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MANIPULATION OF LIVE CELLS AND INORGANIC OBJECTS WITH OPTICAL

MICRO BEAM ARRAYS

BACKGROUND QF THE INVENTION

1. Field of the Invention

The present invention generally concerns optical traps and
tweezers for, and optical trapping and tweezing of, small and
microscopic objects. ‘

The present invention particularly concerns (i) a laser and
laser arrays for optical traps and tweezers, (ii) the structure
and operation of optical traps and tweezers based on the laser
and laser arrays, and (iii) the properties of output light from
this (these) laser(s) and laser arrays.

2. Description of the Prior Art
Optical trapping generally enables transport of £fine

particles based on radiation pressure. Optical traps, or optical
tweezers, act like the "tractor beams" of the fictional starship
Enterprise on a micrescopic scale. In 1985, A. Ashkin trapped
small particles with focused laser beam. See A. Ashkin, J. M.
Dziedzic, J. E. Bjorkholm and §. Chu, "Observation of a
single-beam gradient force optical trap for dielectric
particles", Optical letters, vel. 11, no. 5, 1986. See also A.
Ashkin, Sgience 210, 1081, 1980. This seminal work by Arthur
Ashkin, Joe Dziedzic, John Bjorkheolm, and Steven Chu at Bell
Laboratories (now Lucent Technologies} demonstrated how to pick
up and move tiny latex spheres using nothing more than a
microscope lens and a low-power laser.

This was followed by the demonstration of live biological
cell trapping. See A. Ashkin and J. M. Dziedzic, " Optical
trapping and manipulation of viruses and bacteria", Science, vol.
235, 1987. See also A. Ashkin, J. M. Dziedzic and T. Yamane,
"Optical trapping and manipulation of single cells using infrared
laser beams", Nature, vol. 330, 1¢987.

still more recently, Chu, a recent Nobel Prize winner, has
used tightly focused beams of light to capture and manipulate
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strands of DNA.

For biological applications, near infrared lasers are used
to prevent damage due to light absorption. Nd: YAG, Nd: YLF, Ti:
Sapphire or diode lasers are the most commonly used light sources
for optical trapping applications. Besides single-beam optical
traps, multi-beam tweezers were developed to manipulate small
size objects (2 mm). The most common methods in building
multi-beam tweezers can be listed as follows:

First, a single beam can be sgplit with a beamsplitter and
recombined with refractive optics. See K. Sasaki et al., Optical
Letters 16, 1463, 1991. This technique is limited by the number
of trapping beams.

A second method of optical trapping, or tweezing, produces
time-averaged extended trapping patterns made by the fast
scanning of a single trapping beam. This method, producing
simple interference fringe patterns, is limited.

A third method of optical trapping, or tweezing, is based
on split and steered light from a single beam with diffractive
optical elements. Computer generated holographic techniques can
be used to create customized particle arrangements with a single
beam. See K. Sasaki et al., Optical Letters 16, 1463, 1991. See
also L. P. Faucheux and A. J. Libchaber, Phys. Rev. E 49, 5158,
19%94. Only particles having a low index of retraction can be
trapped with this method. Moreover, optical waveforms generated
by holograms are notoriously non-uniform, and do now have any
adjustability.

Finally, addressable liquid crystal phase shifting arrays
permit dynamically active tweezing.

The existing methods do not, to the best knowledge of the
inventors, use a Vertical Cavity Surface Emitting Laser (VCSEL)
as the source of a laser beam, let alone many such VCSELs.

The existing methods do not, to the best knowledge of the
inventors, permit multiple objects to be manipulated in parallel
at the same time. Neither do they permit multiple "trapping" or
"tweezing" optical beams to be focused onto a single, potentially
quite large, object at a single time in order to exert more

optical force on the object. The present invention will be seen
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to permit either, and both.

The laser beam(s) used in existing optical trapping and
tweezing methods have, to the best knowledge of the inventors,
energy distributions -- meaning the distribution of illumination
energy across, and perpendicular to, a laser beam -- the that are
uncontrolled, and that are most commonly Hermite-Gaussian. A
laser so producing a laser beam of Hermite-Gaussian energy
distribution is spoken of as operating in Hermite-Gaussian mode,
which mode is the default operating mode of a laser. The default
production of laser beams of Hermit-Gaussian energy distribution
is perhaps understandable when it is understood that it has not
heretcfore been understood how to create, save possibly by the
use of a holographic element (which holographic element would be
at least cumbersome and more likely completely unsuitable in
optical tweezers), a laser beam having a superior Laguerre-
Gaussian energy distribution. The present invention will be seen
to prefer the use of a laser beam having the superior Laguerre-
Gaussian energy distribution in optical trapping and tweezing.
The present specification disclosure will, by incorporating by
reference a co-pending patent assigned to the same assignee as
is the present invention, show how such a Laguerre-Gaussian
energy distribution laser beam may reliably be realized,
including as is produced by a VCSEL.

Existing optical trapping and tweezing methods neither
contemplate nor offer much controllability in the power of the
laser beam, it being deemed sufficient that the beam remains
adequately intense so as to effect the desired spatial
manipulations of the trapped or tweezed object at the desired
rates. However, should optical trapping and tweezing be
contemplated to transpire in parallel upon a one- or two-
dimensional array of manipulated objects by wuse of a
corresponding array of laser beams (both of which one- and two-
dimensional arrays will be seem to contemplated by the present
invention) then the laser beams would desirably be uniform across
the array, including by potential to independently adjust the
intensity of each laser beam if warranted. The present invention
will show that some array manipulations do so warrant adjustment
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of the arrayed manipulating laser beams, and will how this may
be realized in a broad and substantial manner.

Finally, most existing optical tweezing apparatus are
extended in size, and are not compact, due to the required bulky
laser sources. The present invention will be seen to be
opposite, and to be compact in size.

The existing optical tweezing methods and apparatus are
also, commonly, constrained in (i) the types of applications
which can be realized, and/or (ii) the nature and range of the
(small) objects subject to manipulation, by a single method, or
a single apparatus. This is, of course, opposite to common
macroscopic mechanical tweezers, or pliers, or the like which
usefully fit a broad range of work pieces. The present invention
will be seen to address this issue, and to concern a new method,

- and apparatus, capable of realizing ubiquitous, and versatile,

optical trapping and tweezing functions. See M. Ozkan, M. M.
Wang and S. Esenexr “Pick and Place of organic and inorganic
devices with VCSEL driven optical micro-beams", HOTC conference
proceedings, Santa Barbara, July 2000.

SUMMARY OF THE INVENTION

The present invention contemplates the use of a vertical
cavity surface emitting laser (VCSEL), or an array of VCSELs for
the trapping of one or more microparticles. By the use of VCSELs
bulky regular lasers are avoided. The multiple microbeams
produced by an array of VCSELs are individually contrcllable in

intensity. They permit the manipulation -- including the
transport -- of various trapped objects -- including as may be
of various sizes and masses -- in parallel and concurrently.

Conversely, a number of VCSEL beams can be focused upon a
single object for enhance optical power, and manipulation forces.
The new optical tweezing method and apparatus of the present
invention can be used for the handling of both (i) inorganic and
{ii) organic, biological objects, including in vivo.

The VCSELs nominally operate at 8S0 nm wavelength. They
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produce light output in either a Hermite-Gaussian cr, strongly
preferably, a Laguerre-Gaussian energy distribution. An array
of VCSEZLs may selectively pick and place multiple arrayed objects
simultaneously, and at massive parallelism, by the simple
expedient of moving a stage supporting the objects relative to
the arrayed VCSELs.

The one or more objects trapped and/or manipulated by the
VCSEL-based optical traps and tweezers of the present invention
may usefully have been electrically spatially pre-positioned,
positioned, or re-positioned by wuse of, inter alia, an
electrically conductive support stage in a manner that is totally
non-conflicting with the optical trapping and tweezing. In
simple terms, the possibility of synergistically combining two
separate positioning and manipulating methods -- both optical and
electrical -- is offered by the present invention, including as
may usefully be applied in parallel to vast numbers of arrayed
small objects. This power, and this flexibility, permits small,
even microscopically-sized, objects to be selectively
controllably moved around on a substrate, both individually and
jointly in combinations and collectively, much in the manner that
macroscopic items are moved through an automated factory.

Especially by use of multiple laser beams {(as originate at
multiple VCSELs), even a relatively large size object, >5 um, may
be picked and placed. Transport of two-dimensional cbject arrays
is readily realized by two-dimensional VCSEL arrays.

1. VCSEL-, and VCSEL Array-, Based Optical Tweezexs

In one of its aspects the present invention is embodied in
an optical trap, or optical tweezers, using laser light derived
from at least one Vertical Cavity Surface Emitting Laser, or
VCSEL.

The laser light can be developed by an array of VCSELs, a
number of the VCSELs of the array simultaneously illuminating a
number of objects at a number of different locations so as to
optically tweeze the objects at the locations concurrently, and
all at a single time.

The at least one VCSEL can be spatially moved relative to
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an object that is being illuminated by the laser light of this
at least one VCSEL, therein spatially moving the at least object.

Optical tweezers based on either (i) a VCSEL, or (ii) an
array of VCSELs, are operable to optical tweeze an object that
has been electrically spatially pre-positioned.

Within the optical tweezers, (i) the VCSEL, or (ii) the
array of VCSELs, preferably emits laser light in a Laguerre-
Gaussian mode.

The optical tweezers are capable of manipulating one or more

cbject » 5 um in size.

2. B Method of Optically Trapping and Tweezing

In another of its aspects the present invention is embodied
in a method of optically trapping and tweezing where at least one
object is trapped in, and/or spatially manipulated by, the laser
light of a vertical cavity surface emitting laser, or VCSEL.

Optical spatial manipulation may be of a number of objects
trapped in the laser light beams of a corresponding number of
arrayed vertical cavity surface emitting lasers, or VCSELs. This
optical spatial manipulation may be (i) simultaneously of all the
trapped objects at the same time, or {ii) selective, with some
of the objects being manipulated while others of the objects are
not.

The spatial manipulation may arise from spatially moving at
least one VCSEL relative to a particular object that is being
illuminated by the laser 1light of this at least one VCSEL,
thereby serving to spatially move the at least object.

At a time before, during or after the optical spatial
manipulation, one or more objects may also have been, or be
electrically spatially pre-positioned, positioned, or re-
positioned.

The optical spatial manipulation is preferably with laser
light, from the one or more VCSELs, having a Laguerre-Gaussian
power distribution.

S0 performed, the method of the present invention is capable

of optically spatially manipulating an object > 5 um in size.
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3. Concurrent Optical Manipulation of Several Objects

In yet another of its aspects the present invention is
embodied in optical tweezers serving to concurrently optically
manipulate several objects at the same time.

Such optical tweezers include (i) a stage holding several
optically manipulatable objects, and (ii} several laser light
beams for concurrently optically manipulating the several
objects.

These several laser light beams preferably originate in a
like number of Vertical Cavity Surface Emitting Lasers, or
VCSELs.

The stage is preferably spatially movable relative to the
several laser light beams, therein waking that the concurrent
optical manipulation of the several objects may be realized by
a simultaneous moving of the several objects.

The optical tweezers may still further, optionally, include
a source an electric field for electrically manipulating the
plurality of objects upon the stage.

4. Multiple Laser Beams ically Mapipulatin Single Object
In still yet another of its aspects the present invention
is embodied in optical tweezers where multiple laser beams are
focused upon a single object at the same time to enhance the
optical force imparted thereto (and not so as to serve some
esoteric prior art function un-related to optical tweezing such
as the inducement of fluorescence by two-photon absorption).
Such optical tweezers include (i) a stage holding at least
one object where it is impinged upon by (ii) several laser light
beams, the collective laser light beams serving concurrently to

optically manipulate the at least one object.

5. Multiple Independently Controllable -lLaser Beams for
Optically Manipulating Multiple Objects
In still yet another of its aspects the present invention
is embodied in optical tweezers where each of multiple laser
beams focused upon a corresponding object is independently
controllable.

-10-
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The multiple laser beams are preferably organized in a
reqular geometric array. Each laser beam is preferably
controllable independently of all other laser beams in both its
"ON" and its "OFF" conditions and, further, in its intensity.
The laser beams are preferably derived from VCSELe, with a
usefully broad range of intensities (and corresponding optical
forces induced in the illuminated object) being obtained by
varying the drive current of each VCSEL independently.

6. Manipulation of an Object, and of _Several Cbjects,
Independently by Each, and by Both, Optical and Electrical

Forces, Including at Different Times or at the Same Time
In still yet another of its aspects the present invention

is embodied in optical tweezers permitting that one or more
objects

may be independently manipulated by either, or by both, optical
and electrical forces, including at different times or at the
same time.

The optical manipulation is preferably realized by one or
more laser light beams emitted from one or more VCSELS. The
electrical manipulation is preferably realized by an electrical
field between a conductive electrodes at least one of which is
transparent, and through which shine the one or more laser light
beams.

7. Optical Tweezers Using Lager Light with a Laquerre-Gaussian

Enerqgy Distribution

In still yet another of its aspects the present invention
is embodied in optical tweezers using laser 1light with a
Laguerre-Gaussian energy distribution.

The preferred source of this laser light with a Laguerre-
Gaussian energy distribution is a Vertical Cavity Surface
Emitting Laser, or VCSEL.

The laser light may be constituted as a number of laser
light beams each with a Laguerre-Gaussian energy distribution.
In this case the several laser light beams are preferably derived

from an array of Vertical Cavity Surface Emitting Laser, or

-11-
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VCSELs.

These and other aspects and attributes of the present
invention will become increasingly clear upon reference to the

following drawings and accompanying specification.
BRIEF DESCRIPTION OF THE DRAWINGS

Referring particularly to the drawings for the purpose of
illustration only and not to limit the scope of the invention in
any way, these illustrations follow:

Fig. 1 is a prior art diagrammatic illustration of the
gradient, and scattering, forces produced on a particle by
incoming, and reflected/scattered (or diffracted/scattered) rays
of light.

Figure 2, consisting of Figures 2a through 2¢, are prior art
diagrammatic illustrations of, respectively, an up or a down or
a left force pushing an object, illustrated as a microsphere,
toward the focus of a light beam.

Figqure 3 is a prior art diagrammatic illustration of an
optical trap.

Figure 4 is a prior art schematic illustration of a
rudimentary optical tweezers. ’

Figure 5 is a prior art schematic illustration of an
exemplary optical tweezers.

Figure € is a schematic diagram of optical tweezers in
accordance with the present invention.

Figure 7 is an illustration of a focused light beam,
suitable for use in the optical tweezers in accordance with the
present invention previously seen in Figure 6, arising from an
array of Vertical Cavity Surface Emitting Lasers (VCSELs); the
light from the several VCSELs being focused to achieve a stronger
lift power for large size objects.

Figures Ba-Bc are a set of three photomicrographs showing
the picking, and the placing at new locations, of and exemplary
three 5 um polystyrene spheres concurrently, the picking and

placing being in accordance with, and by action of a multiple

-12-
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VCSEL-originated laser beam optical tweezers of, the present
invention.

Figure 9 is a graph showing comparison of maximum drag speed
for spheres of different sizes.

Figure 10, consisting of Figures 10a through 10c, are
photomicrograph of mouse 3T3 fibroblast cells being manipulated
with optical tweezers in accordance with the present invention
employing multiple VCSEL-driven micro laser beams.

Figure 1la is a representation of the energy distribution
across a Hermite-Gaussian mode laser beam, and Figure 11b is a
representation of the energy distribution across a Laguerre-
Gaussian mode laser beam.

Figure 12 is a table of the measurement of a trapping force
exerted on a 10 um sphere as a function of driving current in the
optical tweezers in accordance with the present invention.

Figure 13 is a diagram of the pre-positioning, positioning,
and/or re-positioning of objects optically manipulated in
accordance with the present invention by an electrical field.

DESCRIPTION OF THE PREFERRED EMBODIMENT

The following description is of the best mode presently
contemplated for the carrying out of the invention. This
description is made for the purpose of illustrating the general
principles of the invention, and is not to be taken in a limiting
sense. The scope of the invention is best determined by
reference to the appended claims.

Although specific embodiments of the invention will now be
described with reference to the drawings, it should be understood
that such embodiments are by way of example only and are merely
illustrative of but a small number of the many possible specific
embodiments to which the principles of the invention may be
applied. Various changes and modifications obvious to one
skilled in the art to which the invention pertains are deemed to
be within the spirit, scope and contemplation of the invention

as further defined in the appended claims.

-13-
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1. Principles of Optical Trapping/Tweezin and Previous

Trapping/Tweezing Apparatus

The gradient, and scattering, forces produced on a particle
by incoming, and reflected/scattered (or diffracted/scattered)
rays of light a, b are illustrated in Figure 1. The manner by
which a particle, illustrated as a microsphere, is pushed toward
the focus, whether up or down or left, is respectively
illustrated in Figures 2a-2c¢. In each Figure 1, 2a, 2b, 2¢ both
the center of the sphere and the source focus are illustrated as
dots. The gradient force F is also shown.

The operative section 3 of an optical trap of the prior art
may have, by way of example, the configuration illustrated in
Figure 3. Laser light 31 is passed through a microscope-type
objective lens 32, index-matching oil 33, and buffer solution 34
to exert a force on a polystyrene ball 35. The objective lens
32 typically has a numerical aperture of 1.25. The oil 33 has
an index of refraction of, typically, 1.515: the buffer solution
34 has an index of refraction of, typically, 1.33; and the
polystyrene ball 35 has an index of refraction of, typically,
1.57. These indices of refraction will produce refracticn angles
B, = 56°, 6., = 61°, and 8, = 70°, as illustrated.

A rudimentary prior art optical trap 4 is shown in Figure
4. A source of laser light 41 produces a laser beam 42 of
diameter d, that is focused by a lenses L, 43, L, 44 and L, 45 to
pass through a pinhole aperture 46 and, at diameter d,; matching
the numerical aperture, into an objective Lens 47. The objective
lens 47 focused the laser light into a diameter d where it
impinges upon a specimen work piece 48 (as is normally held upon
a stage, not shown).

A more sophisticated, typical, prior art cptical tweezers
5 is shown in Figure 5. The extent of this prior art apparatus
will be usefully compared with the simplicity of the preferred,
and more capable, preferred apparatus 6 of the present invention
shown in Figure 6. In accordance with the optical path of the
cptical trap 4 of Figure 4 just discussed, and the principles of
cptical tapping and tweezing of Figures 1 and 2, the optical
path, and optical tweezing function, of the prior art optical

-14-
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tweezers 5 of Figure 5 should be understandable.

The prior art optical tweezers S of Figure 5, constructable
by any optical research laboratory, cost about §$6,500 (circa
2001) in equipment. Commercial optical tweezers currently (circa
2001) sell for about $50,000. The simple optical tweezers 5 of
Figure S5 is associated with the Prentiss Group, and efficiently
and effectively supports a wide wvariety of interesting
experiments (as will the apparatus of the present invention,
alsoc).

Components of the optical tweezing apparatus 5 include one
HeNe 632.8 nm (red) laser 51, 20 mW Melles Griot p/n 0S-LHP-925;
one laser pcwer supply (not shown) also from Melles Griot; four,
ml 521 - m5 525, 25 mm mirrors Edmund p/n A30,626; five kinematic
mirror mounts (not shown) for 1" optics ThorLabs p/n KMl; seven
2" long, 0.5" diameter posts (nct shown), ThorLabs p/n TR2; seven
2" post holders (not shown), ThorLaba p/n PH2-ST; seven post
holder bases (not shown), 3" ThorlLabs p/n BAl; one lens L1 531
=25 mm, f = 5.0 cm, uncoated Edmund p/n A32,624; one lens L2 532
=25 mm, £ = 20.0 cm, uncoated Edmund p/n A32,902; four lens
holders for 1" lenses (not shcown), ThorLabs p/n IMR1; two large
posts (not shown) 14" long, 1.5" diameter, ThorLabs p/n Pl4; one
post base (not shown) 2.5" diameter, ThorLabs p/n PBl; five
mounting post clamps (not shown) 1.75" x 2.50", ThorlLabs p/n
C1501; seven posts (not shown} 4" long, .5" diameter, ThorLabs
p/n TR4; one lens L3 533 = 25 mm, f = 17.5 cm, uncoated, Edmund
p/n A32,877; one pinhole 53, diameter = 25 micron, Edmund p/n
A36,390; one four swivel post clamps (not shown), ThorLabs p/n
SWC; three separation filters (one only filter 54 shown), 25 mm,
cyan Edmund p/n AS2,537; one oil immersion objective (not shown},
100x, NA = 1.25 Edmund p/n A38,344; one microscope immersion oil
objective (not shown), Edmund p/n A38,502; one Thru-Type
microscope video adapter relay lens 55, Edmund p/n A39,925; one
CCD camera 56 type IRIS hi-resolution, Sony p/n SSC-M374; one
black and white monitor (not shown), Sony p/n SSM-121; and one
microscope 57, trinocular, plan optics, Accu-Scope type 3001PL
(including, inter alia, eyepiece 571, prism 572 and condenser
573).

-15-
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In setting up the tweezing apparatus 5 of Figure S the trap
spots will appear very bright on the monitor (not shown in Figure
5) -- a dichroic beam splitter acting as a polarizer transmitting
light of a certain polarization and reflecting 1light
perpendicular to that. The reflection of the light off of the
work piece polystyrene ball(s) 58 (not part of the tweezers 5)
will, if properly polarized, be transmitted through the dichroic
beam splitter to the CCD camera 56, and will appear as a bright
spot on the monitor (not shown in Figure 5). Inserting a
waveplate or rotating the dichroic beam splitter itself will fix
this proklem by reflecting the light reflected off of the
polystyrene balls S8. Polystyrene balls 58 make a good choice
for initial trapping experiments. They are available in a
variety of sizes, have a long storage life, have an index of
refraction of around 1.57, and can be trapped with a variety
wavelengths without damage. There are a large number of
suppliers of these balls including Polyscience, Inc. (Warrington,
PA) and Bangs Laboratories, Inc. (Fishers, IN).

If these polystyrene balls, or spheres, 58 are simply added
to a distilled watex solution, the spheres tend to clump together
and stick to the cover slip and slide. To minimize this behavior
the spheres are suspended in a phosphate-buffered saline solution
(PBS) . Similar solutions are commonly used for suspending
biclogical specimens. The formula for PBS is (percentage by
weight): 0.8% NaCl 0.02% KC1 0.02 M PO4, pH 7.3. In addition to
using PBS, an additional anti-stick additive is usually used.
For non-biological specimens this is usually polyethylene glycol.
For biological specimens, polyethylene glycol cannot be used and
bovine serum albumin (BSA) can be used instead. As with all
chemicals, the material data safety sheets for these materials
should always be carefully reviewed before using them.

It is important that the focus of the CCD camera 55 should
be the same as the trapping beam's focus, so that trapped
particles (the polystyrene balls 58} are in focus when viewed on
the monitor. This allows one to tell whether the specimen is
properly trapped or not. To match these focuses properly, first
get the camera at the proper distance above the trapping
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objective. One way is to just calculate the proper distance the
video adapter must be from the back pupil of the objective, and
fix the camera position accordingly. A better way is to view a
sample through the eyepieces of the microscope and move the
camera up and down until the samples look the same on the monitor
as they do in the eyepieces. No laser is necessary for this part
of the alignment; the user should be careful when locking into
the mounted eyepieces.

Proof of correct setup involves trapping something simple
like a polystyrene gphere, lift it up and away from the bottom.
If the ball is in focus on the monitor then the camera focus and
beam focus are the same. If not, remove the alignment pinhole
and move lens L3 533 along the beam path until a trapped specimen
is in focus. 1Insert the pinhole 53 properly, realign the beam
into the microscope video port if necessary, and you are done.
Note that if the trapping beam is not well collimated before lens
L3 533, this procedure may not work. Trapping along the z-axis
(axis of beam propagation) is weakened by spherical aberrations
that increase with depth below the cover slip.

When trapping it is useful to know how deep the sample slide
is, as an indicator of how good 3D trapping will be. To measure
thisg, microscope stage’s z-axis knob is first calibrated so that
angular rotation can be translated intc the actual distance the
z stage moves. This is realized by loading the oiled sample
slide, turning on the camera and monitor, turn on the laser
source, but shutting off the microscope’s white light source.
The microscope stage is raised until the oil drop hits the
objective, and is then continued to be raised very slowly until
a clear focussed spot is seen on the monitor. This is the
reflection of the laser beam on the bottom of the cover slip, and
marks the top of the liquid on the slide. This point is noted
on the z-axis knob. The stage is continued to be raised,
diffusing the spot, until the spot reappears focussed. This is
the reflection of the laser beam on the surface of the glass
slide, and warks the bottom of the ligquid. This point is noted
on the z-axis knob, and thereafter the z-axis knob calibration
is used to calculate the depth of liquid on the slide.
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2, Optical Tweezers, and Optical Tweezing, In Accordance with

the Present Invention

A preferred optical tweezing apparatus, or optical tweezers,
6 in accordance with the present invention is shown in the
schematic diagram of Figure 6.

The optical tweezing apparatus 6 is distinguished by use of
one or more Vertical Cavity Surface Emitting Lasers (VCSELs) 61 -
- each of which may have either a Hermite or, preferably, a
Laguerre Gaussian light emission mode -- for illumination.

The apparatus 61 of the present invention schematically
illustrated in Figure 6 uses the same principles as other optical
tweezers, and the optical tweezers 5 of Figure S. An optical
beam illuminates ocne or more objects 62 (not part of the
apparatus 6) under examination and, since this (these) object (s)
62 will be at its (their) energy minimum where the light is
focused, the object(s) will move to the focal point of the
optical beam(s) and become trapped by the optical beam(s). The
same object(s) can be transferred to a new location(s) either by
moving the illuminating beam(s) or by moving the supporting
substrate 63, such as by a motorized stage 64. As before in the
apparatus 5 of Figure 5, a dichroic beamsplitter 65 permits that
the object(s) 62 should be both (i) illuminated for tweezing and
(ii) viewed in an optical path proceeding to camera CCD 66.

It should be understood in Figure 6 that many VCSELs can be
closely arrayed, and that the optical paths, although illustrated
in Figure 6 by but a single line, can represent many parallel
laser beams. The optical tweezers 6 of Figure 6 is thus suitable
to tweeze not only a single object 62 with a single laser beam,
but a number of objects 62 concurrently with a corresponding
number of laser beanms. Slightly sub-optimal focusing of
peripheral beams when many such (as axe normally arrayed) are
employed is not a problem: after all, the purpose of the optical
tweezers 6 is to exert forces, not, for example, to illuminate
specimens for microphotography. There may be, however, a slight
difference in the optical power delivered to different ones of
multiple (arrayed) objects 62, and compensation for this effect
may be realized by the simple expedient of selectively adjusting

-18-



10

15

20

25

30

35

W0 02/09483 PCT/US01/23583
- 16 -

the drive current to each of the {arrayed) VCSELs 61, producing
thereby an asgsociated laser beam of relatively greater, or
lessor, intensity.

A single micro beam can be insufficient to transport large
size objects (>15 pum). By using an array of microc lenses
attached to VCSEL micro beam arrays as illustrated in Figure 7
a various number of micro beams can be combined together to
obtain a stronger beam to trap and manipulate large size objects.
Note that this is similar to, but different from, the concept
just discussed in conjunction with Figure 7. Note the different
number of lenses in the optical path of Figure 7 from that of
Figure 6 (one lens versus two lenses). Just as it is possible
to focus each of a number of VCSEL-originated parallel laser
beams onto an individually associated object (as is one setup of
the optical tweezers 6 of Figure 6), so also is it possible to
focus multiple laser beams onto a single specimen (as in Figure
7).

This could be achieved by using various types of optical
setup. Figure 7 shows the preferred optical setup with laser
light emissions from VCSEL array 71 being first focused in a
microlens array 72 and then by lens 73 to become focused on an
object 74 (object 74 1is not part of the apparatus of the
invention). A practitioner of the optical engineering arts will
recognize that, it accordance with the principle of optics, the
VCSEL array of Figure 5 can be variously scaled in number and in
gize, and adapted as a laser light source in the optical tweezers
6 of Fiqure 6. '

Although both the optical tweezers S5 of the prior art
(Figure 5) and -the optical tweezers 6 of the present invention
(Figure 6) use lasers for illumination, the use of a VCSEL micro
beam array (Figures 6 and 7) in accordance with the present
invention provides the capability to trap and manipulate objects
in a parallel fashion. In addition, the size and the cost of the
optical tweezers in accordance with the present invention is
reduced significantly from heretofore.

In the optical tweezers 6 of the present invention (shown

in Figure 6), the intensity of light at the object can be
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adjusted by changing the size of one or more openings in the
beam(s) path(s), and/or, preferably, by changing the driving
current of the illumination source (laser, micro beam arrays,
VCSEL arrays, etc.).

Advantages of the optical tweezexrs apparatus 6 of the
present invention include compactness. In the array form of the
apparatus, multiple objects can be simultaneously individually
manipulated, including with massive parallelism.

The VCSELs of an arrays can be used collectively in order
to transport relatively large size objects, as illustrated in
Figure 7. 1In the preferred Laguerre-Gaussian light output mode
(discusged further hereinafter), an optimally strong capture
power per unit radiation intensity is achieved.

The preferred optical tweezers apparatus 6 of the present
invention is low in cost. It is eminently suitable for
bio-engineering applications as well as electronic and
optoelectronic applications.

3. Results Obtained by the Apparatus_and Method of the Present
Invention

An inverted microscope optical tweezers in accordance with
the present invention was assembled as follows: VCSEL driven
optical micro beams were first collimated and focused on the
sample plane by using a high magnification microscope objective
(100X magnification, 1.25 N. A.). A dichroic beamsplitter under
the microscope objective provided in-situ observation through a
CCD camera.

Figure 8, consisting of Figures 8a through 8¢, shows the
parallel transport of a 3 x 1 array of 5 um diameter polystyrene
spheres in a solution by using VCSEL driven micro optical beams.
The trapping force was calculated from measurements based on the
Stokes’ drag law on a sphere in a liquid per the following
equation:

F.= 6mnrv

where F is the drag force on the spherical object, n is the
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viscosity of the solution, r is the radius of the object and v
is the wvelocity of the object. See G. K. Batchelor, "An
introduction to fluid dynamics", Cambridge, 1991.

During velocity measurements, spheres were moved up in the
Z-axis to prevent possible measurement errors due to surface
effects. The optical beam path was kept continuous but the
object on the substrate was moved with a motorized stage.

The set of three photomicrographs of 5 um polystyrene
spheres of Figures Ba-8c shows that the microspheres can be both
(i) picked, and (ii}) placed to a new location, concurrently by
VCSEL driven multi micro beams.

Adjusting the driving current for the VCSEL altered the
optical beam power. When VCSEL array was driven with an applied
current of 14 mA, polystyrene spheres were transported on the
glass substrate at a speed of 8.3 um/sec. The optical trapping
force on 5 um diameter spheres was calculated as 0.39 pN.

Similar experiments were conducted with 10 um diameter
polystyrene spheres as well. The effect of object size on the
velocity at a given applied current is summarized in the graph
of Figure 9. Figure 9 shows a comparison of the maximum drag
speed achievable with the preferred optical tweezing apparatus
of the present invention, shown in Fiqure 6, for spheres of
different sizes.

The trapping force was found to increase with the object
size and the velocity which also correlates with Eguation 1. In
addition, larger size objects were moving slower than smaller
size objects at a given VCSEL power. This behavior is also in
good agreement with Equation 1,

For biological applications, mouse 10 um diameter 3T3
fibroblast cells were manipulated with single VCSEL driven
optical micro beam. The cells were continuously monitored for
a week after they were exposed to the laser beam. There was no
evidence of possible cell damage from the laser beam. Cells
continued their regular cell functions and they attached, spread
and divided into daughter cells by mitosis.

Figure 10, consisting of Figures 10a through 10c,
illustrates the transport of a 10 um diameter fibroblast cell on
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a glass substrate with a VCSEL driven optical micrc beam. The
photomicrograph of Figure 3 is particularly of mouse 3T3
fibroblast cells being manipulated with VCSEL driven micro beams.

The velocity measurements in Fig. 9 demonstrated that the
live fibroblast cell was held less strongly in the trap most
probably due to its lower dielectric constant and irregular shape
(not a perfect sphere}. A 5 pm cell was transported with a speed
of 2 um/ sec, which is about four times (x4) slower compared to
the same size polystyrene sphere. During velocity measurements
the glass substrate surface was pre-treated with a
non-adhesion-promoting chemical to prevent possible measurement

errors because of cell-substrate adhesion.

4. Preference for Lagquerre-Gaussian Mode Laser Beams

Laguerre-Gaussian, or simply "Laguerre" mode beams are
preferred for use in the optical tweezers apparatus of the
present invention. The energy distributions acrosgs a Hermite-
Gaussian, and a Laguerre-Gaussian, laser heam are respectively
illustrated in Figures 1la and 11b. The Laguerre-Gaussian beams
-- the appearance of one such in action to move a 10 um mouse
cell being shown in the photomicrograph of Figure 12 -- were
found to have a stronger
trapping force than Hermite-Gaussian mode beams. The technique
described in co-pending U.S. patent application serial number
09/ for CURRENT ANNEALING SEMICONDUCTOR LASERS TO ENHANCE
PRODUCTION OF CIRCULARLY -SYMMETRIC LAGUERRE~GAUSSIAN DISTRIBUTION
LASER BEAMS to inventors including the selfsame Sadik Esener who
is an inventor of the present invention, is preferred for making
Laguerre-Gaussian mode VCSELs. The contents of this related
patent application are incorporated herein by reference.

That application teaches that Laguerre-Gaussian laser beams
of varying modal order may be achieved with increasing drive
current of the VCSELs. 1In particular, a process is taught for
conditioning, normally as part of the final manufacturing
process, lasers, and more particularly semiconductor lasers and
most particularly Vertical Cavity Surface Emitting Lasers
(VCSELs), sc as to cause these conditioned lasers to permanently
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emit laser light in an operationally-selected, or in a
permanently-selected, one of but a few high-order circularly-
symmetric Laguerre-Gaussian modes.

The conditioning of lasers of the semiconductor type is by
process of "current annealing" -- being a momentary operation of
a laser with an alternating current drive exceeding at least in
part the rated bias current drive capacity of the laser -- so as
to permanently alter the matrix of the lasing cavity, up to and
including completely "burning out" the axially central region of
the cavity. The 1lasing cavity, and laser, will thereafter
permanently emit lasexr light in but (i) an operational-drive-
current-selected circularly-symmetric high-order Laguerre-
Gaussian mode, or even exclusively forever in but (ii) one single
circularly-symmetric high-order Laguerre-Gaussian mnode
(regardless of drive current).

Effectively, a laser normally operational in some low order
Hermite-Gaussian mode is permanently converted to be operational
only in a high-order Laguerre-Gaussian mode (which high-order
mode 1is, as are all Laguerre-Gaussian modes, circularly
symmetric) .

For all semiconductor and VCSEL lasers known to the
inventors, the "current annealing" has no appreciable affect on
laser power, frequency, efficiency, reliability, ete. All that
transpires is that the typically-low-order typically-Hermite-
Gaussian wmodes (which are asymmetric) and, more rarely, the low-
order Laguerre-Gaussian operation modes (which are circularly
symmetric), that are typical of the output phase and power
distribution of all lasers are suppressed or are completely
eliminated, and after the "current annealing” the laser will
permanently operate to produce radiation only in a circularly-
symmetric Laguerre-Gaussian distribution of order 2 or more, and
more typically (as is determined by the process, and by the
laser} of an order of, typically, approximately four (= 4).

The concept of the related invention and application -- that
the central axial region of a lasing cavity should be rendered
inoperative for lasing in order to force operation of the laser

in a high-order circularly-symmetric Laguerre-Gaussian mode --
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can be extended from semiconductor lasers to lasers of other
types, most notably gas lasers. In the case of a gas laser the
center of the lasing cavity 1is simply obstructed, or,
alternatively equivalently, plugged. Lasing transpires only at
radially peripheral regicns of the lasing cavity, and produces
a Laguerre-Gaussian energy distribution laser beam.

In accordance with the present invention, a laser producing
a beam having a high-order circularly-symmetric Laguerre-Gaussian
energy distribution, preferably (but not exclusively) a VCSEL,
is strongly preferred for use in optical traps and tweezers. A
table showing the measurement of the trapping force on a 10 um
sphere as a function of the driving current of a VCSEL
conditioned to produce a Laguerre-Gaussian mode beam is shown in

Figure 13. The reason for the preference is obvious.

S. Pre-positionin and Positioning Objects to be Also
Optically Manipulated by Electrical Field Forces
Objects suitably manipulated by VCSEL-originated and VCSEL-

driven microbeams in accordance with the present invention are
often also suitably pre-positioned, and/or positioned. and/or re-
positioned by electrical field forces. An apparatus for so doing
is shown in Figure 14.

One or more objects to bhe manipulated are contained,
normally in a liquid solution, between electrode plates 141, 142,
at least a one of which plates (plate 141) through which
(preferably) a VCSEL-driven micro beam 143 is passed being
transparent to his micro-beam 143. Either substrate, and most
normally the substrate 142, may be patterned, as illustrated, to
facilitate placement, and retention in position, of objects
variocusly moved by both electrical force, as is produced between
the electrodes 141, 142 and optical force, as is produced by the
VCSEL-driven micro beam 143.

6. Summary
In summary, one or more vertical cavity surface emitting
lasers (VCSELs) are used in optical tweezers apparatus in

accordance with the present invention, including in the form of
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arrayed VCSELs as serve to produce multiple arrayed micro beams
suitable for the simultaneous optical tweezing of multiple
objects. Simultaneous transport of multiple micro spheres and
other objects, normally in a one- or a two-dimensional array
pattern, was demonstrated on a glass substrate. Manipulation and
transport of objects is selective in accordance that an
associated VCSEL-originated micro-beam is turned "ON" or "OFF".
The strength of the optical forces produced on each, and on
every, manipulated object may be independently determined by the
simple expedient of varying the drive current of the VCSEL
producing the associated micro-beam. Likewise, any cne or ones
of multiple micro-beams impinging upon single manipulated object
may be individually selectively controllably varied in order to,
by way of example, rotate or spin the object.

The same optical tweezers of the present invention were used
to successfully manipulate live biological cells. Optical
tweezers in accordance with the present invention are very
compact, and serve to provide efficient, effective and selective
manipulation of multiple objects in arrays.

In accordance with the preceding explanation, variaticns and
adaptations of the optical tweezers and optical tweezing methods
in accordance with the present invention will suggest themselves
to a practitioner of the optical trapping and tweezing arts. For
example, and as is taught in the patent application for realizing
Laguerre-Gaussian mode laser beams, such a Laguerre-Gaussian beam
need not invariably be derived from a VCSEL, nor exclusively at
the relatively low powers appropriate for the trapping and
tweezing of small and microscopic objects. Larger objects could
be manipulated by optical forces. The present invention thus
shows that all optical traps and tweezers -- and not just those
of the present invention that are based on one or more VCSELs,
nor those operating in parallel upon multiple objects -- would
benefit from lasers improved to emit Laguerre-Gaussian mode laser
beams.

In accordance with these and other possible variations and
adaptationg of the present invention, the scope of the invention
should be determined in accordance with the following claims,
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only, and not solely in accordance with that embodiment within
which the invention has been taught.
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CLAIMS

1. Optical tweezers using laser light comprising: at least one Vertical Cavity
Surface Emitting Laser, or VCSEL, supplying the laser light.

2. The optical tweezers according to claim | wherein the at least one VCSEL
comprises: an array of VCSELs.

3. The optical tweezers according to claim 2 wherein a plurality of the
VCSELS of the array simultaneously illuminate a plurality of objects at a
plurality of different locations all at the same time.

4. The optical tweezers according to claim 2 wherein a plurality of the
VCSELs of the array simultaneously illuminating a single object so as to
increase an optical force imparted to the object over that optical force which
would be imparted by a illumination with laser light from a single VCSEL.

5. The optical tweezers according to claim | or ¢claim 2 or claim 3 further
comprising: a stage (i) supporting the at least one object that is being
iluminated by the laser light of the at least one VCSEL, and (ii) moving
relative to the laser light of this at least one VCSEL; therein serving to
spatially move the at least object that is illuminated by the laser light of the at
least one VCSEL.

6. The optical tweezers according to claim 1 or ¢laim 2 or claim 3 further
comprising: a source of an electric field for spatially positioning by electrical
force a same object that is illuminated by laser light from the at least one
VCSEL so as to exert optical force upon this object.

7. The optical tweezers according to claim 1 or claim 2 or claim 3 wherein the
at least one VCSEL emits laser light having a Laguerre-Gaussian energy
distribution.

8. The optical tweezers according to claim 1 or claim 2 or claim 3 capable of
manipulating an object greater than 5 microns in size.

9. A method of optically trapping and tweezing comprising: optically spatially
manipulating at least one object illuminated by laser light of 2 vertical cavity
surface emitting laser, or VCSEL.

10. The method of optically trapping and tweezing according to claim 9
wherein the optically spatially manipulating is applied to a plurality of objects
illuminated by the laser light beams of a plurality of vertical cavity surface
emitting lasers, or VCSELSs.

11. The method of optically trapping and tweezing according to claim 10
wherein the optically spatially manipulating is of all the trapped plurality
objects simultaneously.

-27-



25

12. The method of optically trapping and tweezing according to claim 10
wherein the optically spatially manipulating of the trapped plurality objects is
selective, with some of the plurality of objects being manipulated while others
of the plurality of objects are not manipulated at all.

13. The method of optically trapping and tweezing according to claim 9 or
claim 10 further comprising: spatially moving at least one VCSEL relative to
an object that is being illuminated by the laser light of this at least one VCSEL,
therein spatially moving the object.

14. The method of optically trapping and tweezing according to claim 9 or
claim 10 further comprising: spatially positioning under force of an electric
field the at least one object that is also optically spatially manipulated.

15. The method of optically trapping and tweezing according to claim 9 or
claim 10 wherein the optically spatially manipulating by the laser light of a
VCSEL is with laser light that is Laguerre-Gaussian in its power distribution.

16. The method of optically trapping and tweezing according to claim 9 or
claim 10 wherein the optically spatially manipulating is of at least one object
greater than 5 microns in size.

17, Optical tweezers comprising: a stage supporting a plurality of optically
manipulatable objects; and a plurality of Vertical Cavity Surface Emitting
Lasers, or VCSELs, respectively originating a plurality of laser light beams for
concurrently optically manipulating the plurality of objects supported upon the
stage.

18. The optical tweezers according to claim 17 wherein the stage supporting
the plurality of objects moves spatially relative to the plurality of laser light
beams, therein simultaneously moving the plurality of objects.

19. The optical tweezers according to claim 17 further comprising: a source of
an electric field for electrically manipulating the plurality of objects supported
upon the stage.

20. An optical tweezer, comprising: a stage holding an object; and multiple
Vertical Cavity Surface Emitting Lasers, or VCSELSs, to respectively produce
multiple laser beams impinging upon the object at the same time, therein
enhancing the optical force imparted to the object over that which would be
imparted by a single laser beam.

21. The optical tweezer according to claim 20 wherein the multiple VCSELs
are organized in a regular geometric array,

22. Optical tweezers comprising: a stage holding multiple objects; and a source
of multiple intensity-controllable laser beams illuminating the multiple objects;
and a controller of the intensities of the laser beams; wherein an optical force
imparted to each of the multiple object illuminated by the multiple laser beams
may be varied in accordance that the intensity of a corresponding one of the
multiple laser beams is varied, wherein the source of the multiple intensity-
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controllable laser beams comprises: multiple VCSELs independently
controllable in drive current; and wherein the controller of the intensities of the
laser berms comprises; a controller of the drive currents of the multiple
VCSELs so as to produce the multiple laser beams at multiple intensities.

23. The optical tweezers according to claim 22 wherein the multiple drive-
current-controllable VCSELSs are organized in a regular geometric array.

24, Optical tweezers comprising: two electrodes, at least one of which is
optically transparent, holding between them at least one object suitably
manipulatable both by (i) an electric field between the iwo electrodes and, also,
(ii) an impinging laser light beam; and a Vertical Cavity Surface Emitting
Laser, or VCSEL, to produce a laser beam passing through the at least one
electrode that is transparent to impinge upon the at least one object so as to
optically manipulate this at least one object, wherein the at least one object is
susceptible of manipulation by both electrical and optical forces.

25. The optical tweezers according to claim 24 further comprising: a liquid
solution between the two electrodes in which liquid solution the at least one
object is maintained.

26. An optical tweezer, comprising: a Vertical Cavity Surface Emitting Laser,
or VCSEL, to produce laser light with a Laguerre-Gaussian energy
distribution.

27. The optical tweezer as in claim 26, further comprising electrodes to apply
an electric field to electrically manipulate an object that is optically
manipulated by the laser light.

28. The optical tweezer as in claim 26, further comprising: a lens to collect
light from an object optically manipulated by the laser light; and a camera to
capture light from the lens to form an image of the object being optically
manipulated by the laser light.

29. The optical tweezer as in claim 28, further comprising: a stage to hold the
object and at least another object; and means for moving the stage to move the
other object into the laser light to be optically manipulated.

30. The optical tweezers as in claim 24, wherein each VCSEL emits laser light
having a Laguerre-Gaussian energy distribution.

31. The optical tweezer as in claim 20, wherein each VCSEL has a Laguerre-
Gaussian energy distribution.

32. The optical tweezers as in claim 22, wherein each VCSEL emits laser light
having a Laguerre-Gaussian energy distribution.

33. The optical tweezers as in claim 24, wherein the VCSEL emits laser light
having a Laguerre-Gaussian energy distribution.
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