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Also, since prior optical traps have been defined for quite regular-shaped,
dielectric particles, their exten- Technical Field
sion to biological particles is cast in doubt because regularity of shape
is not an attribute of biological par- This invention relates to trapping
of particles us-   5   ticles. ing a single-beam gradient force trap.
Summary of the Invention Background of the Invention Biological particles
are successfully trapped in a Single-beam gradient force traps have been
10  single-beam gradient force optical trap incorporating demonstrated for
neutral atoms and dielectric partic-  an infrared light source.
Reproduction of trapped par- les. Generally, the single-beam gradient force
trap  tides has been observed. After release from the trap, consists only
of a strongly focused laser beam having  particles exhibit normal motility
and continued repro- an approximately Gaussian transverse intensity pro-
ductivity even after trapping for several life cycles at file. In these
traps, radiation pressure scattering and   15   a high laser power of 160
mW. gradient force components are combined to give a        In one
embodiment, the high numerical aperture point of stable equilibrium located
close to the focus  lens objective in the single-beam gradient force trap
of the laser beam. Scattering force is proportional to  is used for
simultaneous viewing of the trapped bio- optical intensity and acts in the
direction of the inci-  logical particles. dent laser light. Gradient force
is proportional to the   20  Two single-beam gradient force optical traps
are optical intensity gradient and points in the direction of  introduced
into the same cell to permit three- dimen- the intensity gradient.
sional manipulation of the biological particles. Particles in a single-beam
gradient force trap are confined transverse to the laser beam axis by a
radial  Brief Description of the Drawing component of the gradient force.
Stabilizing the par-  25 tide along the axial direction of the trap is
achieved  A more complete understanding of the invention by strongly
focusing the laser beam to have the axial  may be obtained by reading the
following description component of gradient force dominate the scattering
of a specific illustrative embodiment of the invention force in the trap
region.                            in conjunction with the appended drawing
in which: In prior work using single-beam gradient force   30  FIG. 1 is a
cross-sectional schematic diagram of optical traps on dielectric particles,
trapping was     an embodiment of the invention; demonstrated with a
visible light laser source [err]      FIG. 2 is a cross-sectional schematic
diagram of 514.5 nm.) focused by a high numerical aperture lens    an
embodiment of the invention employing two objective. See A. Ashkin et al.,
Optics Letters, Vol. 11,  single-beam gradient force traps in one cell; and
p 288-90. The dielectric particles were closely sphe-  35  FIGs. 3 through
5 are schematic drawings of dif- rical or spheroidal in shape and ranged in
size from    ferent modes of operation for an optical trap on [err]
diameter Mie glass spheres (err) down to      particles in a cell. 260
Angstrom diameter Rayleigh particles (err). Use of such regularly shaped
particles in the Mie re-  Detailed Description gime was desirable as taught
in this and other arti-   40 cles.
Single-beam gradient force optical traps are use- For Mie particles, both
the magnitude and direc-  ful for confining, isolating, translating and
manipulat- tion of the forces depend on the particle shape. This  ing at
least one particle in a group of particles en- restricts trapping to fairly
simple shapes such as   closed in a cell or hanging droplet or the like.
Special sphere, ellipsoids, or particles whose optical scatter-  45
problems surface when the particles are biological. ing varies slowly with
orientation in the trap. In the  For example, absorption of the optical
energy in the Rayleigh regime, the particle acts as a dipole and the  trap
by the confined particle may lead to particle an- direction of force is
independent of particle shape;  nihilation or a significantloss of particle
motility. Also, only the magnitude of force varies with particle orien-  as
the wavelength of the light beam Is varied to avoid tation.
50  the aforementioned problem, the intensity of the opt- It is not an
insignificant result of the prior work  ical trap may be sufficiently
decreased so as to be that silica and other dielectric particles
experienced  rendered ineffective forthe particles of interest. While
varying amounts of irreversible optical damage from  the wavelength
selected may be sufficient for effec- the trap. While it was suggested that
the single-beam  tive operation of the optical trap, it may be at a wave-
trap and the prior results would be extensible to bio-  55  length which Is
absorbed by the medium surrounding logical particles, the resulting damage
from exposure  the particles and, therefore, which leads to heat gen- in
the trap would destroy or significantly incapacitate  eration within the
cell. Clearly, many factors must be the biological particles and render
them useless.    considered when selecting the operation wavelength 2   



3                    EP 0 307 940 B1                 4 for the optical
trap.                                mansions (x, y, z) by the use of
adjustable mount 26. In the prior optical trap experiments reported in  In
practice, mount 26 is useful in locating and manip- the literature,
particle sensitivity has not been an is-  ulating the biological particles.
sue. This is generally attributed to the fact that dielec-  Viewing of
biological particles In the trap is ac- tric particles have homogeneous
compositions and   5   complished directly or through the use of a monitor.
uniformly regular shapes so that it is straightforward  While other types
of viewing such as viewing directly to observe the effect of the trap on
one particle or por-  in cell 25 are possible, it is an added feature of
the tion of a particle and accurately predict the effect on  present
Invention the viewing is accomplished other particles or on other portions
of the same di-  through the same lens objective which simultaneous-
electric particle. for biological particles, sensitivity of  10  ly creates
the optical trap. the particles is extremely important. Biological partic-
Illumination for viewing is provided by visible light les have
heterogeneous compositions and irregular    source 29 and is projected
through converging lens shapes. Hence, the effect of the trap on one part
of  28 onto the particles in the field of view. High resolu- a biological
particle Is In no way determinative of the  tion viewing occurs with the
aid of lens 23 through effect in another portion of the same particle.  15
which the visible light passes toward either the eye- FIG. 1 shows a
cross-sectional schematic dia-    piece or the monitor 18.
Fordirectviewing, visible light gram of apparatus for creating a
single-beam gradient  shown as a dashed line is reflected from beam
splitter force optical trap in accordance with the principles of  19 to
microscope eyepiece 21. Infrared blocking filter this invention. IR laser
10 is a standard laser emitting  22 is placed In frontof eyepiece 21 to
isolate the view- a coherent light beam substantially in the infrared   20
ing optics (viewer's eye) from back reflections from range of wavelengths,
for example, 0.8 pm to 1.8 [err]  cell 25. For monitoring, the visible
light passes Light beam 11 from IR laser 10 impinges upon a    through beam
splitter 19 and is reflected from beam combination of optics elements for
focusing the light  splitter 15 toward infrared blocking filter 17 and
finally beam with a sufficient degree of convergence to form  monitor 18.
Infrared blocking filter 17 isolates the asingle-beam gradientforce optical
trapforconfining   25   monitor from back reflections from cell 25.
biological particles at a desired position. The combin-  In FIG. 2, the
apparatus shown in FIG. 1 is aug- ation of optics elements includes an
adjustably      mented by a second infrared laser source and optics mounted
diverging lens 12 and a high convergence     to create a second single-beam
gradient force optical lens 23.
trap in cell 25. Infrared lasersource 30 generates light Lens 12 is
adjustable in any of three dimensions   30   beam 31 impinging on
adjustably mounted diverging (x, y, z) by manipulating adjustable mount 13.
It is im-  lens 32. Lens 32 causes beam 31 to emerge in a di- portant
thatlens 12 expand the spotsize of light beam  verging pattern as light
beam 34. Adjustment of lens 11 to cover a substantial area on the surface
of lens  32 is accomplished in three dimensions (x, y, z) via 23. As shown
in FIG. 1, diverging light beam 14 im-  adjustable mount 33. Light beam 34
is reflected by pinges on a large portion of the facing surface of lens
35   mirror 35 which coincidently permits transmission of 23 so that
relatively high intensity of beam 14 fills the  light beam 14. This would
occur by judiciously choos- aperture of lens 23. In order to create the
forces re-  Ing different wavelengths of operation for the sepa- quired for
operation of the single-beam gradient force  rate laser sources. On the
other hand, element 35 can optical trap, it is desirable that lens 23 be
capable of  be realized as a beam splitter which would reflect ap- focusing
to a spot size less than [err] approaching [err]  40   proximately half of
the light beam Incident thereon in an example from experimental practice,
lens 23 is  and transmit the remaining half. As shown in FIG. 2, a strong
or high convergence water immersion micro-  light beam 34 is converged by
lens 23 to form a sec- scope objective lens having a numerical aperture of
ond trap in cell 25. Particle 36 is confined in the sec- approximately 1.25
(measured in water). wherein the  ond trap. numerical aperture is defined
as the refractive index   45  While not shown, it should now be apparent to
for the medium multiplied by the sine of the half angle  those skilled in
the art that a second trap may be cre- covered by the converging light
beam. Element 24 de-  ated in the cell by utilizing an additional set of
optics picts the liquid (water or oil) in which lens 23 is im-  including
another high convergence microscope. The mersed for improved optical
coupling into cell 25.   second trap may be created from light entering the
The optical trap is shown within cell 25 with par-  50  cell on the side
opposite the beam for the first trap or, ticle 27 in the trap. Particle 27
is suspended in a liquid  for that matter, at any angle to the beam for the
first medium such as water, for example, which is en-      trap. closed by
cell 25. Cell 25 is a transparent enclosure   Manipulation or orientation
of particles is ach- for enclosing the suspended biological particles or a
ieved by grabbing each end of a rod-like particle, for transparent slide
from which particle containing drop-  55   example, and moving it at will.
lets can be hung. In one example, cell 25 has dimen-    In operation, it is
necessary to move the trapped sions of 1 cm. x 3 cm. x 100 [err]
biological particles into the viewing plane. This Is car- The position of
cell 25 is adjustable in three di-  ried out by adjusting the position of
the diverging lens 3  



5                    EP 0 307 940 B1               6 or lenses. Similarly,
translation, separation or isola-  Claims tion of the biological particles
is easily affected by ad- justing mount 26 by the desired amount.
1. Apparatus for generating a single-beam gradient FIGs. 3 through 5 show
several modes of opera-     force optical trap of praticles, said apparatus
tion for the same optical trap. FIG. 3 shows the con-   5  comprising a
laser for generating a light beam at ventional mode of operation in which
the focus of the  a predetermined wavelength and means for fo- beam from
lens 23 lies within cell 25 and the trapping  cusing said light beam with
sufficient conver- action relies on the backward gradient component of
gence to form said optical trap in a predetermined the optical force.
Depending on the size of the partic-  region, said apparatus les, it Is
possible to trap up to approximately four or  10  characterized in that
five particles within the trap at one time.            said predetermined
wavelength is substantially Both modes shown In FIGs. 4 and 5 require less
included in the infrared range of wavelengths be- intensity than for the
trap in FIG. 3. In FIG. 4, the bot-  tween 0.8 [err] and 1.8 [err]
inclusively, so that said tom plate of cell 25 provides the backward
trapping    trap non-destructively confines at least one bio- force and the
gradient provides the transverse trap-  15  logical particle. ping force.
It is possible to trap approximately twelve or more biological particles at
one time. In FIG. 5, the  2. Apparatus as defined in claim 1 scattering
force of the focused light beam provides    wherein said focusing means
includes a lens hav- transverse confinement due to its inward direction;
ing a numerical aperture greater than 0.9. backward trapping is supplied by
the bottom plate of  20 cell 25. In the latter mode of operation, it is
possible  3. Apparatus for generating a single-beam gradient to trap
significantly greater numbers of particles than  force optical trap of
particles, said apparatus be- for the modes shown in FIGs. 3 and 4.
ing comprised of a laser for generating a light Various biological
particles have been isolated,   beam at a predetermined wavelength and
means confined and transported in this type of optical trap.  25  for
focusing said light beam with sufficient con- For example, some biological
particles successful      vergence to form said optical trap in a predeter-
trapped are tobacco mosaic viruses (See Ashkin et      mined region, said
apparatus al., Science, Vol. 235, pp. 1517-20 (1987).), yeast, E.
characterized in that coil bacteria, blood cells containing hemoglobbin,
and  said predetermined wavelength is substantially complex cells or parts
of cells containing chlorophyll  so  Included in the infrared range of
wavelengths, so structures.                                            that
said trap non-destructively confines at least In general, the biological
particles investigate do  one biological particle, not have the regular
shape of the dielectric spheres   said apparatus further including means
for gen- studied earlier. For example, passive, string-like or-  erating a
second light beam substantially at the ganisms were trapped wherein the
organism was ap-  35  predetermined wavelength, said second light
proximately 50 [err] long and approximately [err] In di-   beam focused by
said focusing means to form a ameter. In the case of tobacco mosaic virus,
the par-  second optical trap in a second predetermined ticles resemble a
cylinder about 200 angstroms in di-  region. ameter and 3100 angstroms
long. It Is a significant attribute of the present invention   40  4.
Apparatus as defined in claim 3 that particle motility is preserved and
reproductivity  further including means for independently vary- of the
particles is maintained. Reproduction by trap-  ing relative positions of
the predetermined re- ped biological particles has been observed with off-
gions. spring remaining in the trap. In other words, the opt- ical trap
permits non-destructive manipulation of blo-  45  5. Apparatus as defined
in claim 1 logical particles at optical powers approaching sever-  further
including means for varying a position of al hundred milliwatts.
said predetermined region. It should be noted that the use of infrared
light re- sults in a lower intensity trap at the focal spot for the same
power than for traps using visible light. How-  50   PatentansprOche ever,
the forces in the trap are approximately equal. Thus, the infrared trap has
the added benefit over  1. VorrIchtung zur Erzeugung einer optischen Eln-
visible light traps of inducing less local heating in the
zelstrahl-Gradientenfalle far Partikel mit einem focal spot.
Laser zur Erzeugung eines Lichtstrahls einer 55      vorbestimmten
WellenlAnge und einer Einrich- tung zur Fokussierung des Lichtstrahis mit
aus- reichender Konvergenz zur Bildung der opti- schen Falls In elnem
vorbestimmten Bereich, 4 



or lenses. Similarly, translation, separation or Isola-  Claims tion of the
biological particles is easily affected by ad- justing mount 26 by the
desired amount.              1. Apparatus for generating a single-beam
gradient FIGs. 3 through 5 show several modes of opera-       force optical
trap of praticles, said apparatus tion for the same optical trap. FIG. 3
shows the con-   5  comprising a laser for generating a light beam at
ventional mode of operation in which the focus of the   a predetermined
wavelength and means for fo- beam from lens 23 lies within cell 25 and the
trapping  cusing said light beam with sufficient conver- action relies on
the backward gradient component of     gence to form said optical trap in a
predetermined the optical force. Depending on the size of the partic-
region, said apparatus les, it is possible to trap up to approximately four
or  10  characterized in that five particles within the trap at one time.
said predetermined wavelength is substantially Both modes shown in FIGs. 4
and 5 require less       included in the infrared range of wavelengths be-
intensity than for the trap in FIG. 3. In FIG. 4, the bot-  tween 0.8 [err]
and 1.8 [err] inclusively, so that said tom plate of cell 25 provides the
backward trapping     trap non-destructively confines at least one bio-
force and the gradient provides the transverse trap-   15  logical
particle. ping force. It is possible to trap approximately twelve or more
biological particles at one time. In FIG. 5, the  2. Apparatus as defined
in claim 1 scattering force of the focused light beam provides     wherein
said focusing means includes a lens hav- transverse confinement due to its
inward direction;     Ing a numerical aperture greater than 0.9. backward
trapping is supplied by the bottom plate of  20 cell 25. In the latter mode
of operation, it is possible  3. Apparatus for generating a single-beam
gradient to trap significantly greater numbers of particles than  force
optical trap of particles, said apparatus be- for the modes shown in FIGs.
3 and 4.                    ing comprised of a laser for generating a light
Various biological particles have been isolated,     beam at a
predetermined wavelength and means confined and transported in this type of
optical trap.  25  for focusing said light beam with sufficient con- For
example, some biological particles successful       vergence to form said
optical trap in a predeter- trapped are tobacco mosaic viruses (See Ashkin
et       mined region, said apparatus al., Science, Vol. 235, pp. 1517-20
(1987).), yeast, E.  characterized in that coil bacteria, blood cells
containing hemoglobbin, and  said predetermined wavelength is substantially
complex cells or parts of cells containing chlorophyll  30  included in the
infrared range of wavelengths, so structures.
that said trap non-destructively confines at least In general, the
biological particles investigate do  one biological particle, not have the
regular shape of the dielectric spheres    said apparatus further including
means for gen- studied earlier. For example, passive, string-like or-
erating a second light beam substantially at the ganisms were trapped
wherein the organism was ap-   35  predetermined wavelength, said second
light proximately 50 [err] long and approximately [err] In di-    beam
focused by said focusing means to form a ameter. In the case of tobacco
mosaic virus, the par-   second optical trap in a second predetermined
ticles resemble a cylinder about 200 angstroms in di-    region. ameter and
3100 angstroms long. It is a significant attribute of the present invention
40   4. Apparatus as defined in claim 3 that particle motility is preserved
and reproductivity  further including means for independently vary- of the
particles is maintained. Reproduction by trap-   ing relative positions of
the predetermined re- ped biological particles has been observed with off-
gions. spring remaining in the trap. In other words, the opt- ical trap
permits non-destructive manipulation of bio-  45   5. Apparatus as defined
in claim 1 logical particles at optical powers approaching sever-  further
including means for varying a position of al hundred milliwatts.
said predetermined region. It should be noted that the use of infrared
light re- sults in a lower intensity trap at the focal spot for the same
power than for traps using visible light. How-  50   Patentansprflche ever,
the forces in the trap are approximately equal. Thus, the infrared trap has
the added benefit over   1. Vorrichtung zur Erzeugung elner optischen Emn-
visible light traps of inducing less local heating in the
zelstrahl-Gradientenfalle ftir Partikel mit einem focal spot.
Laser zur Erzeugung eines Lichtstrahls einer 55      vorbestimmten
Wellenlinge und einer Einrich- tung zur Fokussierung des Lichtstrahis mit
aus- reichender Konvergenz zur Bidung der opti- schen Falle in einem
vorbestimmten Bereich, 4 



dadurch gokennzeichnet,                        2. Appareil selon la
revendication I dal3 die vorbestimmte Wollenlinge im wesentli-     dans
loquel lee moyens de focalisation compren- chen im infraroten
Wellenlangenbereich zwi-        nent une lentille ayant une ouverture
num6rique schen 0,8 tm und 1,8 gm einschlioelich liegt, so   superieure A
0,9. daB die Falls wenigetens eln bologlaches Parti-   5 kel nicht
zerstorend begrenzt.                 3. Apparell pour produlte un piege
optique de parti- cules A force de gradient A faisceau unique, cot 2.
Vorrichtung nach Anspruch 1,                       appareil comprenant un
laser destlne A produire bei derdie Fokussieroinrichtung sine Linse mitsi-
un falsceau de lumibre d'une longuour d'onde ner numerischen Apertur groBer
ale 0,9 enthalt.  10  pr6d6termin6e, et des moyens pour focaliser ce
faisceau de lumiere avec une convergence suffi- 3. Vorrichtung zur
Erzeugung elner optischen Ein-     sante pour former lo pfige optique dane
une r6- zelstrahl-Gradientenfalle fOr Partikel mit einem   gion
pr6d6termin6e, cot appareil etant Laser zur Erzeugung sines Lichtstrahis
elner       caracterlse en ce quo vorbestimmten Wellenlinge und elner
Einrich-  15  la longueur d'onde preddtermin6e est pratique- tung zur
Fokusslerung des Lichtstrahis mit aus-    ment incluse dane la gamme de
longueurs d'onde reichender Konvergenz zur Bildung der optl-
Infrarouge, de fagon quo le pibge confine de ma- K-'     schen Falle in
einem vorbestimmten Bereich,        nilre non destructive au momns une
particule bio- dadurch gekennzeichnet,                           logique,
daM die vorbestimmit Wellenlange im wesentli-  20  I'appareil comprenant en
outre des moyens pour chen im infrarotbn Wellenlfingenberelch llegt, so
produire un second faisceau de lumiere, prati- dal die Falle wenigstens sln
biologiaches Parti-   quement a la m sme longueurd'onds predbtermi- kel
begrenzt, daB die Vorrichtung fernereine Emn-  n6e, ce second faisceau de
lumiere 6tantfocalis6 richtung zur Erzeugung sines zwelten Licht-
par lea moyens de focallsatlon de fagon A former strahis im wesentlichen
mit der vorbestimmten   25  un second plige optique dane une seconde re-
WellenlAnge enthalt, und                           gion pr6dtebrmin6e. dag
der zwelte Uchtstrahl durch die Fokussier- einrichtung unter BlIdung elner
zweiten opti-  4. Apparell selon la revendlcation 3 schen Falle in elnem
zweiten vorbestimmten Be-     comprenant en outre des moyens pour faire va-
K-i    reich fokussiert wird.                      30     rier
Ind6pendamment lea positions relatives des r6gions pr6d6termin6es. 4.
Vorrichtung nach Anspruch 3, mit ferner einer Einrichtung zur unabhAngigen
5. Appareil selon la revendication I Variation der relativen Positionen der
vorbe-      comprenant en outre des moyens pour faire va- stimmibn
Bereiche.                         35     rier la position de la region
prddetorminee. 5. Vorrichtung nach Anspruch 1, mit ferner elner Elnrichtung
zur Variation einer Position des vorbestimmten Bereichs. 40 Revendications
1. Apparell pour produire un piage optique de parti- cules A force de
gradient A fatsceau unique, cot  45 appareil comprenant un laser destine A
produire un faisceau de lumibre d'une longueur d'onde pr6ditermin6e, et des
moyens pour focaliser ce faisceau de lumiere avec une convergence suffi-
sante pour former le pige optique dans une r6-  50 gion prnd6termln6e, cet
apparell etant caracterise en ce que la longueur d'onde pr6determin6e est
pratique- ment induse dane la gamme de longueursd'onde infrarouge, entre
0,8 gin et 1,8 pm inctus, de fa-  sc gon que le piege confine de manibre
non destruo- tive au moins une particule biologique. 5    


