium. K. Visscher et al. (Visscher et al., 1996) improved the scanning laser trapping
system with acoustic optical deflectors (AOD, where the optical trap can be steered at a
rate of a few KHz (> natural frequency response of a micrometer sphere)). This form of
automated tweezing technique has greatly improve the precision and repeatability of
single molecule experiments (Lang et al., 2004). In essence, these beam steering systems
provide a reasonably accurate and reproducible two dimensional (x-y) intensity pattern

by deflecting the input beam.

The modes of scanning can be achieved by the galvanometer controlled mirror (Sasaki et
al., 1991, 1992), piezo-driven deflecting mirrors (Mio et al., 2000) or acousto-optic
deflector (AOD) (Visscher et al., 1996; Terray et al.,, 2002). The scanning mirror
techniques operate by scanning a pair of oscillating mirrors made use of two highly
reflective mirrors aligned such that each provides scanning in each of the axis (X, ).
While the AOD technique makes use of deflection by a diffractive grating formed with
acoustic wave. The relatively slow scan rates (few hundred hertz) offered by the
galvanometer mirrors (due to inertia) impedes the possibility of being able to form

multiple traps. The fastest rate at which a mechanically deflecting mirror can be put into
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oscillation is around ~ 12kHz (GSI-Lumonics Inc) as we need to consider the mechanical
inertia of the system. However, an AOD can easily accomplish a repetitive scan rate of
the order of a MHz due to the fast travelling speed of the acoustic waves. At such high
speed scanning, a single beam can be “shared” between different positions. A two axis
acousto-optic deflector (AOD) is typically made up of two crystals (tellurium dioxide,
TEO or Lithium Niobate, LiNbO3) lined up orthogonally along the propagation axis for
steering of infrared laser beam. Within one AOD, a standing acoustic wave modulates the
refraction index of the crystals which in turn diffracts the light propagating through it
much like a phase grating. Tuning the depth of the phase change can also modulate the
intensity of the laser beam and by moving the grating you can steer the first diffracted
order in one direction. Two AODs scanning in orthogonal directions can be combined in
series to provide both x and y deflections of the optical trap as shown in figure 9. Each
deflector consists of a crystal e.g. Tellurium oxide with piezoelectric transducers with an
applied RF voltage to creating a standing wave across the crystal. The input laser beam is
incident at the Bragg angle (6) is efficiently diffracted by the sound wave grating and
deflected by an angle ¢ (see figure 9).

The AOD system does however suffer from some optical efficiency tradeoff due to its
diffractive nature, whereas the galvanometer scanning mirrors have a high optical
efficiency owing to the high reflectivity in the mirrors, though of course, as noted inertia
is a limitation for this latter system. The first diffracted order which typically contains
around 60% of the total input optical power is used. Furthermore, the AOD optical
efficiency gradual decrease with respect to the deflection angle of the grating and thus
create a less than ideal spread of intensity distribution. This can be compensated by
imposing an amplitude modulation to even out the intensity which would mean that each
AOD needs to be characterized for the change of intensity versus deflection angle. This
change of intensity would have a marked effect on the stiffness of the trap generated.
This would also mean that the number and quality (trap stiffness) of each of the “time-
shared” optical traps is very much dependent on the response time of the all
optoelectronic components: the quality of the electronics and the programming aspects

(Wallin et al., 2007) . In figure 9, we illustrate the operation of the two-axis AOD system.
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A linear polarized laser beam passes through a half waveplate (controls the direction of
the polarization of the light beam) before entering the pair of AODs. A simple
demonstration of the two dimensional scanning from an AOD can be seen in figure 9. A
slow linear scan is applied on each individual AOD and each sound wave grating from
each AOD diffracts the input beam into its individual diffracted orders. In figure 9 we
illustrate the first four diffracted orders (X, y) arranged over a two dimensional grid where
the intensity at each of the diffracted orders (0, 0) is the undiffracted Gaussian spot, (0,1)
and (1,0) vertical and horizontal scanned line intensity (each of the AODs) and (1,1) is a
diagonal scanned line intensity which is the combination of the two scanning axis of

AODs, as seen in the figure 9.

4.2.3 Holographic optical trapping

Dennis Gabor won the Nobel Prize in 1971 for “his invention and development of the
holographic method”, where he was able to reconstruct three dimensional images by way
of interferometry. Gabor has also looked in the reconstruction of images for the purpose
of microscopic imaging (Gabor, 1951). Holography is a technique where the intensity and
phase (complex amplitude) of an object is captured by the interference patterns between
the light scattered of the object and a reference light field and recorded upon a light
sensitive medium (hologram). Illuminating the hologram with the reference beam can
therefore reveal a virtual image of the object. One of the first implementations of the
tweezing of an ensemble of colloids was by Fournier et al (Fournier et al., 1995.) who
illuminated a binary hologram and generated self-images of the grating (Talbot images)
in planes that are periodically positioned along the direction of propagation.
Holographically generated Laguerre-Gaussian beams were used for trapping and rotation
in 1995 by He et al. (He et al., 1995b; He et al., 1995a). This study will be discussed in

more detail later.

One can numerically superimpose the complex amplitude of a “desired” (output) light
pattern and a reference (input) beam to form a computer generated hologram from which
the desired light pattern can be reconstructed. As such, one can effectively transform an

input Gaussian light field into a more elaborate form at will. This means that the
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technique of computer generated holography can be utilized to shape the optical potential

of the trap by altering the complex amplitude of the input light field, |1, (x, y)| e “®¥,

where |, is the amplitude, « is the phase of the light field, (x ,y) are the Cartesian

coordinates and (u,v) are the corresponding spatial frequency co-ordinates. In modern
optics, Fourier methods play a major role in many of the adaptive optical system where a

lens can be considered as performing a fourier transform, see figure 10. A complex

amplitude of |l (x,y)| e “*¥ at the back focal plane of the lens is the fourier

transformed onto the front focal plane as

2—”(ux-v—vy)

o (UV) = [l (6 )] & 00 T dixdy ©)
where f is given as the focal length of the lens and A is the wavelength of the light. By

manipulating the input complex amplitude function |1, (x,y)| e “*¥" with a numerical
algorithm, the output complex amplitude 1, (u,v) can be manipulated. For trapping, one

would need to place a microscope objective with its back focal plane coinciding with the
fourier planes of the lens in figure 10 (a) such as to image the intensity patterns onto the

sample plane.

A number of numerical algorithms such as superposition algorithms, Gerchberg-Saxton
algorithms, random mask encoding, direct-binary search algorithms and simulated
annealing can be use to optimized the holograms (Tricoles, 1987). However, in this
section, we choose to give attention to the Gerchberg-Saxton algorithm due to its high
conversion efficiency and popularity in the field. In figure.10 (b), a simple flow chart is
drawn to illustrate the initial loop on the iterative Gerchberg-Saxton (GS) algorithm with
a fast Fourier transform (FFT). In figure 10 (b) we show that the algorithm starts by first
obtaining the initial complex field in the hologram plane Un(x,y) with the input beam
lint(X,y) and the estimated phase at the target plane ®n.1. By using a FFT, one can then
obtain the initial calculated phase at the target plane yn. After which combined this phase
distribution in the target plane with the target intensity, lsina(X,y), giving the complex
field Un(X,y). Lastly, one calculates the corresponding phase distribution in the hologram

plane, @y, by inverse Fourier transforms (IFFT). Over a number of iterations, the actual
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intensity in the target plane matches to the desired intensity there, lfina(X,y). @n is the
corresponding phase-hologram pattern needed to produce this intended field at the target
plane. In figure 10 (a), we see the reconstructed image I’finai(X,y) after 50 iterations. The
reconstructed pattern does fit the intended intensity up to > 90% with the GS algorithm.
Such a holographic technique can generate a two dimensional intensity pattern (image)
which will only allow tweezing in a single transverse plane. Whyte and Courtial (Whyte
and Courtial, 2005) showed that this technique can be extended to allow three
dimensional shaping of the beam which forms a three dimensional holographic optical
traps. For the sake of completeness, it is also worthwhile to note that binary direct binary
search, time sharing and encoding multiple holograms of a Fresnel lens have also been
demonstrated to be able to generate three dimensional arrays holographic traps (Melville
et al., 2003; Jesacher et al., 2004; Leach et al., 2004).

The holographic element can be made with the use of computer generated holograms and
result in a static diffractive optical elements, or implemented with a liquid crystal display,
spatial light modulators, to generate arrays of beams at will. The calculated hologram
(binary or phase) pattern can be etched into glass or plastic which can only be used to
generate one type of complex trap pattern. Due to the recent progress in display
technology, programming spatial light modulators can now dynamically change the phase
holograms. With current high resolution programmable spatial light modulators and
reasonable refresh rates has opened up the prospect of dynamically changing the
hologram in real time and thus actuating multi-particle motion. Many of the current
spatial light modulators (SLM) used for holographic optical tweezers make use of the
reflective nematic liquid-crystal (LC) display which usually operate by electrically or
optically addressing the individual liquid crystals within the display. In the electrical
case, the electrical potential difference causes the liquid crystal molecules to align
themselves along a direction thereby changing its refractive index which in turn
modulates the phase of the input light field. Most nematic SLMs typically have 256 phase
levels but these have slow refresh rates (typically up to~60 Hz). Ferroelectric SLMs, in

contrast, have been employed in optical trapping and have demonstrated their higher
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refresh rates of ~10 kHz, but they are limited to only two level of phase changes
(Hossack et al., 2003).

Holographic optical trapping (HOT) remains possibly the most enticing of the upcoming
prospects for multiple trapping and generation of structured light fields (Liesener et al.,
2000; Dufresne et al., 2001; Curtis et al., 2002; Hossack et al., 2003; Melville et al.,
2003; Leach et al., 2004; Sinclair et al., 2004a; Sinclair et al., 2004b; Polin et al., 2005;
Lee and Grier, 2005; Schmitz et al., 2005; Grier and Roichman, 2006; Martin-Badosa et
al., 2007). This is due to three overriding issues: firstly, they do not involve time sharing
of the light field as observed with acousto-optical devices and all of traps operate
simultaneously; the diffractive optic element (DOE) can also be implemented in a manner
that allows the beam to overcome any inherent aberration present, i.e. seidel aberrations
present in the optical path can be compensated for (Wulff et al., 2006). Finally the use of
appropriate algorithms can generate structures in three dimensions. We refer the reader to
recent papers that discuss the technicalities of setting up and optimizing a HOT system in
detail (Martin-Badosa et al., 2007; Polin et al., 2005). Despite the dynamic potential of
the holographic optical trap, a spatial light modulator does suffer from relatively poor
diffraction efficiency at the first order (~30-40%) and inability to withstand a input beam
of high optical power (>2 Watt).

The Generalised Phase Contrast (GPC) technique is an alternative that does not use the
SLM as a hologram device but rather more directly as a phase element. Since the GPC is
not a holographic method and therefore does not suffer from the potential complexities
associated with calculating and updating new holograms for trapping and motion of many
particles (Eriksen et al., 2002; Rodrigo et al., 2002). We describe this briefly in the next

section.

4.2.4 Generalized phase contrast technique for multiple traps

In 1676, Antonie van Leeuwenhoek became one of the first man to have ever set his eyes
on the bacteria with a home-made microscope, which he later reported to the Royal

society and ignited the field of microbiology (Pontecorvo, 1963). As we now know, many



Vol.56 Advances in Atomic, Molecular and Optical Physics - submitted 35

biological microparticles are often difficult to see due to their refractive index being very
close to that of their surrounding medium. It took another two hundred years before Frits
Zernike invented an imaging technique that circumvented these issues with an elegant
physics solution: converting faint phase gradients into intensity variations by the method
of phase contrast with phase contrast technique (Zernike, 1955). In a related fashion,
Eriksen et al (Eriksen et al., 2002) and co-workers reformulated Zernike’s phase
conversion such as to convert phase structures into intensity pattern. This technique
makes use of a phase modulated SLM that is placed at the conjugate (fourier plane) to the
trapping plane with a small phase shift, positioned at focal plane between the two fourier
lenses. This generalized phase contrast technique (GPC) is a very straightforward and
efficient method as no numerical algorithms are used since it is a direct phase to intensity
conversion. It is possible to extend the GPC method to three dimensional trapping with
counter propagating dual beam geometry (Perch-Nielsen et al., 2005) and to develop

systems with automatic alignment.

4.25 Studies with structured light fields

Now that we have explored the various major methods of multiple trap generation we

progress to describing some of the major experiments using these trap arrays.
4.2.5.1 Brownian diffusion

A microsphere suspended within a viscous medium may be considered a Brownian
particle. Optical tweezers generates a parabolic potential well that acts to suppress the
Brownian motion of a microsphere. One can imagine that a trapped microsphere is
situated at the lowest point of the potential well. By switching the potential off, the
microsphere will exhibit diffusive motion due to the Brownian thermal noise. In order for
the sphere to escape from the potential well, it would need to generate a potential energy
larger than the energy potential of the well. By creating a modulated potential (high and
low intensity gradient) over time and large region (potential landscape), a particle would
seek to diffuse towards the region of higher optical gradient. Faucheux (Faucheux et al.,
1995b) and colleagues devised an experiment using a pair of galvanometer scanning

mirrors to introduce a toroidal trap with an intensity modulation to observe biased forms



Vol.56 Advances in Atomic, Molecular and Optical Physics - submitted 36

of Brownian diffusion with optically trapped objects. Such optically induced thermal
ratchets may have some analogy to the biological Brownian motors (Derenyi and Vicsek,
1995). Lutz et al (Crocker et al., 1999; Lutz et al., 2004a; Lutz et al., 2004b) studied the
diffusive behavior of colloidal particles while they are optically confined within a
scanning optical tweezers and have observed that single-file colloidal diffusion occurs.
Such Brownian ratchet effects can be studied with other structured light fields, namely

Laguerre-Gaussian light beams (ref Roichmann 2007).

4.2.5.2 Large scale colloidal dynamics

Colloidal science has undergone a major renaissance in recent times and remains an area
where optical trapping continues to make an important impact. On the most basic level,
individual colloidal interactions are complex because they are solvent-mediated. The
Nobel prize winner Jean Perrin pioneered the use of monodisperse colloidal particles as
model thermodynamic systems. Perrin’s works involved the detailed observation of the
different ways in which colloidal particles aggregate and interact. His early experimental
studies showed concrete evidence that colloidal systems offer an excellent level of
controllability and tunability of inter-particle interaction that can give important insights
into the working of atomic systems and that are readily amenable to measurements.
Furthermore, the strong and weak interacting forces between chemically treated surfaces
or other solvent may illuminate our understanding in surface bonds i.e Van der Waals
forces. With the use of multiple optical traps and patterned optical potential energy
landscapes, one has unprecedented access to colloidal interactions. The pair potential
between two particles controls thermodynamic behavior (such as the crystallization vital
to photonic applications), is also inherently many-bodied: in principle the potential
depends on the positions of all particles. While the two-body part of the potential has
been studied using optical tweezers for some time, studies of the many-body counterpart
with trapping is still in its infancy in many respects. We now progress to looking at some
of the key experiments in this area.

Chowdhury et al (Chowdhury et al.,, 1985) imposed a simple periodic two beam

interferometric light pattern upon a two dimensional system of colloidal particles
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confined between two glass plates. By modulating the periodic of the interferometric
pattern, they were able to examine phase transition (liquid to solid) in such a colloidal
structure much like a freezing process which is now termed as “laser induced freezing”
based on observation with light scattering detection. The effects of optical forces over a
large amount of colloidal are subsequently studied in detail by Golovchenko and Fournier
(Burns et al., 1990, 1989) where they arranged particles using a large Gaussian beam and
again by interfering multiple beams from a single Argon-ion laser source. Their
observations led to the creation of matter (fixed colloidal structures) with just the optical
forces. More recently, Brunner and Bechinger (Brunner and Bechinger, 2002) studied an
optically induced “melting process” with optical lattices formed from three interfering
beams to obtain trimers (three colloids) at each trap site as seen figure 11. In this figure
we see the contour plots of the lateral density distribution p and the averaged local
particle density ploc(x, y) for different light potentials VO: (a),(b) OksT, (c),(d) 40kgT,
(e),(f) 60kgT, and (g),(h) 110ksT. The horizontal axes are x and y, respectively. All units
are in um. The optical potential energy landscape was formed by three beams of a
linearly polarized Nd:YVOq laser (wavelength 532nm with maximum optical power of 5
Watts) which intersected at an angle of 60 degree in the sample plane, where they formed

a triangular interference pattern.

Studying the Brownian dynamics between two colloids (Meiners and Quake, 1999;
Crocker, 1997) researchers have detected the weak hydrodynamic coupling between two
spheres, each held in close proximity by independent optical tweezers, while suspended
an incompressible fluid. With large potential energy landscapes and high resolution video
microscopy, it is possible to extend that study onto long range entropic forces between
colloids in a confined in an extended potential (Crocker and Grier, 1996; Crocker et al.,
1999). Lutz (Lutz et al., 2006) investigated interesting behavior with three colloidal
spheres travelling along a circular scanning tweezers with a periodic peak potential
barrier. Hydrodynamic interactions between the colloids assist the three-body system to
surmount the optical potential barrier. With holographic optical tweezers, Korda (Korda

et al., 2002a) looked at dynamics of hydrodynamic forces from an ensemble of colloids
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distributed in a single monolayer. With the use of video tracking programs, they were

able to determine the evolution of the “phase transition” of the monolayer of colloidal.

4.2.5.3 Optical sorting

Biomedical scientists are interested in selecting or sorting cells at will. For example when
considering a blood sample, one may wish to perform a cell count to exactly determine
the number of red cells present. A cell biologist or clinician would be very interested in
selecting rare cells e.g. stem cells from a large cell population. This has provided the
impetus for bone marrow transplantation and a more detailed understanding of diseases
of the haematopoietic system. In regenerative medicine sources of stem cells can be
exploited to provide new disease free tissue and in cancer where the key target cells for
disease development and thus for successful therapy are the tumour stem cell
populations. Recent advances in optically based methods for sorting at the micrometer
size scale have shown promising results in the sorting of different types of biological
cells. For optical sorting, we can start to look at the microfluidic flow and the optical
forces at work. Figure.12 shows a straightforward method to implement optical sorting
which is simply to have an optical force “switch” that drags pre-selected cells into a
desired chamber or flow cell (Wang et al., 2005). This is akin to a microscopic
fluorescent activated cell sorter (FACS). Cells are aligned to the center of the channel by
hydrodynamic focusing. Cells are analyzed and then switched based on their detected
fluorescence. Target cells are directed by the laser to the collection output while all other
cells flow to the waste output. However, for higher throughput, we need to start looking
at higher flow rates or dealing with a more highly dense population. It would also be
desirable to sort based upon intrinsic properties (passive sorting) such as size or shape
rather than make use of markers (active sorting). If we were to flow the liquid that is
bearing individual particles (colloidal or cells) across such an optical potential energy
landscape, we would open up a competition between Stokes forces within the liquid and
optical forces imposed on the particle (Korda et al., 2002b). Each particle may have a
range of physical response based on their size, overall refractive index and geometrical
shape. With controllability over the landscape, it would be possible to sort particles into
the sizes and shapes (MacDonald et al., 2003; Lacasta et al., 2005; Ladavac et al., 2004;
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Cizmar et al., 2006b). Optical potential energy landscapes formed by multiple optical
traps could take the form of an array of line traps or two or three dimensional array of
trap spots (see figure 8). Such landscapes have intriguing properties when they interact
with cells and colloidal particles placed upon them. In the presence of flow over such an
optical potential energy landscape particles can follow paths across the landscape that are
inclined with respect to the flow direction: indeed different particles experience different
potential energy landscapes thus ultimately following different trajectories. This can form
the basis for some interesting competitive effects and more generally optical separation in

two dimensions in a wholly passive or marker-free manner.

Sorting of colloids is also fascinating and provides monodisperse samples that would be
otherwise difficult to achieve otherwise. Ladavac et al (Ladavac et al., 2004) made use
of a holographic generated array of optical traps to selectively deflect large silica spheres
(diameter 0.79microns) from small ones (diameter 0.5 microns) within a single flow
channel by virtue of their size relying upon a differing response to the landscape. As
mentioned before, interferometric traps can form large three dimensional optical lattices
that may be used for this same purpose of passive sorting. MacDonald et al (MacDonald
et al.,, 2003) created a three dimensional optical lattice using five light beams
independently controlled and focused through an aspheric lens. By flowing particles
through this lattice they observed the phenomena of optical sorting (or separation):
particles flowing through the lattice were seen to follow trajectories that were dependent
upon the particles intrinsic properties: deflection of particles was observed based both
upon size and refractive index. Low index particles in the form of protein microcapsules
(ultrasound contrast agent) were also separated by size. Subsequent studies by the authors
showed some preliminary evidence for the passive sorting of red and white blood cells in
such a system (MacDonald et al., 2004). In more recent work, a time modulated optical
sieve created by interference was also used for sorting of poly-disperse colloids without
any flow present (Ricardez-Vargas et al., 2006). Moving interferometric pattern imposed
onto surface can also be applied to the sorting of nanometric particles (Cizmar et al.,
2006b). The simultaneous sorting of four different types of colloidal sizes into four

parallel laminar flow streams purely using a time-generated optical potential energy
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landscape with AODs (Milne et al., 2007b), was seen. This optical fractionation is
shown in figure 13 where once can see the plotted trajectories of four different types of
silica spheres (D) 2.3 um,(C) 3.0 um, (B) 5.17 um, and (A) 6.84 um against the direction
of the flow. AODs offer certain advantages to the use of SLMs due to their ability to
handle higher power and create potentially larger area optical potential energy
landscapes. We refer the interested reader to other more concise reviews in particle

separation using optical fields (Dholakia et al., 2007b; Dholakia et al., 2007a).

4.2.5.4 Optical organization of particles and cells

The assembly function of optical tweezers can readily be achieved through computer
controlled spatial light modulators or counter propagating AOD traps With multiple
optical traps, one can also start to look at creating colloidal crystals or cells fixed in a
specific geometry. In the material sciences, the engineering of crystalline structures
requires the control of orderly arrangement of the atomic lattices to modify the properties
of a material. There are many forms of crystalline structures defined by its
crystallographic axes and the angles between the axes i.e. isometric, tetragonal,
orthorhombic, monoclinic, triclinic. It is also possible to engineer quasi-crystals which
have long-ranged orientational order that can be made up of dielectric materials with
specific optical properties, thus provides a route to the development of photonic band
gaps materials. Macdonald and co-workers (MacDonald et al., 2002) first used
interferometric patterns from two co-propagating Laguerre Gaussian (LG) beam to trap
and rotate cubic structures. With holographic optical traps, many researchers (Melville et
al., 2003; Leach et al., 2004; Grier and Roichman, 2006; Roichman and Grier, 2005)
have looked extensively into this area of generating three dimensional quasi crystal
structures and unit cells. In figure 14, we see a large ensemble of particles trapped and
arranged in a quasi-crystalline structure work by Grier and colleagues. In figure 14, a
laser beam is reflected by two mirrors M1, M2 and M3 is expanded and directed onto a
liquid crystal spatial light modulation (SLM), which imprints a computer generated
hologram (CGH) onto its wavefronts. The 200 x 200 pixel region of a CGH shown
encodes a pattern, I(r) of 119 optical tweezers that are arranged in a quasiperiodic
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arrangement. The phase hologram is relayed onto the input pupil of an objective lens that
focuses it into holographic optical traps. Each optical tweezers traps an individual 1.5

micrometer (in diameter) colloidal sphere in water.

With a time-shared optical tweezing system, Vossen et al (Vossen et al., 2004) have
shown interesting results where three dimensional colloidal structures are trapped and
organized with two layers of optical traps steered with a single dual axis AOD. To create
the two layers of time-shared multiple traps at different planes, a single laser beam is split
into two beam paths that are recombined at back of microscope objective with different
divergence, thus resulting in a different axial trapping position. By synchronizing the
Pockels cell after the polarizing beam splitter cube with the AOD they were able to create
two independent arrays of optical tweezers that trapped fluorescence particles in three
dimensions as shown in figure 15(a). Figure 15(b) shows the confocal images of
fluorescent particles trapped in a three dimensional array of tweezers created by
synchronizing the Pockels cell and the AODs where (i) Six particles were trapped in the
upper plane and (ii) nine in the lower plane (iii) Between the two trapping planes
fluorescence from particles in both planes was detected. The height difference between
the two trapping planes was 1.7 micrometer. The upright objective was used for trapping
while the inverted objective was used for imaging. The 1.4 micrometer diameter FITC—
SiO; (fluorescein isothiocyanate silica spheres) particles were dispersed in ethanol, and
only their fluorescent cores were imaged and (iv) shows an image was computer
generated on the basis of the confocal data. The three dimensional fluorescence colloidal
structures are optically assembled and imaged with confocal fluorescence microscopy as
shown in figure 15.

Recently, studies have organised and permanently fixed both colloid and separately cells
using multiple optical traps. For example, Jordan (Jordan et al., 2004) et al fixed three
dimensional crystals structures in a polymeric host while held in the traps. Jordan (Jordan
et al., 2005) also applied the technique to move individual E. coli cells in the liquid
gelatin at predefined positions. When the cells are fixed in place, the lasers were switched

off. The three dimensional configurations of cells within a gelatin sample at predefined
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positions remained intact for many days. The cells survived within the gelatin matrix for
several days when provided with the approximate nutrients. This technique can be used to
help understanding the role of position, proximity and number of neighboring cells, not
only in cell culture, but also in cell differentiation. The arrangement of a variety of
different cell types in complex architectures promotes tissue differentiation and growth

within the field of cell/tissue engineering.

Akselrod and colleagues (Akselrod et al., 2006) used multiple optical traps to generate
three dimensional heterotypic networks of living cells in a hydrogel complex (see figure
16). They showed cell viability after assembling Swiss 3T3 fibroblasts cells which are
surrounded by a ring of bacteria and also amass hundreds of Pseudomonas aeruginosa
into two- and three-dimensional arrays. In essence the AOD and its fast dynamical
behaviour was used generated the trap array whereas the SLM here was exploited as a
device to impose both a diffraction grating (lateral offset of the arrays) and a Fresnel lens
(to offset the array along the beam propagation axis) to yield a three dimensional nature
to the arrays. The dynamic optical trapping systems combined the strengths of the spatial
light modulator with that of the acousto-optic modulator. Apart from the technical
novelty, this particular shown that living cell microarrays generated with optical traps
may pave the way for exploiting the functionality of cells and processes such as cell
differentiation and could prove to be powerful tool within systems biology and tissue

engineering.

4.2.5.5 Multi-point force transducers

An issue for any multiple trap array is the ability to measure trap stiffness for all the trap
sites simultaneously and in real time: such a measurement is of course crucial if one is for
example trying to perform complex cell mechanotransduction studies and needs force
measurements at various positions upon a given cell or perform multiple single molecule
studies in parallel. Whilst the quadrant photodiode has the high bandwidth and rapid
response time desired, it is only realistically able to measure when one or two traps are
involved and is not readily suitable for a multiple trap array. Digital video devices

(charge couple device (CCD) or complementary metal-oxide—semiconductor (CMOS))
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have, in recent years, improved in terms of capture speed and frame rates that has been
widely implemented in microscopy imaging systems (Howard, 2007).The image of the
trapped particle is relayed onto an imaging plane of the digital camera which captures the
particle’s fluctuation of its position using an ordinary (~30 frames per second) or even a
fast speed camera (~ 400 frames per second) over a length of time (Polin et al., 2005;

Polin et al., 2006) . A histogram of positions over a given time period is then plotted so

as to measure the variance of the position, <x2>. An object in a harmonic potential would

have a potential energy (thermal fluctuation) equal to its trap stiffness, k (position
fluctuation). By employing the equiparition theory it would then to possible to determine

the trap stiffness,
2keT =2k () (7)
2 B

where kg is the Boltzmann's constant, and T is the absolute temperature. This

measurement technique does not rely on the value of the viscous drag and can be
extended to multiple trapping sites with simply imaging the trapping plane onto the
camera’s imaging plane. The advantage of using this technique is the possibility of
calculate the trap stiffness for each trapped particle. Thus one can envisage that with the
equipartition theory and a high speed camera (> 10 thousand frames per second), it would
possible to calibrate multiple force transducers is a good way to ascertain the several trap
stiffnesses in real time. This would likely to emerge as a key area in the instrumentation
of advanced optical trapping apparatus in the near future. Already we are seeing the first
indications of this possibility: Leonardo and co-workers (Di Leonardo et al., 2007)
explored the hydrodynamics of a ring of microparticles held by an array of holographic
optical traps. The hydrodynamic coupling between the particles gives a set of
eigenmodes. Each such eigenmode relaxes with a characteristic decay rate (eigenvalue)
that may be recorded with analysis of the position of each particle. The authors saw good
agreement between their experimentally recorded eigenvalues and the numerical

predictions of the Oseen theory.
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4.3 Non-zero laser modes

Whilst multiple trap arrays created with the various methods above are undoubtedly
powerful one may also wish sculpt the phasefront of a given light field or alter the
wavevectors of the light field to create more elaborate light fields. Light beams emitted
from a laser cavity are electromagnetic fields that, solutions of the wave equations,
satisfy appropriate boundary conditions. Some of the solutions form a complete and
orthogonal set of functions (Kogelnik and Li, 1966) and are called the "higher modes of
propagation”. Essentially, any transverse mode optical distribution can be expanded in
terms of these modes. These higher order transverse modes are often referred to as non-
zero order light fields. These non-zero order light fields have come to the fore in recent
years in several fields in atomic, molecular and optical physics: optical
micromanipulation is no exception. Light fields may impart linear momentum to trapped
objects which has been to core to our discussions so far. With higher order modes, in
particular the Laguerre-Gaussian (LG) modes, angular as well as linear momentum
transfer can take place to trapped objects due to the helical wavefronts of the field. This
helical wavefront leads to an unusual trajectory to the Poynting vector: this vector
denoting energy flow possesses an azimuthal component, that in turn leads to the concept
of orbital angular momentum (Allen et al., 1992). The tunability of the orbital angular
momentum 1%, where | is the azimuthal index of the beam, in such light beams offers
itself as a useful tool in the exertion of torques on particles on a toroidal trap by simply
increasing the in contrast to the optical torque arising from spin angular momentum
which varies with optical power (Friese et al., 1998) and is limited to h per photon.
Another light field that has seen many applications in optical micromanipulation is the
Bessel beam. These beams may exhibit propagation invariant or “non-diffractive”
characteristics: thus it maintains its beam waist size without considerable broadening.
The beam can even reform or reconstruct beyond obstacles when partly obscured. With
such abilities, the Bessel beam definitely brings valuable features to the field of optical
trapping and even in the broader area of biophysics (Tsampoula et al., 2007). We
commence our discussion of these unusual light modes with the Laguerre-Gaussian

beam.
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4.3.1.1 Laguerre-Gaussian light beams and its applications

In the context of the transverse laser mode theory, the circularly symmetric Laguerre-
Gaussian (LG) laser modes form a complete basis set for paraxial light beams and thus
one may express any given light mode as a sum of them. A given mode is usually

denoted LG,ﬁ where | and p are the two integer indices that describe the mode. The

azimuthal index | refers to the number of 2z phase cycles around the circumference of the
mode and (p+1) indicates the number of radial nodes in the mode profile (see figurel7).
For each increment of p, an additional concentric ring is added to the mode profile while
an increment of | results in an increase in the diameter of the dark core, termed optical
vortex, located on the beam axis. The azimuthal index | is often referred to the
topological charge of the optical vortex. LG modes with /=0 have garnered much
interest owing to their azimuthal phase term exp(—il¢) and that gives rise to a well
defined orbital angular momentum (OAM), of /% per photon (Mair et al., 2001). This
may exceed any angular momentum associated with the spin angular momentum state of
the field. The physical interpretation of the orbital angular momentum was given earlier,
being couched within the idea of an inclined optical wavefront (Allen et al., 1992; Allen
et al., 1999) and azimuthal component of the Poynting vector. Under the paraxial
approximation, this form of angular momentum in the LG beam can be decoupled from
spin angular momentum arising from its polarisation state(Barnett, 2002). A general

description of the electric field of a LG mode E(LG'p) of indices | and p may be written

as:

/ ] —ikr*z | [ 2] [ ) z) | .
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where z denotes the distance from the beam waist, z, is the Rayleigh range, k is the
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wave number, @ is the radius at which the Gaussian term e[ ] falls to 1/e of its on-axis
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value, r is the radius, ¢ is the azimuthal angle and Ll’, is the generalised Laguerre

polynomial. The term (2p+| +1)arctan [zi] is the Guoy phase of the LG mode that

r

varies with the mode indices.

Laguerre-Gaussian laser modes may be generated in a number of ways either within or
outside a given laser cavity. Generating the LG modes (circular symmetry) from within
the laser resonator cavity is possible if the cavity has a certain asymmetry (Okida M,
2007), however most laser cavities do not possess the symmetry required to output such
circularly symmetric transverse laser modes. One of the first techniques of LG mode
generation made use of output higher order Hermite-Gaussian (HG) transverse modes
(rectangular symmetry) by inserting of an intra-cavity cross-wire into a laser cavity. The
Hermite-Gaussian (HG) modes may then be converted to a Laguerre-Gaussian (LG) laser
mode using a mode converter (Beijersbergen et al., 1993). A mode converter consists of
two cylindrical lenses of focal length, f, canonically disposed with respect to one another.

When placed at a distance of /2 f between the two cylindrical lens this system of lenses

introduces a Guoy phase shift of 7/2 on an incident HG mode laser beam of indices m
and n and transforms it to a LG mode of indices / =(m —n) and p = min(m,n).
Although the purity of the generated LG mode may be high, this requires the careful
selection of the HG laser mode desired and the avoidance of any undesired astigmatism
in the optical system. A more practical and versatile method would be the generation of
LG modes directly from a fundamental TEMy Gaussian beam, external to the laser
cavity. Two main methods that satisfy this requirement, each using diffractive optical
elements, have been established. These are a spiral phase element or a computer-
generated hologram. When considering a spiral phase elements, a high refractive index
substrate is shaped into the spiral phase ramp (Beijersbergen et al., 1994; Oemrawsingh
et al., 2004). With recent microfabrication techniques, the spiral phase element has been
miniaturized (Cheong et al., 2004; Lee et al., 2004). The exact output mode here is a
superposition of LG modes (Beijersbergen et al., 1994) but the system can yield a high

conversion efficiency >80% and uses on axis optical components. The computer



Vol.56 Advances in Atomic, Molecular and Optical Physics - submitted 47

generated holographic generation method requires little in the way of “fabrication
process” as one can mathematically encode the spiral phase with a given input field at an
angle onto a computer generated pattern as seen in the inset of figure 17 . The
transmission function of the off-axis hologram T required to generate a single ringed

(p=0) LG beam of azimuthal order £l may be represented as

T =%(1—cos(kxxil¢)) )

where kx define the periodicity of the grating along x axis and | is the azimuthal order and

¢ is tanl(lj. By directing a Gaussian beam, G(r,¢,z), through the hologram T, we
X

will obtain the resulting mathematical equation will have three functions that contributes
to the zeroth order and the two conjugate orders. The Gaussian beam is merely diffracted
into different orders of the beam with helical wavefront. It is important to know that the
topological orders from the two diffraction order are of equal but opposite in charges

(positive and negative).
G(r,¢,2)T =G(r, ¢, z).[%(l—cos(kxx + I¢))}

1 eikexHld) _ gitkotl) (10)
2 4

=G(r, 9, z).{
= 1 _1 i(kyxt19) _E —i(kyx£lg)
_[ZG(r,¢, z) 4G(r,(,zﬁ, z)e 4G(r,¢, z)e }

This holographic technique has gained more popularity due to the ease and
versatility of LG beam generation. The orbital angular momentum of these light fields
can be seen by careful consideration of the helical wavefronts of an LG beam. The
inclined helical wavefront leads one to consider the energy flow in such fields: the
Poynting vector moves in a corkscrew like manner (Allen et al., 1992). This angular

momentum is therefore linked with the azimuthal component of the Poynting vector. A
trapped particle placed in such a (e.g. LG;) field would rotate continuously around the

inclination of wavefront which is illustrated by the red arrow in figure 18 due to orbital

angular momentum transfer by scattering.
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However the first experiments to explore this orbital angular momentum looked at
transfer by absorption. Two groups (He et al., 1995a; Simpson et al., 1996; Simpson et
al., 1997; Friese et al., 1996) from Australia and the United Kingdom, have
independently observed this mechanical torque exerted by the LG beam by transfer of its
orbital angular momentum to absorptive microparticle. In the first studies in 1995 He and
colleagues (He et al., 1995a) set absorptive copper oxide particles into rotation using LG
modes: in fact as already mentioned this was one of the first ever implementations of
holographic optical trapping. The experiment trapped particles in two dimensions and
showed that the rotation rate was not due to any asymmetric scattering. By reversing the
winding direction of the of 2z azimuthal phase of the LG beam the particle was seen to
rotate in the opposite sense. In another experiment, data from which may be seen in
figure 19 , Simpson and co-workers (Simpson et al., 1997) used the mode converter to
generate LG modes which were then used to rotate absorptive objects and experimentally
decoupled of the spin angular momentum of light from the orbital angular momentum of
light by observing the rates of rotation due to each form of angular momentum. Friese et
al achieved analogous results using holographically generated LG modes of azimuthal
index 1=3 (Friese et al., 1996). In these first experiments that exploited these LG modes,
the particles used were optically absorptive which naturally would not be ideal for
biological applications but clearly elucidate the physics of these distinctive light modes.
Later studies showed that one could actually transfer orbital angular momentum onto
transparent dielectric particles simply by scattering off the inclined wavefronts (O'Neil et
al., 2002) as might be infered from figure 18. Particles were placed off axis within the
circumference of the LG beams and were seen to show differing forms of motion based
upon whether they were responding to the spin or orbital component of the light field. In
turn this gives insight into the intrinsic and extrinsic nature of spin and orbital angular

momentum.

Laguerre-Gaussian beams have had a significant influence in the advancement of optical
trapping. It is important to explore further applications of such modes within the context
of biological and colloidal sciences as it is only their phase structure that has gained

attention but their annular intensity profile is also of importance for this field. Before we
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progress to their applications in optical micromanipulation of colloid and cells we remark
that such light fields are making major in-roads into atomic systems with applications
that purely exploit the beam profile for blue detuned toroidal traps (Kuga et al., 1997),
atom guiding (Schiffer et al., 1998; Rhodes et al., 2002) and studies in Bose-Einstein
condensation(Wright et al., 2000; Andersen et al., 2006). More details of the use of such
light fields for atomic trapping and guiding may be found elsewhere(Grimm et al., 2000).

Low index particles are finding ever more applications notably in chemical and biological
contexts. Ashkin first observed that low refractive index particles are repelled from the
high intensity region of light while high refractive index particles are draw into the trap
(Ashkin, 1970). He later used a high order mode laser beam (TEM*oy) to levitated and
hold a low glass sphere against gravity (Ashkin and Dziedzic, 1974; Ashkin, 1997).
Using a pair of fast scanning mirror driven by galvanometers, Sasaki and his colleagues
(Sasaki et al., 1991, 1992) demonstrated that by repetitive scanning of a single trap into a
specific two dimensional light pattern microspheres would find themselves aligned onto
the designated locations. By rotating the trap over a few hundred Hertz, they were also
able to cage and transport reflective metallic particles or low index microdroplets. In the
general context of optical tweezing applications, one is typically focused upon the
trapping of high index refractive index. When focused to a tight spot through a high
numerical aperture microscope objective, these vortex beams form a special type of
optical tweezers that are distinguished by their ability in the manipulation of low
refractive index microparticles: all higher order LG beam (p = 0, | >1) possesses a
smooth annular intensity profile, resembling a doughnut and as mentioned a low index
particle will be repelled from the light region and be confined within the dark core. As
witnessed by the studies of Gahagan and Swartzlander (Gahagan and Swartzlander, 1999)
If we now refer back to figure 1 and revisit the optical tweezing of a higher index particle
with a Gaussian beam we see that light coming straight through the centre of back
aperture of the objective leads to axial scattering forces that act against the gradient
forces to destabilize the trap. If a radius of the microparticles matches approximately the
size of the beam waist of the LG beam, high refractive index particles can also be

tweezed with an LG beam but will experience a much lower on-axis light scattering force
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compared to the use of a Gaussian beam due to the LG beam profile. This reduces the on-
axis scattering force exerted along the axial direction as shown by Simpson et al
(Simpson et al., 1998).

Optical vortices provide a much needed solution for the manipulation of droplets where
the refractive indices of most liquids are essentially lower than their surrounding
medium. For selective mixing of droplets without cross contamination, it requires minor
positioning of the droplets. In a recent work, Lee et al (Lee et al., 2005) explored placing
a spiral phase element at gradual step away from the center of an incident Gaussian beam
and manipulated the position of the dark vortex core: off-axis optical vortex. In this way
a low index microparticle can be manipulated around the beam central axis without
moving the entire beam. R. M. Lorenz et al (Lorenz et al., 2007) adapted the technique
with the use of two such off-axis LG (optical vortex) beams to controllably fuse two
aqueous droplets. In figure 20 (a-d), a series of off-axis optical vortex beams are shown
with the position of the dark core shifted at different distances away from the centre of
the beam. By displacing a spiral phase element (azimuthal charge I=1) to different
transverse locations (y) on the beam waist, w, and orthogonally across the propagation
direction; figure 20 (a) to (d). This action gradually diminishes the overall annular ring
intensity pattern into C-shaped intensity pattern. In figure 20 (e) to (g), a vortex-trap-
induced fusion of two aqueous droplets in acetophenone is shown. The images in the
inset were obtained by recording the back-scattered laser light from the vortex trap off the
interface between the coverslip and water. The scale bar represents 10 um. In a similar
fashion, ultrasound contrast agent may be trapped in the dark core of the vortex and used
in combination with exposure to ultrasound for microbubble cavitation and subsequent
drug delivery. Such sonoporation was demonstrated by Prentice et al (Prentice et al.,
2005; Prentice et al., 2004). O’Neil et al (O'Neil and Padgett, 2000) also showed the
ability to trap and rotate micron-sized metallic particles in three dimensions using an
inverted optical vortex trap that demonstrated a decoupling of spin and orbital angular
momentum. As such, these vortex tweezing experiments demonstrate that shaping the

tweezing beam profile can enhance the ability to trap other types of particle. This
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technique potentially requires less effort than continuous scanning (Sasaki et al., 1992) of

a Gaussian beam.

At the micrometer size scale, fluid flow can be laminar. Within such a low Reynolds
number regime, we need methods to induce rapid direction changes within flow channels
to control flow or mixing processes of different species of particles or different fluids.
Rotating trapped objects with optical tweezers thus becomes an important consideration
for such studies as well as microrheology (Bishop et al., 2004; La Porta and Wang, 2004;
Oroszi et al., 2006). As mentioned earlier than rotating optically trapped particles also
hold immense promise for microrheology where the rotational stokes drag reaches
equilibrium with the rotating birefringent object permitting a local measurement of
viscosity (Bishop et al., 2003b) with only picolitres amount of liquid (Parkin et al.,
2007). Other examples include the spinning of photopolymerised structures (Kelemen et
al., 2007) which may be set into rotation by asymmetric scattering. Micropumps may be
created by simultaneously trapping and rotating microspheres held by multiple optical
tweezers created by acousto—optic modulators (Terray et al., 2002). Naturally the optical
angular momentum of light, be it spin or orbital, can induce rotation in trapped objects. If
we first consider the case of spin angular momentum one can set a trapped birefringent
particle into rotation due to the exchange of spin angular momentum, where the trapped
particle acts like a microscopic waveplate. The experiment is a microscopic analogue to
Beth’s famous experiment (Beth, 1936). Friese et al (Friese et al., 1998; Friese et al.,
2001) set a calcite particle into rotation with a circularly polarized trapping beam. Two
birefringent microspheres may be set into rotation in opposite senses to one another,
creating an optical pump though the flow rates and speed of particle motion are slow (Di
Leonardo et al., 2006; Leach et al., 2006b). To obviate the reliance upon intrinsic
birefringence Neale et al (Neale et al., 2005) engineered birefringence into SU-8 polymer
which could be considered as “form birefringence” (Bishop et al., 2003a) and allowed
rotation of arbitrary structures with circularly polarized light. Notably optical torques can
be imparted onto particles with the orbital angular momentum of the LG beams via
scattering or absorption and we have mentioned these above. In terms of applications, LG

beams too can be extended to the generation of optically driven pumps: K. Ladavac and
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D. Grier (Ladavac and Grier, 2004) used holographically created rows of alternating
single ringed LG beams of very high azimuthal index (p=0, I=+21) to trap and rotate
large numbers of microspheres to generate fluid flow as seen in figure 21. The figure
shows a time-lapse composite of 16 images in half-second intervals of colloidal spheres
in the “holographic pump”. The circles identify the trajectory of a single sphere as it
moves 25 micrometer to the left in 7 seconds. Its peak speed is 5 micrometers per second.
In turn this caused other particles to flow through the system. By pushing particles
toward the water-air interfaces (away from a hard surface), Jesacher et al (Jesacher et al.,
2006) observed high rotation rates of particles trapped in holographic optical vortex traps
and also demonstrated interactive particle flow steering with arrays of optical vortex

pumps.

Applying and controlling a small amount of torque upon biological particles i.e cells or
chromosomes, often require that the beams to be tailored to the shape of the biological
particles. Orientation of particles with optical traps is also a desirable quantity in this
respect. With higher order laser modes, Sato et al (Sato et al., 1991) have demonstrated
that Hermite-Gaussian modes are capable of rotating elongated biological particles. Can
the LG beam offer a possibility to apply optical torques onto different types of
microparticles? Interfering LG beams with either plane waves or with other LG beams is
an alternative beam shaping technique to create rotating light patterns as pioneered by
Paterson and colleagues (Paterson et al., 2001). In this work chromosomes were
controllably oriented and spun by controlled adjustment of the relative optical path length
in the LG beam interferometer. Interfering two LG beams of equal but opposite azimuthal
index can be used to generate an array of spots that again may be rotated with careful
adjustment of the relative path length between the two arms of the interferometer. These
patterns can create and rotate three-dimensional structures (MacDonald et al., 2002). The
interfering spiral pattern of the LG beams can be modified to fit the shape of the object.
By applying the angular Doppler technique, the particle of interest can be rotated at high
frequency (Arlt et al., 2002).
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The inclined wavefront and the annular intensity pattern of a LG beam forms in some
ways an ideal toroidal optical trap with a given driving force. A constant driving force
along a toroidal trap can demonstrate interesting behaviour as already mentioned
(Faucheux et al., 1995a; Faucheux et al., 1995b; Harada and Yoshikawa, 2004). In a
more recent experiment, C. Lutz et al (Lutz et al., 2006) demonstrate that the particles are
able to surmount potential barriers due to hydrodynamic interactions amongst the
particles circulating in the toroidal trap. Y. Roichman et al made uses of a high order LG
beam (I = 50 and 80) and observed similar colloidal interactions (Roichman et al., 2007)

as shown in figure 22.

4.3.2 Description and Generation of Bessel light modes

Diffraction is inherently linked with the wave nature of light and one that needs careful
consideration in any optical system. Modern laser technology produces highly coherent
and monochromatic light fields that have low divergence over a long propagation
distance (meters). However, if a Gaussian beam is tightly focused, it would tend to spread
rather rapidly over a short propagation distance, beyond what is termed the Rayleigh
range Zg. This range is the typical criteria used to characterize the expansion or spread of
a Gaussian light field and denotes the distance over which a Gaussian beam increases its

cross-sectional area by a factor of two.

Lp=—7 (11)

wherel[] A is the wavelength and w, is the beam waist size. As one can see in the context

of optical tweezers high focusing objectives (large numerical aperture), the Rayleigh
range is merely a few microns or so. As the beam spreads and the intensity gradient of the
beam diminishes over a certain axial distance and the optical forces will reduce
accordingly. If one could overcome such diffractive spreading then a multitude of
applications including several in optical micromanipulation would be possible. For
example one would be able to create and elongated optical guide that retained strong

transverse confinement over its entire length due to minimal intensity variations. In this
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manner transport of biological or colloidal material over very long distances with high

accuracy would be possible.

Durnin suggested a potential beam by which diffraction is “suppressed” during
free space propagation in theory and experiments (Durnin, 1987; Durnin et al., 1987).
The beam was the Bessel light beam. Such beams appear to offer a resistance to the
nature diffraction over a specific finite distance and thus this is seems like an attractive
alternative to using Gaussian beams in a number of scenarios. The ideal version of this
beam however implied the need for an infinite input aperture (and thus infinite power)
and could not be experimentally realized. In subsequent experimental work, Durnin and
colleagues showed (Durnin et al., 1987) was that one could generate an approximation to
a Bessel beam (BB) that retained its key propagation invariant features over a limited
range. An important point in that when we compare the propagation properties of a
Bessel beam to a Gaussian beam the appropriate comparison is between the central core

size of the Bessel beam and the spot size of the Gaussian beam (Durnin et al., 1988).

The Bessel beam has proved to be the most popular and widely used “non-diffracting”
light field (McGloin and Dholakia, 2005) but it is not the only light field with these
intriguing properties. Higher order Bessel functions can be optically realized with LG
beams illuminating an axicon (Arlt and Dholakia, 2000). The higher order Bessel beam,
where | (I>=0), possesses an inclined wavefront and therefore orbital angular momentum
rather like the LG beam. The centre of the beam then is either a bright spot (index 1=0) or
possesses an hollow core | (I>=1) or vortex. Other modes exist that include zero and
higher order Mathieu beams(Chavez-Cerda et al., 2001) from closed-form expressions
for solutions to the Helmholtz equation were found for another set of diffraction- free
beams, which may be considered as elliptical generalizations of Bessel beams. Mathieu
beams are described by the “ellipticity’ parameter g, and the integer I, which denotes the
order of the mode. A recent realization of “non-diffracting” Airy beams by Siviloglou et
al (Siviloglou and Christodoulides, 2007) that are of interest too when considering the

evolution of wavepackets and matter waves (Dholakia, 2008).
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For most beams under consideration, each plane wave component would take up a
different phase shift over a given propagation distance with the wave vector constantly
changing. The resulting beam is considered as the interference pattern of the plane waves
that naturally changes in its complex amplitude. However, the Bessel beam falls into the
category of a special beam where in this case the phase shift accrued is the same for each
and every plane wave component. Such beams do not change shape on propagation, and
are termed propagation invariant or “diffraction-free”. This also leads us to understand
how we may actually create “white light Bessel” beams (Fischer et al., 2005; Leach et
al., 2006a) where temporal coherence is not an issue. The ideal Bessel beam has an

amplitude distribution that may be expressed as:

E(r,f,z)= A exp(ik,z)J, (k.r)expilf ) (12)

where Ji denotes a I"-order Bessel function, k; and kr are the longitudinal and radial
wavevectors, with k= ,k’+k*=2p/l (1 being the wavelength of the

electromagnetic radiation used to form the Bessel light beam). The parameters r, f and z

are the radial, azimuthal and longitudinal components respectively. A zero order Bessel is
generated from a conical wave vectors where the plane waves overlap along the center of
the propagation axis as seen in figure.23 (a). The intensity for a zeroth order Bessel beam
in three dimensions is shown in figure 23 (b). One can consider an annulus (infinitely thin
for a perfect ideal Bessel beam) in k-space and the optical Fourier transform of a ring will
result in a Bessel beam. Using an annulus placed in the back focal plane of a lens was in
fact the first way a finite approximation to a Bessel beam was generated in the laboratory
(McGloin and Dholakia, 2005; Durnin et al., 1987)

A feature of the Bessel beam that we have mentioned is that it contains a given power
that is evenly distributed and equally shared between its constituent rings (Durnin et al.,
1988; Lin et al., 1992). Thus though more rings imply a longer “diffraction-free”
propagation distance, we trade this against power in the central maximum. An efficient
and popular way to generate a Bessel beam is by use of conical optical element known as
an axicon (McLeod, 1954; Indebetouw, 1989). The axicon is a conically shaped

transparent optical element that readily imposes a phase shift ¢(r,8) =k(n—-1)y onto an
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incident Gaussian light beam, as shown in Figure 23 where n is the refractive index of the

axicon material, and y is the internal angle of the element. The value of k(n—-1)y will
dictate the spatial frequency k, for a specific Bessel beam. The diagram also clearly

shows the notion that a Bessel beam is a set of waves propagating on a cone.
Microfabricated axicons, much like microfabricated spiral phase plates, have also proven
useful for direct integration into optical trapping systems (Cheong et al., 2005). If the
axicon is not illuminated at normal incidence, astigmatism is introduced and non
circularly symmetric patterns can result (Thaning et al., 2003; Bin and Zhu, 1998; Tanaka
and Yamamoto, 2000). If the axicon is illuminated with a converging or diverging beam,
one can also change the baseline of the beam profile and obtain an offset or tilt across the
beam profile, resulting in a type of biased optical potential energy landscape: such a
washboard potential can be used for optical micromanipulation (Tatarkova et al., 2003).
Holographic generation of Bessel beams is also now established as a powerful and
efficient manner by which to generate such modes. Such holograms can be in the form
static, etched elements (Vasara et al., 1989); or fully reconfigurable when using spatial
light modulators (Davis et al., 1996b, a). Interestingly, an obstruction at the center of the
Bessel beam would not affect its overall the beam propagation: the beam can actually
self-heal! This is due to the conical wavevectors that constitute the beam

We now progress to review the experiments that have used Bessel light modes
within optical micromanipulation that benefit from the key attributes of this light beam.
We note that conical glass axicons and more generally Bessel light modes have been
utilized also in the domain of atomic physics for studies involving cold atoms and we
refer the interested reader to some relevant papers elsewhere (Arlt et al., 2001a; Schmid
et al., 2006)

Arlt and colleagues (Arlt et al., 2001b) implemented a Bessel light mode within
an optical trapping system as shown in figure 24. A telescope was used to expand the
output beam of a laser that was subsequently incident upon the axicon. The generated
Bessel beam is again telescoped down to the size desired to perform micromanipulation
experiments within a sample chamber. It is important to note that the absence of any axial
intensity gradient along the beam propagation length meant that this is a two dimensional
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trap. The experiments showed trapping of a microsphere and separately a glass rod

without the use of a microscope objective.

Subsequently, Garces-Chavez and colleagues (Garces-Chavez et al., 2002a) used
the Bessel light mode’s self-healing properties in a trapping system. This experiment
used three sample chambers made with multiple cover slips to illustrate the key self-
healing aspects of the beam: showing the direct evidence of conical wave propagation. As
shown in figure.25 (a), this beam was incident upon different particle samples within
each of three chambers where the top and bottom chamber were separated by around 1
mm. The cells (I and Il) are 3mm apart, and 100 mm deep. a—f, Frames from a video
taken of objects captured by the Bessel beam( beam spot of radius 5 micrometer) ((i), a
hollow sphere (low refractive index) of 5 micrometer in diameter is trapped in cell |
between the central spot and the first ring of the Bessel beam. (ii), The beam is at a short
distance above i, Here the beam has been distorted by the particle. (iii), Some small
distance above the first sample cell, the beam has reformed and is no longer distorted.
(iv), The beam enters the cell 1I, and is able to stack three 5 micrometer in diameter solid
silica spheres. (v), (vi), The beam profile above the stack of particles. The beam has
reformed once more.).A trapped particle in the beam centre constituted the “obstacle” and
deformed the light field. The reformation of the beam was observed in between each
chamber and the beam was able to trap in all three chambers simultaneously, however,
one could see the beam exhibit a two dimensional trapping effect in each chamber. In one
example a low index particle was confined between the central maximum and first bright
ring, a calcite particle set into rotation in the beam centre. By using a higher density of
colloid, particles were trapped in not only the central maximum but some of the outer
concentric rings. Even then the beam was seen to reform sufficiently well to trap more
colloid in concentric ring patterns in a chamber placed further along the propagation
direction as illustrated in figure 25 (a). As the central core of the Bessel beam facilitates
long range guiding of microparticles, Dholakia et al (Dholakia et al., 2004) showed two-
photon fluorescence signal from the sample medium (with fluorescein added) of diameter
5 micrometer are optically confined and propelled with a femtosecond Bessel beam. In
that experiment, the beam can be seen to reforming approximately 90 micrometer in front

of the trapped fluorescent sphere, shown in figure.25 (b). This gives an interesting
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manner by which the optical field may be visualized around trapped or guided

microparticles.

A Bessel beam can naturally persist over an extended range. Cizmar and colleagues
(Cizmar et al., 2005) used two counter-propagating zeroth order Bessel beam modes can
create a very long (millimeter) interference pattern along the axis of beam propagation.
The interference pattern forms a one dimensional optical potential energy landscape that
resembles a “conveyor belt”, as shown in figure 26 (a). This allowed for three
dimensional trapping at the antinodes and subsequent capture and delivery of several
submicron particles over a distance of hundreds of micrometers (figure 26 (b)). Precise
delivery was achieved by shifting the phase of one of the beams causing the interference
pattern to translate in space which thus moved trapped colloidal particles to specific
regions. Both theoretical and experimental investigation showed that certain sizes of
polystyrene particles jump between neighboring axial traps with higher probability than
others. Another geometry that uses extended interferometric landscape and subsequently
sorting of colloidal particles with a surface interference pattern was shown by Cizmar and
his co-workers (Cizmar et al., 2006b). Experimental measurements of the trap stiffness
using video tracking (Cizmar and Zemanek, 2007) has revealed that the ratios of
longitudinal and lateral optical trap stiffnesses along the standing waves were around one
order of magnitude higher compared to the classical single beam optical trap (optical
tweezers). This would mean that such interferometric optical traps may have possible
uses for force measurements within biological systems. Using the Bessel beam standing
waves created from two independent counter-propagating Bessel beams, they were able
to confine polystyrene particles of radius 100 nanometers, and arranged them into a one-
dimensional chain over a length one millimeter (Cizmar et al., 2006c¢). In related studies,
such a moving interferometric pattern created by the same Bessel laser beam modes was
used to horizontally transport ultracold atoms over macroscopic distances of up to 20
centimeter while ensuring uniform trapping conditions. The stability of the interference

traps allow rapid transport with velocities of up to 6 m/s.(Schmid et al., 2006).
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With co- propagating Bessel beams, a periodic oscillations of the on- axial intensity
maxima (termed as self-imaging) can be changed by having two Bessel beams of
different conical angle (slightly different wave-vector) interfering with one another
(Chéavez-Cerda et al., 1998; Courtial et al., 2006; Cizmar et al., 2006a). By changing the
path difference of one of the Bessel beam, particles can be selectively trapped and
manipulated. Through numerical simulation, researchers have showed that by simply
increasing the number of interfering beams allows one to select the type of particles that
would be confined. Experimentally, they trapped particles with radii from 100
nanometers up to 300 nanometers but required the assistance of fluid flow against the
beam propagation. Particle hopping from one trap to the neighboring-occupied traps was
seen to generate a domino-like effect propagating with constant velocity over the
subsequent occupied traps (Cizmar et al., 2006a).

Tatarkova et al (Tatarkova et al., 2003) examined an axially misalignment (diverging) of
the Gaussian beam that is used to illuminate the axicon: in turn this created an asymmetry
in the potential wells created by any one ring of the Bessel profile. This causes a
preferential lateral guide that brings particle hopping towards the beam centre.
Subsequent studies explored these issues in more detail where Milne et al (Milne et al.,
2007a) used both theory and experiment to look at the motion of silica microspheres by
video tracking when placed within a Bessel beam as shown in figure 27. Two different
computational models, Mie scattering and geometrical ray optics, gave analogous data
and predicted the existence of a distinct size-dependence of particle dynamics and

equilibria positions within a Bessel beam.

Studies with such Bessel beams of higher order (I>0) may complement those performed
with Laguerre-Gaussian modes described earlier. In 2002, Garces-Chavez et al (Garces-
Chavez et al., 2003) explored angular momentum transfer from a higher order Bessel
beam to high index particles: in this study the particle rotation rates were accurately
determined and supported with the ray optics theoretical model with both showing good

agreement and the expected linear relationship between power and rotation rate. The
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same team in 2003 explored the transfer of orbital angular momentum to low index
particles (Garces-Chavez et al., 2002b) where a low index particle was trapped between
two of the bright concentric rings of the Bessel beam this was the first transfer of orbital
angular momentum to low index particles. Here, the authors observed that angular
momentum can be transferred via scattering and in the absent on any on-axis scattering
light. With further observation of rotation in a birefringent particle around the concenetric
rings of the higher order Bessel beam showed a conclusive demonstration of the intrinsic
and extrinsic nature of optical angular momentum. The birefringent particles can help
map the optical angular momentum density in the light field with the particle acting as
probe. Further theoretical studies explored the dynamics and equilibrium positions of
particles in a Bessel beam more detail (Volke-Sepulveda et al., 2004; Volke-Sepulveda et
al., 2002). Mathieu beams, described earlier, have been recently used in optical
micromanipulation to explore their orbital angular momentum properties (Lopez-
Mariscal et al., 2006) showing non-uniform velocities of particle motion around the beam

profile.

In 2005 Paterson et al (Paterson et al., 2005) looked at the motion of red and white blood
cells with no markers attached across the optical potential energy landscape created by
the Bessel beam. This work showed an important result that red and white blood cells
could be separated in this purely passive manner by the Bessel beam. White cells were
accumulated within the central core whilst red cells, depending upon the exact power and
beam parameters, were trapped in the concentric rings where they oriented themselves
(flipped) by ninety degrees. The behavior was attributed to the difference between red
and white blood cells: lymphocytes are near spherical and have a nucleus whereas
erythrocytes are more like bi-concave disk. This study was recently extended to see if
passive sorting could be applied to stem cells and human cancer cells. However the
intrinsic differences between given cell types was typically not sufficient to initiate
sorting and the authors used dielectric tagging of the cells to enhance the sorting process:
this involved using antibody-antigen binding and treated microspheres to preferentially
attach them to certain cells. Subsequently these “tagged” cells responded more strongly

to the Bessel mode (Paterson et al., 2007) , as shown in figure. 28. In figure. 28, (A) The
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white and black arrows point to lymphocytes that have been attached to streptavidin-
coated microspheres using a mouse, anti-CD2 monoclonal antibody, and a biotinylated
anti-mouse antibody. The surrounding cells are other mononuclear cells isolated from
venous blood. The mixed ensemble of cells is at the bottom of a sample chamber and
imaged using a 60X microscope objective. (B, C) The sphere-labeled cells travel into the
central maximum of the Bessel beam and are guided vertically within the centre until
they reach the top of the sample chamber where they form a vertical stack (D). Over the
time scale required for isolation of the CD2 T-cells seconds, the untagged cells do not

move significantly.

5. Optical binding

Trapping of many particles in desired configurations, be it in interferometric, timed
shared, holographic, or Bessel light modes, is an important topic. A rather less well
discussed but fundamentally significant issue is that multiple microparticles may self
organize themselves into arrays by their interaction with light. Indeed when we consider
the creation by any means of multiple, optical trap sites and our optical landscapes, we
have to date ignored how the very scattering or redistribution of light by one given
trapped particle placed within this light field may influence the position of their nearest
trapped particle (neglecting taking into account any hydrodynamic interactions). This
leads one to the emergent and key area of optical binding.

Light forces interacting between particles may act to optically bind themselves. Particle
organization through interactions of optical scattering in the beam propagation direction
have been recently seen and allow interactions between micron sized particles separated
by distances and order of magnitude larger than their individual diameters. It may
manifest itself in a form either transverse to or in the direction of (longitudinal) the beam
propagation. There are various types of ‘‘optical binding’’: Burns and coworkers (Burns
et al., 1990, 1989) investigated systems where the interaction of coherently induced
dipole moments of the spheres were said to interact to bind matter. It took another decade

before new experimental results revived the seminal work of binding matter with light
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interacting arising from the particles themselves. Tatarkova et al (Tatarkova et al., 2002)
and Singer et al (Singer et al., 2003) conducted separate studies in exploring particles in a
dual counter-propagating trap and found very interesting assembly of particle in this
trapping geometry, which is now understood as a longitudinal optical binding effect
(Metzger et al., 2006b; Metzger et al., 2006c¢).

Metzger et al have subsequently discovered rich dynamics in such systems, including
recent observations of bistability (Metzger et al., 2006a) of the system and interesting
interparticle correlations (Metzger et al., 2007b). Substantial theoretical work has been
performed on such systems (Ng et al., 2005; Karasek et al., 2006; Metzger et al., 2006a;
Metzger et al., 2006c; Metzger et al., 2007a) and other manifestations of binding have
seen in near field optical geometries (Reece et al., 2006; Mellor and Bain, 2006; Garces-
Chavez et al., 2006). This is a young area and likely to have impact across the biological
and colloidal sciences and indeed may present a very powerful future method for creation
of large scale extended arrays in up to three dimensions. It is noteworthy to emphasize
that such “optical binding” is radically different from individually trapping each micro-
object: the very interaction between an object and its nearest neighbours creates a self
consistent and homogeneous solution. This could be the very technique that would allow

a straightforward optical geometry to in principle create a large scale colloidal array.

6. Conclusions

Optical micromanipulation remains a powerful and versatile tool for the natural sciences.
The weak forces it exerts may be calibrated and used to measure the dynamics and forces
exerted by motor proteins and other biological macromolecules. The system may be
readily calibrated to incredible accuracy and resolve femtonewton forces. An upcoming
theme within this field has been the use of structured light fields: these can take the form
of simple multiple trap arrays or lines of light or indeed more formal non-zero-order light
modes such as Laguerre-Gaussian or Bessel beams. These latter modes have made major
headway into fundamental science, biomedical and chemical applications as well as
capturing the imagination of the atomic and optical physics communities with their

unusual propagation characteristics. We have summarized in this article the experiments
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and theory behind such light patterns and given a flavour of some of their impact within

the ever growing area of optical micromanipulation.
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Figure Caption

Figure 1: Force diagrams for Mie transparent sphere. The forces involved in the three
dimensional tweezing of a single transparent dielectric microsphere (Mie regime) as
illustrated with ray optics. (a) shows the microsphere positioned away from the centre of
the focus beam, (b) shows the microsphere trapped at the centre of the focus beam

Figure 2: Beam steering lens system
The diagram above illustrates a beam steering lens system that is used in an optical
trapping system.

Figure 3: Stiffness of an optical tweezers.

A basic diagram that illustrates a particle being perturbed (i.e. Brownian motion) where
the restoring forces are proportional to the displacements (Ax & Az) of the particle from
the stable trapping position.

Figure 4: Dual beam optical tweezers setup

(a) Here, a dual beam optical trapping setup is built with a single fiber laser (wavelength
1070nm) and inverted fluorescence biological microscope system. The linearly polarized
collimated beam from the 1070nm fiber laser is directed onto a half waveplate (A/2)
before being split up into two independent beams by the first polarization beam splitter
cube (PBS). The optical power in each of the beam can be controlled by rotating the
waveplate. Both beams are recombined at the second polarization beam splitter cube
(PBS) and expanded by a beam telescope formed by lenses L1 and L2. The beams
expand by fo/f1. The expanded beams are redirected by a dielectric mirror (M1) onto the
steering mirror (M2). A beam steering lens system, lenses L3 and L4, ensures that the
expanded beam is well aligned onto the back aperture of the microscope objective (MO)
when the steering mirror (M2) is rotated (see figure.2). NIR dichroic mirror (DM)
provides a reflectivity efficiency > 90% at 1070nm. A fluorescence illumination module
with a mercury lamp (ML) is directed onto fluorescence filter cube (FLC) that illuminates
the sample with the same microscope objective (MO). A bright field illumination from a
halogen lamp (HL) and a condenser (CO) illuminates the samples. The diffracted light
from the sample is collected by the microscope objective and relayed onto CCD camera
(CCD) via the tube lens (TL). (b) shows two particles trapped in each of the optical
tweezers in a dual beam optical trapping system. (i) and (ii) two polymer of 1um in
diameter trapped and viewed with brightfield and phase contrast microscope objective
respectively. (iii) two gold nanoparticles of 200nm in diameter trapped and viewed with a
differential interference contrast microscope

Figure 5 Operation of a surface based assay optical force measurement system.
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The diagram illustrates an optical force clamp recording displacements of single kinesin
molecules while maintaining an average load. (Adapted from (Visscher et al., 1999))

Figure 6 DNA force measurements with optical tweezers

(a) shows a schematic of a DNA molecule that is stretched between beads held in a
micropipette and a force-measuring optical trap. The measured extension is the sum of
contributions from the single-stranded DNA (ssDNA) and double-stranded DNA
(dsDNA) segments. (b) Force versus extension for dsDNA and ssDNA molecules
(Reprinted by permission from Macmillan Publisher Ltd: Nature, Bustamante, C., Bryant,
Z. & Smith, S.B. Ten years of tension: single-molecule DNA mechanics. Nature 421,
423-427 (2003), copyright (2003))(Bustamante et al., 2003).

Figure 7 shows the schematic force versus position curves (dark red) shown for both
trap beams. (Reprinted by permission from Macmillan Publisher Ltd: Nature,
Abbondanzieri, E.A., Greenleaf, W.J., Shaevitz, J.W., Landick, R., Block, S.M. Direct
observation of base-pair stepping by RNA polymerase. Nature 438(7067):460-465 (2005)
copyright (2005)(Abbondanzieri et al., 2005).

Figure 8 illustration of an interference intensity pattern (inset) from three
interfering waves (red lines). Three temporal and spatial coherence light fields overlap
to produce three dimensional optical lattices.

Figure 9 Operation of two axis (x-y) acousto-optic deflectors. A single Gaussian beam
enters a two axis acousto-optic deflector that subsequently yields the four diffraction
orders arranged in a two (X, y) dimensional coordinate system.

Figure 10 Fourier holography and iterative Gerchberg-Saxton (GS) algorithm.
(Courtesy of Ryan Smith and Gabe Spalding)

Figure 11 Phase behavior of colloidal molecular crystals on optical lattices

Contour plots of the lateral density distribution p and the averaged local particle density
ploc(x, y) for different light potentials Vo. The horizontal axes are x and y, respectively.
All units are in um. (Reprinted with permission from American Physical Society, M
Brunner and C Bechinger Phase Behavior of Colloidal Molecular Crystals on Triangular
Light Lattices Physical review letters. 88 24830 (2005),Copyright (2005))(Brunner and
Bechinger, 2002)

Figure 12 : Wang et al. active cell sorter
Microfluidic sorting of mammalian cells by optical force switching. Nature
Biotechnology 23, 83-87 (2005) (Reprinted by permission from Macmillan Publisher
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Ltd: Nature Biotechnology ,Wang, M.M. et al. Microfluidic sorting of mammalian cells
by optical force switching. Nature Biotechnology 23, 83-87 (2005).copyright
(2005))(Wang et al., 2005)

Figure.13 AOD sorting

Shows the plotted trajectories of the four different types of silica spheres (D) 2.3 um,(C)
3.0 um, (B) 5.17 um, and (A) 6.84 um sorted through the time sharing optical landscape
(see insert). (Reprinted with permission from Optical Society of America, G. Milne, D.
Rhodes, M. MacDonald, and K. Dholakia, "Fractionation of polydisperse colloid with
acousto-optically generated potential energy landscapes,” Optics Letters, vol. 32, pp.
1144-1146, (2007) copyright 2007 )(Milne et al., 2007b)

Figure 14 Schematic implementation of holographic optical traps.

A laser beam is reflected by two mirrors M1, M2 and M3 is expanded and directed onto a
liquid crystal spatial light modulation (SLM), which imprints a computer generated
hologram (CGH) onto its wavefronts. The 200 x 200 pixel region of a CGH shown
encodes a pattern, I(r) of 119 optical tweezers that are arranged in a quasiperiodic
arrangements. The phase hologram is relayed using relay optics and onto the input pupil
of an objective lens that focuses it into holographic optical traps. Each optical tweezers
traps a colloidal sphere of 1.5 micrometer in diameter. (Reprinted with permission from
Optical Society of America, D. G. Grier and Y. Roichman, Holographic optical trapping,
Applied Optics 45, 880-887 (2006) copyright 2006).(Grier and Roichman, 2006)

Figure 15 Setup of multiple optical traps generated with AODs and the
corresponding confocal images of optically assembled three dimensional colloidal
crystals.

(a) shows the setup used for creating arrays of tweezers in two separate planes. A mirror
M3 after the acoustic optics deflected (AOD) reflects the beam into a 1:1 telescope
formed by two lenses (L5 and L6, both with focal length of 120 mm). A polarizing beam
splitting cube C3 is placed in front of the Pockels cell to remove any horizontal
component of the polarization introduced by the AODs. A mirror M4, the lenses L7 and
L8 (with focal lengths of 65 and 140 mm) expand the beam to overfill the back aperture
of the objective. A polarizing beam splitter cube C4 splits the laser beam into two
separate paths. In each of the paths the beam passes through a 1:1 telescope formed by a
pair of lenses (L9a,b and L10a,b all f =90 mm). The lenses L9a, b are positioned in a
plane conjugate to the back focal plane of the upright objective. After recombination of
the two beams using a polarizing beam splitter cube C5, the combined beam is coupled
into the microscope with the mirrors M5, M6 and lenses L3 and L4. A movement of lens
L3 results in a collective displacement of the two traps. The upright objective was used
for trapping, while the inverted objective was used for imaging. The part of the setup
drawn in light gray was not used when two trapping planes were created. (b) shows the
images of the three dimensional optically assembled fluorescence structures. The scale
bars are 1 um. (Reprinted with permission from AIP, D. L. J. Vossen, A. van der Horst,
M. Dogterom, and A. van Blaaderen, "Optical tweezers and confocal microscopy for
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simultaneous three-dimensional manipulation and imaging in concentrated colloidal
dispersions,” Rev. Sci. Instrum. 75, 2960-2970 (2004)).(Vossen et al., 2004)

Figure.16 Schematic diagram of a time-shared holographic optical trapping
apparatus.

Trap arrays are formed using a high NA objective in a commercial optical microscope in
conjunction with two acousto-optic deflectors and a spatial light modulator (SLM) to
produce a time-shared (3D) array of optical traps. The plane of the SLM, a, is imaged
into the microscope objective entrance aperture (OEA) a*, and the corresponding planes
b and c are imaged into the focal region of the microscope. The same microscope that is
used to produce the cell traps is also used for viewing (via the blue beam). The inset in
the lower left shows an example of a 2D 5x5 array of P. Aeruginosa formed using this
apparatus and subsequently embedded in hydrogel. The distances are: AODs—L1=165
mm; L1—L2= 650 mm; L2—SLM =332 mm; SLM—L3=421 mm; L3—L4=1400 mm:;
and L4—OEA =493 mm, where the focal lengths are L1=150mm, L2=500mm,
L3=1000mm, L4=400mm. (Reprinted with permission from Biophysical Journal,
Akselrod, G.M. et al. Laser-guided assembly of heterotypic three-dimensional living cell
microarrays. Biophysical Journal 91, 3465-3473 (2006). copyright 2006).(Akselrod et al.,
2006)

Figure 17: Various orders of the Laguerre Gaussian beams (inset shows a computer
generated hologram for LG;)

In the paraxial approximation, optical vortices can be expressed as laser beam modes,
known as Laguerre-Gaussian modes, LG'p. The laser modes are characterised by two
integer indices namely |, azimuthal indices, and p is the radial indices. Inset is the
computer generated hologram for LG;

Figure 18: Helical wavefront of a LGjbeam. Scattering from such a wavefront can
lead to particle rotation.

Figure 19: Spin and orbital angular momentum transfer with circularly polarized
LG; beam

Successive frames of the video image showing the stop-start behavior of a 2-um-
diameter Teflon particle held with an optical spanner (Reprinted with permission from
Optical Society of America, N. B. Simpson, K. Dholakia, L. Allen and M. J. Padgett,
Mechanical equivalence of spin and orbital angular momentum of light: An optical
spanner Optics Letters 22, No. 1, 52-54 (1997)) (Simpson et al., 1997)
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Figure 20: Numerical simulation of off axis optical vortex beam and experimental
images of the fusion of droplets with off-axis optical vortex beams

Numerical calculation of the far-field diffraction intensity pattern of an optical vortex
beam, LGoz, of beam waist, w, with its azimuthal phase change displaced away from the
central axis at different transverse locations (y) on the beam waist and orthogonally
across the propagation direction; (a) y= 0, (b) y= w/4, (c) y=w/2, (d) y=w, and (e) to
(g) shows sequence of images showing vortex-trap-induced fusion of two aqueous
droplets in acetophenone (with 0.0025% w/w SPAN 80). The scale bar represents 10 um
(Reprint with permission from RSC Lorenz, R.M. et al. Vortex-trap-induced fusion of
femtoliter-volume aqueous droplets. Analytical Chemistry 79, 224-228 (2007). Copyright
(2007) American Chemical Society)(Lorenz et al., 2007)

Figure 21 Microfluidic flow generated with an array of optical vortices

Time-lapse composite of 16 images in half-second intervals of colloidal spheres in the
holographic pump.(Reprinted with permission from Optical Society of America, K.
Ladavac and D. Grier, "Microoptomechanical pumps assembled and driven by
holographic optical vortex arrays,” Opt. Express 12, 1144-1149 (2004)).(Ladavac and
Grier, 2004)

Figure 22: Optically driven colloidal ring.

(a) Projected intensity pattern for an optical vortex with. (b) Video microscope image of
three colloidal silica spheres trapped on the optical vortex. (c) Measured intensity
variations around the optical vortex's circumference.( reprinted with permission from
American physical society, , Y. Roichman, G. M. Zaslavsky and D. G. Grier, Anomalous
collective dynamics in optically driven colloidal rings Physical Review E 75, 020401(R)
(2007) copyright 2007) (Roichman et al., 2007)

Figure 23: Illustration of an axicon generated Bessel beam and its three dimensional
intensity profile.

(a) illustrates the generation of a zero order Bessel beam with a non-diffractive distance
of zmax from a Gaussian beam of beam waist (w) through the use of an axicon lens
element (angle y). (b) shows the three dimensional intensity profile of a Bessel beam.
(Adapted and reprint with Permission from author(Cizmar, 2006))

Figure 24: Optical trapping setup with a zeroth order Bessel beam

Experimental arrangement for Bessel tweezing: Lenses f1=50 mm and f2=250 mm
expand the beam to illuminate the axicon, which generates the Bessel beam. Lenses
f3=250 mm and f4=25 mm reduce this Bessel beam to one with a central maximum of
~9.4 um diameter. Lens f4 is adjusted to manipulate the particles. The inset shows a
picture and cross-sectional profile of the Bessel light beam which propagates in the
vertical direction. (Reprinted with permission from Elsevier J. Arlt, V. Garces-Chavez,
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W. Sibbett and K. Dholakia, Optical micro-manipulation using a Bessel light beam
Optics Communications 197, 239-245 (2001) )(Arlt et al., 2001b)

Figure 25: Observation of the reconstruction of a zeroth order Bessel beam in
trapping

(@) Inverted Bessel beam optical tweezers experimental set-up (Reprint by permission
from Macmillan Publisher Ltd: Nature Garces-Chavez, V., McGloin, D., Melville, H.,
Sibbett, W. & Dholakia, K. Simultaneous micromanipulation in multiple planes using a
self-reconstructing light beam. Nature 419, 145-147 (2002) copyright (2005))(Garces-
Chavez et al., 2002a). (Bottom) The central core of the Bessel beam facilitates long
range guiding of microparticles. Two-photon fluorescence signal from two fluorescent
microspheres of diameter 5 um are optically confined and propelled with femtosecond
Bessel beam (pulse duration = 100 fs, central wavelength = 750 mW, diameter of central
core= 4 um). The beam reforming approximately 90 um in front of the trapped sphere.
(Reprinted with permission from 10P, K Dholakia, H Little, C T A Brown, B Agate, D
McGloin, L Paterson and W Sibbett, “Imaging in optical micromanipulation using two-
photon excitation”, New J. Phys. 6 136 2004 copyright (2004))(Dholakia et al., 2004)

Figure 26 Optical conveyer belt

(Top) lllustration of counter-propagating geometry with two Bessel beams should result
in a very long chain of standing wave traps. By varying the phase of one of the beam, the
standing wave can be converted into an extended linear array of optical traps for delivery
of micro-objects (blue sphere) over large distances so called “Optical Conveyor Belt”.
(Bottom) Simultaneous optical confinement and delivery of polystyrene particles of
radius 100 nm over a distance of 60 um using the mechanism of optical conveyor belt.
(Reprint with Permission from author (Cizmar, 2006))

Figure 27: Brownian motion of particles confined within the concentric rings of a
Bessel beam.

Typical transversal trajectory of radius=1.15 micrometer silica sphere in a Bessel
beam.(reprint from permission from optical society of American, Milne, G., Dholakia,
K., McGloin, D., Volke-Sepulveda, K. & Zemanek, P. Transverse particle dynamics in a
Bessel beam. Optics Express 15, 13972-13987 (2007 copyright 2007). (Milne et al.,
2007a)

Figure 28: Use of Bessel beam for the sorting and isolation of CD2 T-lymphocytes
from a sample of mononuclear cells.

(Reprinted with permission from American Institute of Physics, Paterson, L. et al. Light-
induced cell separation in a tailored optical landscape. Applied Physics Letters 87,
123901-123903 (2005),Copyright (2005)) (Paterson et al., 2005)
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Figure 1: Force diagrams for Mie transparent sphere.
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Figure 2: Beam steering lens system
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Figure 3: Stiffness of an optical tweezers.
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Figure 4: Dual beam optical tweezers setup

(a) /> "

CO | Condenser illumination

| |
Motorized stage
@] g

[ ]
i
==
MO
5 i L4 L3
ack aperiure
DM [N
FLC
Tl
] Inverted
. — microscope

=

PBS  PBS A2 070

iber laser

Fluorescence
illumination



Vol.56 Advances in Atomic, Molecular and Optical Physics - submitted

Figure 5 Operation of a surface based assay optical force measurement system.
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Figure 6 DNA force measurements with optical tweezers
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Figure 7 shows the schematic force versus position curves (dark red) shown for both
trap beams (not drawn to scale).
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Figure 9 Operation of a pair of acousto-optic deflector.
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Figure 10 Fourier holography and iterative Gerchberg-Saxton (GS) algorithm.
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Figure 11 Phase behavior of colloidal molecular crystals on optical lattices
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Figure 12 : Wang et al. active cell sorter
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Figure.13 AOD sorting
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Figure 14. Schematic implementation of holographic optical traps.
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Figure 15 Setup of multiple optical traps generated with AODs and the
corresponding confocal images of optically assembled three dimensional colloidal
crystals.
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Figure.16 Schematic diagram of a time-shared holographic optical trapping
apparatus.

SOILdO
ONIYIALS Wy3E
0diova
NOLLYINAOW J4d

FILTER

DICHROIC
MIRROR

*

BEAM STEERING
OPTICS

-

OBJECTIVE

CONDENSER

FILTER

' —m ILLUMINATION



Vol.56 Advances in Atomic, Molecular and Optical Physics - submitted 101

Figure 17: Various orders of the Laguerre Gaussian beams (inset shows a computer
generated hologram for LG;)
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Figure 18: Helical wavefront of a LG; beam.
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Figure 19: Spin and orbital angular momentum transfer with circularly polarized
LG; beam
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Figure 20: Numerical simulation of off axis optical vortex beam and experimental
images of the fusion of droplets with off-axis optical vortex beams
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Figure 21 Microfluidic flow generated with an array of optical vortices
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Figure 22: Optically driven colloidal ring.
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Figure 23: lllustration of an axicon generated Bessel beam and its three dimensional
intensity profile.
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Figure 24: Optical trapping setup with a zeroth order Bessel beam
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Figure 25: Observation of the reconstruction of a zeroth order Bessel beam in
trapping
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Figure 26 Optical conveyer belt
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Figure 27: Brownian motion of particles confined within the concentric rings of a
Bessel beam.
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Figure 28: Use of Bessel beam for the sorting and isolation of CD2 T-lymphocytes
from a sample of mononuclear cells.
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