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~ This invention was nade with U S. Governnent support under Contract No.
DVR- 9730189 awarded by the National Science Foundation, through the MRSEC
Program of the National Science Foundation under Award No. DMR- 9808595,
and through a GAANN fellowshi F} fromthe Departnent of Education. The U. S
Government al so has cer t &FPRARATHRFOR USEHROPRI@&A: i on. The present invention
is directed general | y TERERS HO MANEUAHIE MATERISES control of  opti cal
traps or optical tweezers. Mirre particularly, the invention is directed to
optical tweezers forned using visible light that can be used to mani pul at e

a variety of iHigbveniGERS thddy /i8S §rG&|eﬁnne§U§1P @PuddeY ERG aPl'
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The opti ﬁ?A &Mﬁ@@%nu fechni que has been generalized to enabl e mani pul ati on
refl ecting, Sor bi ng and low dielectric constant particles as well.
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i nspect i g¢leterious bifedOgos ale n@érﬁf&e@dg%&@ﬁﬁfealokﬁlag@ﬁ'gteﬁl so the fabrication and
mani pul ati on of nanoconposite materials including electronic, photonic and
opt o- el ect r orff & kARYR Keonstipicpiioah Fveseanseningntiear gradfcot forrsetrpm ac“ahsm cal and
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optical . tweezer uses forces exerted by an intense and y ocused beam
of i ghfne‘ﬁhémt"r‘fﬁ’ée @ﬁactwamdp?uisamellamﬂene@t of the patitle. cll‘hsopttg/lpweabﬂ y in fluid
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by using a single beam of light to generate a single optical trap. To manipulate multiple

particles with such systems, multiple beams of light must be employed. The difficulty of
creating extended muitiple-beam traps using conventional optical tweezer methodology
inhibits their use in many potential commercial applications such as the inspection of
biological materials generally, and also the fabrication and manipulation of nanocomposite
materials including electronic, photonic and opto-electronic devices, chemical sensor arrays
for use in chemical and biological assays, and holographic and computer storage matrices.

- An optical tweezer uses forces exerted by an intense and tightly focused beam of
light to trap and manipulate dielectric particles, typically in fluid media. Prior descriptions
of optical tweezers emphasized their potentiai atility for biological applications such as
capturing cells, or their components, for research, diagnostic evaluation, and even
therapeutic purposes. These same reports also emphasized the inherent and persistent
occurrence of damage or changes caused by optical trapping methods when using visible

light. In particular, it has been observed that green light of wavelength A = 514.5 nm
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~occurrence of damage or changes caused by optical trapping netﬁ%ﬁ§QMﬁ%5

. using visible light. In particular, it has been observed that green |ight
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are known as optical scissors or optical scalpels. Tiven so, the prospects for
nondestructively trapping biological materials with visible light had previously been
qonsidered by those in the art to be an unacceptable method of optical trapping and
manipulation due to the well documented and accepted deleterious effect on biological
material.

1t is therefore an obj¢ct of the inventioﬁ to provide an improved method and system
for using at least one optical trap from light in the visible or ultraviolet portion of the
spectrun.

It is also an object of the invention to provide a novel method and apparatus for
control of visible light optical traps that has an increased level of efficiency, effectiveness
and safety for use.

It is yet another object of the invention to provide a novel method and apparatus for

control of visible light optical traps that is relatively simple to align by virtue of using light
visible to the human eye.




control of visible light optical traps that has an increased Ieglﬁlm‘c?f?ﬂﬁ&
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unwanted alterations inflicted by visible optical tweezers on biological matter, and other
materials sensitive to high intensity light, can be reduced to acceptable, de minimis or even
zero dimensions and levels, in part throngh appropriate design of the optical trapping
system and method. In addition, it is believed that wavelengths in the ultraviolet can also be
used for particular small size objects and particular types of materials by taking advantage
of the features of this invention. Consequently, such optical tweezers can have widespread
applications in biological systems and other systems having light sensitive materials and
possess a number of advantages over infrared optical tweezers.

Other objects, features and advantages of the present invention will be readily
apparent from the following description of the preferred embodiments thereof, taken in

conjunction with the accompanying drawings described below wherein like elements have

Jike numerals throughout.




possess a nunber of advantages over infrared optical tweezers. @ﬂé?ﬁ 2005
obj ects, features and advantages of the present invention will be readily
apparent fromthe foll.owi ng description of the preferred enbodi nents

. thereof, taken in conjunction with the acconpanying draw ngs descri bed
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BRI'EF DESCRI PTI ON OF RirPRAYCREoNGINaE prAwsiaat es a nethod and system
whi ch includes sone conventi onal eatures for a single optical tweezer;
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by four @ranaeytoaﬁuq;ﬂthgmbeaiﬂf\eezers (traps) using the optical systemof FIG
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after the trapping illumination has been extinguished, but before the spheres have diffused

away;

FIGURE 8 illustrates a method and system for manipulating particles using an
optical tweezer awlay while also accelerating the filling of optical tr;'lps;

FIGURES 9A-9D illustrate the use of optical trap control methodology wherein the
optical traps are formed by a holographic diffractive optical element; and

FIGURE 10 illustrates the use of optical trap control methodology wherein a
microscope images the particles and a personal compuier is used to identify the particles

and calculate a phase only hologram to trap the particles.



4 6 OCT 2005 DETAI LED DESCRI PTI ON OF THE PREFERRED ENMBCODI MENTS 2500365 to
best understand the inprovenent of the invention, FIGS. 1 and 2 illustrate
several nethods and systens which include sonme conventional features. In an
optical tweezer system 10 of FIG 1, optical gradient forces arise fromuse
of a single beam of light 12 to controllably manipulate a small dielectric

particle 14 di ppaasiesd DESERIEBCONOF FARWRESERREBEMBDDIAENGSt i on, nNm s
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formof the optical tweezer 10 is t roject one or. npre shaped beans of
i ght i nh](‘}%ftﬁl c%ﬁ‘%‘?ar%cﬁesﬁsﬁ’ﬁ k A&b@f)rll]gﬁeéécg‘&q‘f?ﬁ cap ROIPEEGRIRG It i cal el enent
(such asomxt obthe fiventn iBpovedithts dbserib@l Rebitafterdn@wil bk Q&oinb&ggd Heam 12 has a
wi dth "w' and hawﬁrllfg an | nPut angle O relative to an optical axis 22. The

|i ght bel§Rof 3 erminlogy qptical tyrgzar, onsisd ap prd optical eradiat BijedwPi ve | ens 20 and

- out put f peemaid:r ont aperture 26 substantially converging to a focal point

28 in focal plane 30 of imaging volume 32 with the focal point 28

coi nci di ng wi T Oci’ﬁc%ﬁ‘t"?eéﬁlsyﬁtt@ﬁgo B3pplicd byjasing alight deam 1D 6ueh 13g lopt | cal system

can for: IS 4 ; { ase of the

~light brenabtraﬁﬁ%%r %%?r%ryaﬁ%holﬂglﬁsﬁ‘g?i ggtcs?!érgées %égénogfry@fyﬁ%q}%%ec%s? a‘s&g(%t% coi nci dent
W t h t he negged gtarrsphithe opticalteapping bffecb smdedlid menipelne afgickackheapert ure 24 of

the objegtl . | ought. .to a focus i.n the inmagin ol une 32
at the cggrﬁ%gﬁg%)?g@%&gg ﬁq?}#g(ﬂg ?gc C?l\;‘geqz%rr@ ' léé)éwe%lo%%r rg%‘g Sl%%& the axis
of the | ibgints didighn i@ thescediesq ateeldageytuicl2d of angivergthgwiptitul Elempe ¢duck 0 t he

xi,s 31 axis 22 coincide at the

ical ay b i cal
contor pal Mo BRGLR i A T T gt noder ey

transl at iappof arglReZ relative to an optical axis 22. The light beam 12 is input to a back

aperture 24 of the objective lens 20 and output from a front aperture 26 substantially
converging to a focal point 28 in focal plane 30 of imaging volume 32 with the focal point
28 coinciding with an optical trap 33. In general, any focusing optical system can form the
basis for the optical tweezer system 10.

In the case of the light beam 12 being a collimated laser beam and having its axis
coincident with the optical axis 22, the light beam 12 enters the back aperture 24 of the
objective lens 20 and is brought to a focus in the imaging volume 32 at the center point ¢ of
the objective lens focal plane 30. When the axis of the light beam 12 is displaced by the
angle & with respect to the optical axis 22, beam axis 31 and the optical axis 22 coincide at
the center point B of the back aperture 12. This displacement enables translation of the
optical trap across the field of view by an amount that depends on the angular
magniﬁcation of the objective lens 20. The two variables, angular displacement & and
varying convergence of the light beam 12, can be used to form the optical trap at selected

positions within the imaging volume 32. A multiple number of the optical traps 33 can be
5



optical trap across the field of view by an anount that dependszﬁrpctThalOS
angul ar magnification of the objective |l ens 20. The two vari abl es, angul ar
di spl acenent 0 and varying convergence of the |ight beam 12, can be used
to formthe optical trap at selected positions within the imaging vol une
32. A multiple nunber of the optical traps 33 can be 52 6 0 C T 2005
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transl at I trap.33 across the field of view of the objective
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establ i shes alnpobthér shsteraii BIG. Rswiihtihdhitled 3oneQBhkaRsAI feluil e icar point B
in the prior art S)@temof FIG 1. In the Sﬁ;temof_FlG; 2 the light beam
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10. The g,&%ree of collimation is preserved by positioni ng? e lenses LI and
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FIG 3, dighiteami amt itewiithod it plamd oftiedsk frAub@4 fod eRbiecteddk hoact i ve
opti cal %s%%ﬁ%eé?nbgf%re, in general several of the light beams 12 can be used to form several
associated optical traps. Such multiple beams 12 can be created from multiple independent
input beams or from a single beam manipulated by conventional reflective and/or refractive
optical elements.

In one preferred embodiment of an overall optical manipulation system shown in
FIG. 3, arbitrary arrays of optical traps can be formed. A diffractive optical element 40 is
disposed substantially in a plane 42 conjugate to back aperture 24 of the objective lens 20.
Note that only a single diffracted output beam 44 is shown for clarity, but it should be
understood that a plurality of such beams 44 can be created by the diffractive optical
element 40. The input light beam 12 incident on the diffractive optical element 40 is split
into a pattern of the output beam 44 characteristic of the nature of the diffractive optical

elemem 40, each of which emanates from the point A. Thus the output beams 44 also pass

through the point B as a consequence of the downstream optical elements described
. hereinbefore.




di sposed substantially in a plane 42 conjugate to back aperturéf@&&ﬁzmﬁe
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optical bdseiamG. B0.In ks &BinerfdnboCth&Bcal théertybibh a0 b dndi@AB®d 44 emanating
frompoint A wl] fprn1ogttcal traps 50 in focal plane 52 of the inmaging

vol une 3BPTH¥EHOT odputilighithegn 13 pan heyepyed Legrny the gritralitveerer pREmdSt i cal

tweezer $ys§taMehRuiamucbiEs F6tssng PR thiQbuRd 18 aﬁ&'ﬁr_llfr&fﬁk'tefﬁldeﬂé}t beam 12
can be renoved fromthe optical tweezer System 10. hi s configuration thus
enabl es prdgdEstEensss peosniBg erigalGLARS | i ght and i nproves efficiency and

ef f ecti venessyify; LG j - [ | ' ..l ement 40
can incl ude cqnpg%gémggﬁg%gﬁggé%g?%g@gﬁgﬂ%ﬁﬁﬁﬁégéiﬁ%%d?ﬂ%ﬁkh%ﬁ%wﬁight beam
12 into &plphedenuetigh feagetd intoe preseteete desCedvpittainn ¢Ceuitkinghokb holagrems Wi t h t he
remai ndeg, . t . [ i . and.4 enabl creation of
arbitrar 3(7 “Hféhrerlglégﬁﬁ ogﬁlll?8ﬁ&‘:t%ﬂ§&§ielsﬂfsf1{r}gg‘#ﬁeanggtefl%éﬁsCéﬁag%%aﬂﬁﬁar?/s used to
shape t herrwya\ie vhish thealiffrectivh opiihiaf leraai ¢0lishedin singe gendsetdny of ckbier ef ore, the
optical tr 0 can, be .di.spased.not, onl.y in he focal plane 52 of the
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t weezer %éstﬁn1lo of FIGS. 3 and 4, also included is a focusing optical
el enent , "EEREHTSLSIRkArRRPCment ofdhq etisal 3Py W ot her |ike functional |y

equi val ent  optii thdpticAl @Mz sysibth 10 35FIESTS 6&NE) a1doGhtdel & ﬁ@éﬁé&gge the
diffracted beam 44 to formthe optical traps 50. Further, the tel escope

34, or oCHE! deimharehs te ehiretien leayAli (esother diksa funstionaliopavivalsnt wiedlugat e to
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optical elenent 40 is placed 1n a plane containin
50. Further, the telescope 34, or other equivalent transfer optics, creates a point A

conjugate to the center point B of the previous back aperture 24. The diffractive optical
element 40 is placed in a plane containing point A.

In another embodiment, arbitrary arrays of the optical traps 50 can be created
without use of the tefescope 34. In such an embodiment the diffractive optical element 40
can be placed directly in the plane containing point B.

In the optical tweezer system 10 either static or time dependent diffractive optical
elements 40 can be used. For a dynamic, or time dependent version, one can create time
changing arrays of the optical traps 50 which can be part of a system utilizing such a
feature. In aﬁdition, these dynamic opﬁcal elements 40 can be used to actively move
particles and matrix media relative to one another. For example, the diffractive optical
element 40 can be a liquid crystal phase array undergoing changes imprinted with

computer-generated holographic patterns.




I n anot her enbodi nent, arbitrary arrays of the optical traps 50° 84 haws
created wthout use of the tel escope 34. In such an enbodi nent the
diffractive optical elenent 40 can be placed directly in the plane
containing point B. In the optical tweezer system 10 either static or tine
dependent diffractive optical elenents 40 can be used. For a dynamc, or

time dependent any@ESiibdinRALiIGAAATERIE 5t h FRtenf RO IAG AP Ta@f the opti cal
traps 50 which can be part of a systemutilizing such a feature. In

addi t i o™ ¢HEREGARTEN oihe epsical dbeeerita SR0 Acgimbplonasted MBOREA Fvel y nove
parti cl §gacalditRd Edner BB RHkAioh @tlz}%hit we 1%3 1@que§xﬁﬁ% ASheiddiPbn RX3MRIE, the

diffractive optical elenent 40 can a liquid crystal phase array

under goi%&earanged andiss ithpetpasinghthrasgpeintek agewidbatpedediesl togredptk ¢ patterns.
7 2 6 0 i@ 9P ST AR 0f B ORETE Wadeh LESE Fn%ﬁ?&'f ih&?glkﬁof e lighe SySt em can
be constructed to carry out continuous~translation of the optical tweezer
trap 50.beamd? ptiative notmmédnonsl; awt thBGeatnge cql teceell tnittahslite heceasnltisg of rot ati on
at point i ml.2.4s dnci.dent, on e f of the mrror 60
and"nas opfiet B3P0 A Mkcon Wiedgt ok B M IR LS Bn A WBERereiad 10 The back
aper t ur epodd A’ Whictiiswgpnpiatt Imepaint . OTheGliffieaive@pticl elbaagdo placddue paingl e of

i nci dencg, of the |iqght : 12 relative, t he mrror 0, _.and this feature
can be usetf™ %e@élr@}%{fl@?g’%ggcfe@jﬁﬁﬁ geacBﬁ? W&?‘ﬁﬁ PSSy fhmene BQ“ggstnd t el escope
62 is fobiedud sfale tweaRe GajsI0anah drfayWiiielopacL bR rasyse@ 1t A which is
conjugate to_point, A. _The diffractive OE%iqal el ement 40 pl aced at point

A" now cr eat &&CRerasiopoE g egpodiment o FiGe 3 Bie anironel transials B cpitch passes

t hrough RRéRE arfayla a ub@r "Ih@'i‘ﬁétt@;ﬁolbﬁbeishﬁﬂ?@pl‘&(ﬁ@ﬂﬁﬂ%ﬁhﬁ ﬂle%?ti(ﬁf ray of the
optical tweezers system 10. In opéeration of the enbodinent of FIG 5, the
mrror GOeEZRAEIAVES2 ppdonaysphsirate foubmpmically stidien e optieah frap SO0rregehet hodol ogy

is usef C I al 4 gni: opt | -\ a
stat| onary opanlE KR ol B ARy Bl AR LIS SRt Bt B ouah
smal | - angsinprabiganslptgn apddley | | at ory di spl acenents, as well as for any

application rﬁggﬁéﬁ BBn&o tgglgﬁg)?g() El%ogr{lgégyar%?ﬁte%%ﬁgglh}ie{ aa%ivér %%gear'r ay of the

optical traps SO0 can rans vertical Ive to the sanple
st age ( nssmpiiatagn {ndoyhowoy bngrotihg ths anmple stsgeay &y adjudying aidj telsdcbpep4t He t el escope
34. In ition, the optical tweezer arr an_ al be trans] ated

| ateral | ;ﬁ%gleof‘a@ia Q%tmflgw’tegz TSR alB?/ge %\?]ia%é la(t%fﬁgﬁysrﬁf?’ﬁl'eem§]i}ea‘°‘6@?{°‘algﬁi s feature
woul d bempwang the whmaple ytages efhid fefitore woatdge pagliarly useful for large scale '

movemeni beyond the range of the objective lens field of view.

In another embodiment shown in FIG. 6 the optical system is arranged to permit
viewing images of particles trapped by the optical tweezers 10, A dichroic beamsplitter
70, or other equivalent optical beamsplitter, is inserted between the objective lens 20 and
the optical train of the optical tweezer system ld . In the illustrated embodiment the
beamsplitter 70 selectively reflects the wavelength of light used to form the optical tweezer
érray and transmits other wavelengths, Thus, the light beam 12 used to form the optical
traps 50 is transmitted to the back aperture 24 with high efficiency while light beam 66
used to form images can pass through to imaging optics (not shown).

An illustration of one application of an optical system is shown in FIGS. 7A and
7B. The diffractive optical element 40 is designed to interact with the single light beam 12
to create a 4x4 array of collimated beams. A 100mW frequency doubled diode-pumped
Nd:YAG laser operating at 532 nm provides a Gaussian TEMoo, form for the light beam 12.

In FIG. 7A the field of view is illuminated in part by laser light backscatiered by sixteen
g _




nmovenment beyond the range of the objective lens field of view 3§ 0% o206
enbodi nent shown in FIG 6 the optical systemis arranged to permt

viewi ng i nages of particles trapped by the optical tweezers 10. A dichroic
beansplitter 70, or other equivalent optical beansplitter, is inserted

bet ween the objective Iens 20 and. the optical train of the optical tweezer
system 1

. Iln the illustrated enbodinent th bea litter 7 ectively
T4 oot S afheled Batncy #h G R SO RN o e @TIR el G298 °Lr oy
and tr anghErésarodifieesedmeitangt bhced Th o Sampldeolimebdtwlsmanglds? mirsedoieo f orm t he
optical _traps is transmitted t he back aperture 24 wth_high
ef fici er?&lgtk i3 1384%1?*@ R TR ¥ REJELd R g8 h  ough to
| magi ng @Pédveslif Adlis Shawasa inacr%dnh Buis abe it codbrsigy@daiRpt iaabo pa of an
optical systemis shown in FIGS. 7A and 7B. The diffractive opti cal
el enent DEPW &e HRIST Brfaepcers stitg: eFhgctlichsrbgres pre sebhygraersd igifti®heam 12 to create

a 4X4  ardid¥nsRus Glabil BRLEdrB8AFReal vebR BV f requency doubl ed di ode- punped
Nd: YAG | aser operating at 532 nm provides a Gaussian TEM. formfor the

light beam 131 FIG.YBrip ghowpAhe epticallyerganized yrangement pf sphipen PR &P part by
laser |igh gﬁ%ﬁﬂ&?ﬁ&e&ﬂs‘aﬂ) @xpss? %&%ﬁ@ngﬁisﬁedﬁqu%sﬁmz Rersd §daGRnespher es

trapped I n e array' s sixteen primary optical tweezers 10. The Itan

di anet er diffgyslare Sromrthe dipsyier sed in water and placed in a sanple vol une
between a gl ass mi croscope slide and a 170ILmthick glass coverslip. The
tweezer array is projected upward through the coverslip and is positioned °
i n a pl aAdapBifBweaatroMeded he coverslip and nore than 20 pm bel ow t he upper

- mcroscope slide. The sili sphere e stably t. ed.in three di nensions
'n each of t B V&I SEROUBEYEF STl b Bod? dhicribe Biruebus SiHI%, 1o
opti cal | ysedirgmmicatheful mamedRms. Ohrispher cehd/cadodieennthcluaé bgiaraiine optical -
tweezers 10 (traps). were exti nguished but before the s%her,es Bad tinme to

di ffuse HWEYSFROHEREanhegpnduead foapply fhesematids 22 PRIRBEOPFAUSEAT Ot
enbodi nMept e biiRaltph C LORkicaRk cﬁé.@gﬁcm%scaﬁ% chitlaeh ARrmidwRal afie can be

used i n various useful nethodol ogi es. Furthernore, other enbodi ments
i ncl ude Hjear anbodimgds anplevanpsthesp feaRires arp deecrbehBepindficed to apply t hese

reLPode L, “oRSHs, oRtALLAR: ikt ot i fisBge A L

enpl oyi ngotshesien hrchdsiawis chatge dEenicallian congigatatien. t Byope form of the
invention an array of optical tfaps can be advantageously manipulated in the manner shown
in FIG. 8. In the illustrated optical system 100, the diffractive optical element 102 splits
the collimated laser beam 104 into several (two or more) laser beams 106 and 108. Each
of the several laser beams 106 and 108 are transferred into a separate optical trap in an
object plane 118. Each of these several laser beams 106, 108 are transferred to the back
aperture 110 of the objective beam 112 by action of a conventional optical arrangement,
such as the telescope formed by the laser 114 and 116. The objective lens 112 focuses
each of these several beams 106, 108. In a preferred form of the invention a movable
knife edge 120 is disposed to be movable into the path of the several laser beams 106, 108,
thereby enabling selective blocking of any selected one(s) of the several laser beams to
selectively pfevent formation of a portion of the optical traps. Such a methodology and
structure enables constrirction of any desired array of optical traps by use of appropriately
designed knife edges or apertured knife edge structure and like such structures.

An llustration of the use of such optical trap control methodology is shown in FIG.

9 wherein optical traps are formed by a holographic form of diffractive optical element
9



A variety of new uses and applications of optical traps can ari%sB GGTopass i me
varying construction and dynam c change of optical trap configuration. In
one formof the invention an array of optical traps can be advantageously
mani pul ated in the manner showmn in FIG 8. In the illustrated optical
system 100, the diffractive optical elenment 102 splits the collimted .

| aser beam, 10 havadle XENCERE 140 YOHI! 8 BB ok s oRIATE 24 A Ah1 08, Each  of

16
the several |aser beans 106 and 108 are transterred into a Separate optical
trap in H#PS: ) yowsipmativally mevingthe knifsfedeh B30 eash wb thallintsai9d cabeans 106, 108
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kni f e edggral Soﬂ%%gm%?ﬂg%%‘éog% tﬁeo@%lgal%o\ﬁ/’%ﬁ (g??erﬁagquﬁggﬁéﬁ“%m%fo rﬁﬂe several 1aser
beans 106refet@8ially thhentebporéma bl imgrayel epicamenpbl Sedki pgferehtiadfilling elect ed one(s)

of the s . | aser . beans. t sel.ectiyv r event formation of a portion
of the opteek By BEE &R ek Pad FHECHaiglel rnaben i PR ey g !
const r uc perorits pfeciaioy fatamiinethdahingy oPdptieN tiaf Aradeb@BEs Y uUse of appropriately
desi gned kni Lﬁ“ﬁ&ﬁes or apertured knife edge structure and |like such
structures. FoRs o, X prti88, desgiled entrok pvep filligg ehanygstay of thetoptignl Gapst r ol
met hodol agy; desic&hanbe pravilibdio acRiMieE Bk oﬂﬁé %ﬁ!{u tfgabgp’ﬂi%f;e'i&nTﬁQIiHEd by a

el emen : e

| ¢ formof diffractive optica movabl e knife

hol ogr aphj | LA : ;

edge 120FB‘§' 5 govn plypctiong dilock 128 dicatiya f & fevice10 4l ofpitsslectpd i cal  tr aps,
and by sygtieeaidsqads pigmpy,i lﬁ'ﬁ j £ . : i nes 124 can
be esta Iilshed.c.(rﬁi S mbpg%ﬁs tshtg g%??fﬁgﬁ’f‘%‘%%éesg‘?g%6@{68%‘?%?}9&%’& 132 with
parti cl e§leqtpaphorpsis gr eleptiornsaodiv gf3) efphowsmpérhtuferggadidnt bivk(4ppadstaad thé r aps 132
wth a vaghety | I t he.Rarticles 126 and al so avoids the
typi cal prtobl gtﬁrcig ﬂ(c)tlg ﬂj}t%&%@?‘%@ﬁ%@&%@ (%Ogtﬁbl ﬁgﬁet%‘rqcﬁﬁslég&%?l@n&ﬁ “ally the
out er poeifisking ngsf Experimangyionhasaipteintiadd the papticlesI6¢ BapbeehilRaend el filling can
bl ock fill. f Lnoner. optical traps. This. controlled formtion of the
optical t b%%gtr Ss'}%?gt%llélrg W aé’?@(‘f@&%ﬁ%@?%‘?%ﬁ lgn’ﬂnc%?gréast?’flab&?pt ical trap
ar r angemélotvsrate bfatad] Wpovset @ fkeietrow g tetind 12t 6o REhPpateMEh abduk | i g of an
array of the.o devi ces can be provided to accelerate

tical t 132,
filling OF° ‘Elif‘él%o(%fﬁ%t?alf{ ﬁﬁgﬂg‘fe?%‘? argy gl Begarticles 134 ¢an bg made gesBaRenh f unct i onal

bl ock 128y iankifaahs we afthy Sotde VitRadb 6 & eumgttt&lﬁuié%hr%ﬁis?ﬂ Rafd el es 126 (see
FIG 10), lg[_Z agply the particles 126 under Pressure |?pfeere tral (through
particles. Sucha a large variety of different

procedure also can allow construction o
particie arrays and coupled arrays of the particles 126. Using the previously-described
characteristics and functionalities of the optical traps 132, each of the particles 126 can also
be further interrogated, imaged and mranipulated for operational uses and investigative
purposes. |

In yet another embodiment the optical traps 132 can be dynamically changed
-tesmnsive toa spéciﬁc optical requirement, which can be effected by use of a computer
program with desired instructional information such that one or more of the optical traps
132 can be used to modify, remove, or add particles at various optical trap sites or allow
various manipulations of a single object. Further, one or more of the optical traps 132 can
be moved and their character changed (such as changing the shape or strength of the trap)
for dypamic manipulation of any object, such as a cell of a plant or animal. This can be
particularly advantageous when manipulating a delicate structure or when there is need to

perform complex manipulations of an object. Heretofore, such objects were handled by a
10




' el ectrophoresis or electro-osnosis), (3) apply a tenperature gr?a@ioé}ﬂm&d

(4) translate the entire optical trap array through a suspension
containing the particles 126 in a nmanner |like a fishing net.
Experinmentation has determned the particles 134 can be filled into the
.optical traps 132 starting with a particle concentration of about 10m 3 and
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Such a procedure also can allow construction of variety of
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noved ang their ¢ er changed (such as changing the shape or strength
of the tg%?ﬁi)s 10,10 d%ﬁgén & anefRFUsRA byt thomicEscopa o eBiteat aray s fegstiRl cel | of a

pl ant or ag 158 lalsoliBlotn a8 AveBLirs) RATdh oY @E béftlélﬁ’svﬁ'atoﬁgﬁgglé%cﬁé@f’f‘m”am pulating a
delicate_structure or when there is need to performTconplex manipul ati ons

of an obfadtof thegrapics e candbentbedndiaduatly wanipulhias til assenibye adesi@edOCT 2005 2 6
OCT 2005 bj ect
sShcBh & %ﬁl{ﬁ@pafrf?crlé%EiZ§ bAR oMAG: trg%fé]ugaé%g%?)? : giaﬁpegﬁle sl?ag%ﬁ? opbj ect or |

not provi de the degrees reedom o pertorm esired

f unct i ontheloiegigdiinteiesi; in anot her process the particles 126 can be

‘dynami cally sorted by size. One can also inage an array of the particles
126 in the manner shown in FIG 10. A mcroscope 138 can inmage the

parti cl edsd BBlLightrid the \ﬁdbEMUV(ﬂpamumer 140 can identify the particles 126

ol eront 144 BB EreSRoliBLO R e hebl e Gh0e Ent ol | ec

spati al ladghtageongyl BtotHer fdh&s of the invention, for particular sizes of materials matched to
ultraviolet light or for uses which are less sensitive to ultraviolet light, the invention can
also be expanded to wavelengths shorter than visible light, including ultraviolet light.
Heretofore, tweezers for use in living biological material have been formed from infrared
light for the reasons described hereinbefore. Optical tweezers in general can damage
biological systems through at least three principaﬂ mechanisms: (1) mechanically disrupting
physical interconmections; (2) heating; and (3) in the case of biomaterials, photochemical
‘transformation of biomolecules (these are merely exemplary mechanisms and other
mechanisms are possible). The first mechanism includes processes such as dréwing into
the optical trép the phospholipids constituting a membrane and then expelling them as
micelles or vesicles. Such processes are inherent in the operation of optical tweezers and
do not depend on the wavelength of light being used. These destructive processes can be
minimized by using the least possible and most efficient trapping force for a given
application. FHeating results from absorption of the optical trapping photons, as typified by

the destruction of hemoglobin-rich red blood cells by green laser light. Most biological
11



can then inplenent the conputer-designed hol ogram 142 by causi n%ﬁ 0CT 2005
application of a pattern of phase nodulations to the |aser beam 144. This
can al so be dynamcally varied for any of a variety of purposes. The

nodi fied | aser beam 148 (al so see the several |aser beans 106, 108 in FIG
8) are focused by the mcroscope to create an array of the optical traps

132 (al shudcRRRovasvet, WRELRA SNy WALGrchi 1B RBibleNGnPAalih Bl-EsdBuRe | Mage screen
150. Each of the particles ¥26 can then be individually manipulated to

assenb| &FEREL; Reigiragd, Fet ¢rampleowaiphas pimebspration edetlicienpd abputt o ot her wi se

mani pul ate, .| ct or, _alter .the shape of he, object of interest. Use of
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forms of the invention, for par rstzes o eria ched to
ul travi dlegttwdtérgtahe 800 fiines misre stitelahiiythar Wsible Hght SRR ittapa/ eTHe@ikMrédcaW ol et
al so be nded to wavel engths shorter than

light, t i nvention_ca e

vi si bl e %ﬁﬁﬁtgroqoﬂ%c‘leg(ﬁ?rrPE)\‘eﬁF‘?"f‘%?néﬁ @?q?‘?%‘ﬁfs.ysw%r éf’%‘?"ﬁ?@?v kezers for use
in 1 vi ngotein® @iobahcch@ides hat midaY 8bsheaen feosnsichf sem infrared light for the
reasons descri bed hereinbefore. Optical tweezers in general can danmage

bi ol ogi cakts sYstcents/ i hfoo vighledighl asd st, + hblew: bt Mnir paftaredemdiamins ms: (1)

mechani cal | isrupting. physical interconnectiaons; (2) heating; and (3) in
The casdaroHsPR b FIHonBifb: Semmermtedy SPRE PR e BB Bl ocul 6o
(these agre, ne{eloy,—e I JYeGhani e [ re possible).
The first }rlfecharfixlsm@%ltﬁ%%{gﬁgggggg@g};mg%ﬁ%' g}%ﬁg&?ﬁigﬁh?he opti cal

- trap t hestiohpsiphptiopcaditonnadible Lt sigruil 163D haversa heatin @an eafpedd, aiy t hem as

m cell es. or -vesicles. Su rocesses are inherent, in the operation of

opti cal ’P%@gﬁygvegﬁﬁpﬁgﬂ&ﬁ% ecﬁﬂ?ﬁ@’rﬁ eB’i‘fvaﬁTPéeﬂgW@Fre‘H&qng&PFﬂ qﬁ‘ﬁ‘i‘?’f- bei ng used.

These dest r uPhbtsehepidAC RSRRSMARAs POceelbitieNtheéRGh Bikohtsi Moﬁ)ﬁ&l bf@As br Possi bl e

and nost effpﬁlci ent trap inq force for a given application. Heating results
egedfl‘?

f r om absYPISPPERISIP 2 eSyfar gtatg ey thigu gfRsenans abspinsipn faspbrpgd ¢ he

dest r uct inetacudfr bRIMOMbAREIByahi @bkl GalkiRRd 6 hS iR YheIhE SR {f&ser l'ight. Most
biological 11 2 6 OCT 2005 materials, however, are essentially transparent

to visi bylerafipnshrangitigny)fo the isibieséea elscpamiciransitipgshdYlgst relevaiereiondntar ed.  For
= B G O b 0 P o RS ey sy 1 L
(i nf r ar ewntikeligehe driven ba thedndsagwemasistlightzffom ayperishbulndrated or gkiblee
laser. Transitions to broad bands take place mostly in the ultra{riolet end of the optical
spectrum and so should not be driven either by infrared light or by visible light.
“Opticution” (described hereinbefore) is believed to be driven principally by
photochemistry, rather than by heating or mechanical disruption, and thus it is important to
understand why visible (or ultraviolet in some cases) optical tweezers can result in
deleterious effects on biological and other materials having similar photochemistry
responses (or other optically driven events which lead to deleterious effects in any type of
material, such as light sensitive chemical states, light sensitive electronic states or even
sensitive mechanical structures at the microsqopic‘ level). Such materials can include, for
example, small molecule drugs, doped semiconductors, high temperature superconductors,
catalysts and low melting point metals.
For example, living organisms’ resistance to photochemical degradation at visible
wavelengths would appear to be a natural byproduct of their evolution in sunlight.
However, the flux of visible light from the sun is smaller than that in a typical 1 mW
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capable of precisely cutting chromosomes.

The approximate rate Wi of an n#-photon absorption in the focal volume of an

optical tweezer should scale as follows:

where P is the power in the beam and o is the photon capture cross-section for the
absorber. As is shown by the above equation, lower-order processes at shorter
wavelengths occur much more frequently than higher-order processes at longer
wavelengths, at least for beams of equal power.

Optical tweezers, however, are far more efficient when created with light of shorter
wavelengths than infrared light (e.g., visible and in some cases ultraviolet). As a result,
such optical tweezers require much less power to match the trapping force of infrared

tweezers. This comparative advantage of such tweezers opens the door to their use for
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the trapping beam. For example, it has previously been demonstrated that an optical trap

[¢]

constructed from a donut-mode laser beam whose intensity vanishes at the optical axis
requires far less power to achieve the axial trapping force of a conventional optical tweezer
formed with.a Gaussian TEMw mode. While it is clear that shaping the wavefront can
improve trapping efficiency, thereby reducing two-photon absorption, no studies have
reported an optimal wavefront profile, Therefofe, still further improvements are available
with engineering of the trapping wavefront’s characteristics.

While the time-averaged power establishes the trapping force of an optical tweezer,
its peak power sets the rate of occurrence of two-photon processes. Consequently,
continuous-wave visible optical tweezers should also be less damaging than traps derived
from pulsed lasers.

The local irradiation, and thus the rate of two-photon processes, can be reduced still

- further by applying multiple separate traps to a system, as described hereinbefore, rather
than just one trap. Distributing the 'trapping force on an extended sample among N optical
tweezers therefore reduces W, by a factor of N. |
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processes, camplbmg ftndauced still further by appl yi ng mJI t| pI e separate
traps to a s m. ]d SCr | i bed hereirbefore g&ﬂg ust one trap.
Di stributing F%E)ﬁ e FaRs i apnagionn ey s N opti cal

those assocxated with strong absorptions can be applied generically to all optical tweezer
systems. Trapping extended samples at multiple points and maximizing the efficiency of
each trap, however, could be more difficult to implement in conventional optical tweezer
systens, but are well within the domain of intended uses of holographic optical tweezers.
In particular, holographic optical tweezers (“HOTSs”) can create an arbitrary number N of
optical traps in arbitrary positions so as to trap aﬁ extended biological sample (or other
highly light sensitive material) at multiple poinfs. The simplesﬁt of these multiple trapping .
patterns also could be created by rapidly scanning a single tweezer among the desired array
of traps. This can be particularly useful in biological samples, or other highly light
sensitive materials, since not all of the power needs to be imparted ona single point of the
sample. By instead distributing the power over a number of points, the overall damage to
the sample will be significantly reduced in a manner similar to a “bed of nails.” Achieving
a desired time-averaged trapping force in each of the N scanned traps, however, would
requiré N times the peak power in each trap. Consequently, HOTs have an inherent

advantage over scanned tweezers when it comes to trapping materials nondestructively.
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maxi m zing the efficiency trap, e nore difficult
to i npl ewdstngsnit saessie tocﬂlmm aspepiablel smailade efrdamgsfoemambular ar e vveI | within

fogret |dgul gphéﬁh I}ogr ap ?%Hgglf% |hgﬁt 1@?1&@%&3?&&%»@%%1 a‘l'fore %é?aét an ar bitrary
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poi nt e, he <Phe ctlesd’ Mlroa®elPobee Mehes SRl o e Be Rt Lo coul o b
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i par t edhtyakes Shidghled Rt ofthe 84 ned properties of conventional optics. Infrared

systems, by contrast either must use more costly special-purpose optics, or else will suffer

from optical aberrations which will somewhat diminish their potential benefits relative to
visible trapping systems,

Safety. The human visual system includes a protective blink reflex which reduces
the chance that a siray beam of light from a visible trapping system could damage a user’s
eyesight. No such reflex protects a user’s vision in the infrared.

Ease of alignment. Visible optical trains are much easier to align than infrared.

Availability of two-photon processes. Two-photon processes can be useful in some

- biological applications, for instance in creating optical scissors and scalpels. The same
optical train which creates damage-minimizing configurations of visible optical traps can be
reconfigured in real time to produce individual beams optimized for two-photon absorption,
but with maximum power usage efficiency. Thus the same system could trap, cut, and
generally induce photochemical transformations in its samples using a single laser for

excitation to for one or a matrix of optical traps.
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at | east . several advantages for applications to biological systens:

Optical & @F@fncy. M croscope objective |enses suitable for formng
- optical tweegafkolpyittehhda ity g%b@%ﬁ%& hso Hﬁﬁmi@ﬁ(ﬁj&g@%t@}iﬁs &%e

ul traviol et wavel engths and_su r froma variety ects when used to
transni t TRAPHlAEEH § Mgmer deperiep pbrye with vanyingi wavelchgtghtaserttynes, andkes opt i mal
advant ageyRfikh JREGRCdH bARENA 88ler RN UL PA nORbL S, B rar ed
systens, by contrast elther “nust JEe ore cost Yy Speci ar-purpdse optics, or
el se wi | hegpgtdriat to Yempmipeptadead thabpiicah chonisal whedhlnival bihd demiahaitedi m ni sh
their po i AN LV Q.. Vi sibl r i systens. Safety. The
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damage a.user's e ight. No sych reflex protects a user's vision in the
i nf r ar ed "EAYEEHD éf@%%ﬁ%rl?f‘m fﬁeg&‘ﬁltée WP"&%\"% 9 FeRIe Mrstoleasi er to
al i gn t haertiimfyp@ret green Aed@ilighiiah bk YuctdsstiMPuel Q4 ReiPHBSSAS but WP- Phot on
processes ca be useful in some
with others (such as chloroplasts in certain types of plants). For nonbiological materials,
such as electronic devices, one can select visible light wavelengths which do sot exhibit
sirong absorption by the components of the device.
It is also noted that the visible portion of the spectrum has often been considered to
be in the range of about 400 nm to about 700 nm. It is possible, however, that a broader
~ wavelength range could be used in accordance with the broader aspects of the invention. -
For example, the window of transparency for water is between about 200 nm and about
800 nm, and an even larger range could be used in certain situations,
The following non-limiting examples demonstrate the efficacy of visible optical

tweezers for iuanipulating living biological samples. In particular, we have demonstrated

long-term trapping using light at 2 = 532 nm using a frequency-doubled Nd:YVO, laser.
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absorpti y the conponents of the device. It 1s also noted that the

vi si bl e %S?rflwﬁ?ﬁ by fvisp dnspprdien  Npiopra selbfunaion Bereared dhess e &yr the

tweezers were extinguished.

Example IIT

Light having a wavelength of 532 nm from a frequency-doubled Nd:YV O: laser
was used to trap wheat chancre cells. The cells were obtained in solid medium and
deposited onto glass cover slips before optical trapping at room temperature. Continuons

- optical trapping was not sufficient to disrupt the cell wall. Visual inspection of illuminated

cells provides qualitative results similar to those obtained with cheek epithelial cells.

While_ preferred embodiments of the invention have been shown and described, it
will be clear to those skilled in the art that various 'changes and modifications can be made
without depaft_ing from the invention in its broader aspects as set forth in the claims

provided hereinafter.
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be in the range of about 400 Pin to about 700 nm It is possib@é?QWGWEﬂbr,
that a broader wavel ength range could be used in accordance with the
broader aspects of the invention. For exanple, the w ndow of transparency
for water is between about 200 nm and about 800 nm and an even | arger
range could be used in certain situations. The follow ng non-limting
exanpl es denonstrate the efficacy of visible optical tweezers for
mani pul ating |iving biological sanples. In particular, we have denonstrated
| ong-termtrappi ng using |ight atT%LéﬂH@Q nm usi ng a frequency-doubl ed

Nd: YVO4 | aser. 17 260CT2005 Exanpl e | Large nunbers of yeast cells (generic
varieties froma package of Fleischnman's Yeast) have been trapped in

cul ture nedi um dncthad ef mbsipulvet sEviegrh] mandd atingaSoabedbrddi 6tdasdir i ng
continuous illumnnation. During these tests, |light having a wavel ength of
532 arlight, comgarifingtgetepyetioubl ed Nd: YV 04 | aser was used to trap the yeast
cells. The yeast included various strains of S. cerevisiae in aqueous

sol ution atproviding b Emesdeedinef laskiisihy Wil alwRelehsth WBEGed faRRRIvibImabout |
mWV of conti nuous-wave | aser light. In one denonstration, sixteen cells

wer e amedvidledvivelegthQioely erﬁwona{nBﬁsyfmSE étﬁ%ﬁ@a tgt phgrglhh?i gfbout hal f

appeared to be buddi ng daughter cells and Yorm ng co oni si x hours.

Exanp |v@av\aienkthQQlEctQ@Yrbﬂﬁg@V%Yeea{ngmm‘ﬁ $lt g?a%‘gleﬁ'%}'l &4 Iéns h tﬁrﬁq e gou bl ed

Nd: YV 04 | aser was uséd to trap a p ur epit cells.

Swabb solutl nper ture and
deposi A h s TuBE ExRURBORARH koo MASHE S Vel geﬁwae%é’fmw &ervésa A e
nucl ei acuo of varlo f. to ten mnutes When regi ons
o LRl R TR P Syt S L LS, e o1 ons
cell t rouggﬁ% uLt re medium its internal processes did not appear to
be si ?ém‘ﬁgm Fatsrhi ned by visual inspection. Normal cell function
appeared to resune after the tweezers were extinguished. Exanple Il Light
havi ng a waVeY'ERgERIBHIEIbtharptieabiraes Withda dereeddwatl cdashidlighvirOde vasitde  was
used to-trap wheat chancre cells. The cells were obtained in solid nedium
and dogalravedetoravelepgth sangedbie plusilmpsf dpeitdroepopiiipalating thp pidiggiat r oom
t emperature. Continuous

material; and

controlling the power level of each of the optical traps, the laser light in the visible and
ultraviolet wavelength range and the selected resulting absorption coefficient to avoid substantial
damage to the biological material while manipulating the biological material.

2. The method of claim 1, wherein the focused beam of laser light includes light in

the wavelength range of about 400 nm to about 700 nm.

3. The method of claim I, wherein the beam of light comprises a continuous-wave
laser beam.
4, The method of claim 1, further comprising the step of shaping the wavefront of

the focused beam of light such that the power required to achieve a predetermined trapping force
is reduced relative to a focused beam of light that has not been shaped.

5. The method of claim 4, wherein the beam of light comprises a donut mode.
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optical trapping was not sufficient to disrupt the cell wall. Vi 6 04T 2005

i nspection of illumnated cells provides qualitative results simlar to

t hose obtained with cheek epithelial cells. Wiile preferred enbodi nents of

t he invention have been shown and described, it wll be clear to those
skilled in the art that various changes and nodifications can be nade

wi t hout departing fromthe invention in its broader- aspects as set forth in
the clains provided hereinafter. 18 2 CLAIMS OCT 2005 1. A nethod of

mani pul atifg a ThHe@higidadlciamatiewhakinibd pigraditf eapsied kpamieffrdnaser |ight,
conprising the steps of: providing a focused beam of laser light with a
wavel gpgdciveshiral @énéfiom the visible and ultraviolet wavel ength range to
formconditions for an optical trap, the laser light having the wavel ength

sel ected fyont hge\hahdd & B 1ULRERM BE FEwda%R SRGR of %?%ﬁrﬁﬁ? Brbfiada t he

selected material exhibits a selected absorption coefficient in the

the. | SO pfieREd AR bBRE o Mol AP S ERM RPN AL ATT00 0o

t he bj .ol ogi cal terial; providing a plurality of the optical traps with
the f 18*?@%&F‘6‘8t§¥%”$10f laser light in the visible and ultraviolet wavel ength

range, the_plurality of optical traps.mani pul ating {he Bi ol ogi.cal
material ; &nd c’gﬁ‘}‘iﬂédlqfﬁﬁl“{ﬂl}g’“ﬁ%&éf‘ﬁ?%&zF‘a?PFIag‘é%YFE %%"CP?? bB?)‘Pi%gg'lsert raps, the
| aser light in the visible and wultraviolet wavel ength range and the
‘sel ectigh: arnrisingtbe gemspti on coefficient to avoid substantial damage to
the biological material while rrani@(ﬁul ating the biological material. 2. The
- nmet hod of piosidingla contievasistvayhdo¢usedibeseh didaser bghyhagiae alvayklengthstladed | i ght
in the wavel ength range of about 400 nmto about 700 nm 3. The nethod of
cl ai mftom thh eisilaartdhdtrdecen vedvelengthtrarge speli haishameenbl musssswavek | aser beam
4. The nmethod of claim1, further conprising the step of shaping the
wavef abgokptivh cotfifieichoiaulsedsibeaumi oftrallojdirangu ehvtibaith bithe powelight:equi red to
achieve a predetermined trapping force is reduced relative to a focused
beam of 1 ghividikidt [BBSonR@ptif @lp BraRMthulating a discrete portion of the biological
material; and .
controlling the power level of the at least one optical traps in conjunction with the weak
absorption coefficient in the visible and ultraviolet wavelength range to avoid alteration of a
substantial portion of genetic code of the biological material during manipulating the biological
material.
9. The method of claim 8§, wherein a piurality of the optical traps are formed with the
focused beam of laser light, wherein each of these traps manipulates a discrete portion of the
~ material.
10.  The method of claim 9, further comprising the step of shaping the wavefront of

the focused beam of light such that the trapping efficiency of the at least one optical trap is

increased relative to not shaping the focused beam of light.
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5. The method of claim4, wherein the beam of |ight conprises 2 B8t 200 de.
19 OCT 2005 6. The nethod of claiml1, wherein the plurality of optical
traps arise froma diffractive optical elenent. 7. The method of claiml,
wherein the power |evel of each of the plurality of optical traps is
controlled to avoid altering the genetic code by a biologically significant
amount of the _biological nmaterial. 8. A nethod of manipulating a

bi ol ogi cal material using a focused beamof laser |ight, conprising the
steps of : pr.ovi Ghawgethod oNdlainIn svheRNEthe famscistaReAgh con¥BEs 4 dghé having a
- wavel ength selected fromthe visible and ultraviolet wavel ength range such
that theulnRd ef malimPeSbasstn B theakteriahsor ption coefficient in the visible
and ultraviol et range wavel ength of the laser light; providing at | east one

optical trap f0Th€%@@h}9&‘b%l£iﬁ99,@v}f!:iréﬁEe%h?TaBgf{p%itl eﬁg{ istidCary RbI0GLAR)

material; and controlling the power |eve |'east one~opt’i cal tfaps

in conj i M orption coefficient in the visible and
@bﬂﬁp% I&UAU@E% féﬂl&% ﬁﬁ}ogﬁcgiémflfgﬁﬁ p

ultraviol et wav 0 avoid alteration of a substantial portion

of genetic,gode,of .the biol.ogical mterial durin i qg‘tin t he
bi ol ogi cal 1E'matt ay ?}%‘P?B‘. mﬁIH%'g?‘rtg}gh%%ml(tﬁ’g‘C&ﬁB?tﬁ?@,”S&ﬁg&g‘f‘ﬁe g?ﬂ"h‘%a!??ef y of the
optic htra s.are formed with the focused beam of |aser |ight, wherein
each 0"t A¥SRIYR%ps nani pul ates a discrete portion of the material. 10.
The methad qof claim9, further conprising the step of shaping the wavefront
of the foé deam rlaser gt hayjae a prexelengile sele o therisibleandy of the at
| east one optical trap is increased relative to not shaping the focused
beam #ftravigd¢trangeovierain the maxjosm wavelehgth ielesrabathe olisinman Gavelngtiedfn t he
focused beam of Iight conprises a shape calculated to mnimze absorption
by t henfmedlighdd the fRuseiHasentghidoinohg ad aptivabirapiindhaving eaehelengppidhghdtocat i on
is not at a biologically sensitive location in the biological material.
the biological material possesses a weak absorption coefficient in the visible and ultraviolet
wavelength range of the laser light used to manipulate the biological material;
a plurality of the optical traps for manipulating discrete portions of the biological
material; and
wherein the power level of each of the optical traps is controlled and along with the weak
absorption coefficient of the biological material for the laser light in the range selected from the
visible and ultraviolet range which enables avoiding at least the alteration of the genetic code of
a biologically significant mount of the biological material.
14.  The system of claim 13, wherein the focused beam of laser light is selected from
the visible and ultraviolet wavelength rénge.

15. The system of claim 13, wherein the focused beam of laser light comprises a

continuous-wave laser beam.
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13. A system for mani pulating a biological material using a f o 68 Tazsegn of
| 'aser light, conprising: a focused beam of |aser |ight having a wavel ength
selected fromthe visible and ultraviolet range wherein the maxi mum

wavel ength is | ess than the m ni nrum wavel ength of infrared light, the
focused | aser light formng an optical trap and having a wavel ength such
that the biological material possesses a weak absorption coefficient in
the visible and ultraviolet wavelength range of the laser |ight used to
mani pul at g6t he T @Y Bgh 6atlail Bhititdin theRraveRbitloy theffodied B efhset ligips f or
mani pul ating discrete portions of the biological material; and wherein the

power-shhgewe[b aél{iev%aé:ﬁ}e&gterhﬁ&d(?ﬁb?ﬁ?fo&é ASducsd fPive @b b BuaAtheahNGighd th the
weak absorption coefficient o0 he bi ol ogical material for the Faser | i ght

in thﬁmﬁ@gg&ﬁﬁgﬁgﬁ%ﬁﬂ fromthe visible and ultraviolet range which enables
avoi ding at | east e alteration of the genetic code of a biologically

significa nougrt i i . terial. ) of claim13,
wher ei n tﬁ@’fogﬁggg&%égﬁfgkghgggﬁﬁ%wg éﬁ@%ﬁ%éféé?%%ﬂﬁﬁﬁﬁ?&ﬁ%% vi si bl e and
ul tr violet.ma%elgqg%h range. 15. The system of claim 13, wherein the

f ocusEHOBEUHS BRUELEES- | i ght conprises a continuous-wave | aser beam 21 2 6
OCT 2005 16. The system of . clai m 15, wherein the wayefrqnt of .the focused
beam of | aker |4&§ﬁ¥hod &B&B’“la&“&é%?i‘%%"ai“ﬁﬁeé’& LR %&WE@P&%PE S#orce i s

reduced relative to a focused beamof |ight that has not been shaped. 17.
The shightesomyrispgdhastas ofivherein the plurality of optical traps conprise
hol ographic optical traps. 18. A nethod of manipul ating a biol ogical

mat eri al ugionging o flocursé bedpe ahlesst lighite form ¢apiitions &mpn pplivaytrahdheslaggys  of
provi ding a focused beam of laser light to formconditions for an optical
t rap, lightdatiagerwavtleggih stlestedfjoia theviebkragt nitselode rage fnadinthathibe saleidd e and
ul traviolet range such that the selected material exhibits a sel ected
absor piatepial @béfifsiactRakd hissordtioa coafielernar thesalveleh@h séleadd frbia thd wkiblee and

ultraviolet range of the laser light which permts manipul ati on w thout
subst gad highvidRIBEEe bO0the Herlight RBicH PemBlBEdiAllation without substantial damage to
the biological material;
providing a plurality of the optical traps with the focused beam of laser light selected
from the visible and ultraviolet range, the plurality of optical trabs manipulating the biological
material; and
controlling the power level of each of the optical traps, the laser light wavelength selected
from the visible and ultraviolet range and the selected resulting absorption coefficient to avoid
substantial damage to the biological material while manipulating the biological material
19. A method of manipulating a biological material using a focused beam of laser
light, comprising rthe steps of:
providing.a focused beam of continuous-wave laser light; and

generating a plurality of the optical traps from the focused beam of continuous-wave

laser light with a wavelength selected from a visible and ultraviolet wavelength range, and the
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- providing a plurality of the optical traps with the focused be§%$émﬂIauer
l'ight selected fromthe visible and ultraviolet range, the plurality of
optical traps manipul ating the biological material; and controlling the
power | evel of each of the optical traps, the laser |ight wavel ength
selected fromthe visible and ultraviolet range and the selected resulting
absorption coefficient to avoid substantial damage to the biol ogical
material while manipulating the biological material 19. A method of

mani pubrbihatthn flelonial-wiké fsdrdlghtivivitd; the hacisash baaemafid awer 1ight,
conprising the steps of: prOVIdlng a focused beam of contlnuous wave | aser

li-ght ;120019 8R6L8! 0tk BI&I&@LII&%@ ﬁfmé B:ﬁ'hﬂ&t)dsc\%vetlﬁs%p t g{eﬁgkgﬁ Iocused

beam of conti nuous aser a wavel en t rom a

vi si blm%o?%ﬁne%# %Iﬁ‘i of’%&ioa%"%'g&éﬁ%ﬂ ea&ge%tﬁd%ncﬂ?él 8 nga%er?al gxhqm% e?e%%%

conbi nat I nuousS- wave aser e mav en th in the
bl d t | et I th

Cont + ACSTR RS &b Sﬁa&ﬂv PREhds B rfglﬁﬁ‘g?e H’Z 5F%¥%ﬁlﬂ it i cal

t h_ that_th I I t hi bi t | ect ed

o e e AR G TR R 4 BT

blologlcal material. 20. The nethod as defined in claim19, further

i ncl udPWEF le¥rd o eash obthepHeal dps. thy romer opfbaeentingget-waye lage Helgfinihse opti cal
traps, the power of the continuous-wave laser light in the 'visible and
ultr a\YiSdﬂ@@ndetr@‘h@lﬁgWth%E@lefam@nﬂIﬁee ssblcied resditingsibarpiing cogmiqpt phihe
coefficient of the biological nmaterial to avoid substantial damage to the
bi ol odidedicalatagriablo anhidl sebsramiapddnatgze ngthe bélodicad regirabivhilatmenipalatin®the The

met hod of claim 19, wherein the focused beam of continuous-wave | aser |ight
i ncl udbsodicghiatdrial.t he wavel ength range of about 400 not to about 700 am

22. The nmethod of claim 19, further conprising the step of shaping the wave

front of vhe fgBesRthobSANMRE 1E Miteckdih! Bl FoMBYELIaBSET cohliftusHaeH 1alght he
power required to achieve a predeterm ned trapping force is reduced

rel at ijNgudeR lI%htflﬁ‘ﬁWzglep:ﬁgﬂm e%@%ddﬂugﬁlﬁm“@‘égodt‘ﬁm@ﬁm l'ight that has not
been shaped. "23. The net é% claim 22, wherein the beam of

conti nuous \‘,;\zz’gveﬁé‘tﬁﬁfhoh 09 r:'lta1m ?9 @?ﬁ%gﬁy@aﬁf?@rﬁ% SEEB;%?F% ipi :%fche WAGe fiBhipd of

claim19, rein e plurali

the focused beam of continuous-wave laser light such that the power required to achieve a
predetermined trapping force is reduced relative to a fécused beém of continuous-wave laser
- light that has not been shaped.
23.  The method of claim 22, wherein the beam of continuous-wave laser light
comprises a donut mode.
24.  The method of claim 19, wherein the plurality of optical traps arise from a
_ diffractive optical element.
25. Tl'If: method of claim 19, wherein the power level of each of the plurality of
optical traps is controlled to avoid altering the genetic code by a biologically significant amount

of the biological material.
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diffractive optical elenent. 25. The nethod of claim 19, whereﬁdaﬁﬁé sasner
| evel of each of the plurality of optical traps is controlled to avoid
altering the genetic code by a biologically significant amunt of the

bi ol ogi cal material. 23 OCT 2005 26. A nethod of manipul ating a bi ol ogi cal
material using a focused beam of |aser |ight, conprising the steps of
providing a plurality of optical traps for mani pulating a discrete portion
of the biological material; providing a focused beam of conti nuous-wave

| aser |ighte havi RgtRdwRvRhBRGRg 8 8l@stied matdRMdilea Weaicalbearandiasdd r avi ol et
wavel ength range such that the material exhibits a weak absorption from

the coptd QmphsmeaNEstRsgr |ight of each of the plurality of optical traps;
and control I'i ng the power |evel of each of the optical traps in conjunction

and controll1ng the power | e . |
o avoi d s eEARLOAR b Mioyp kBBl VUL Rl ATNE PR, 700

bi ol o % %grnaterial during mani pul ating the biological material. 27. The
met hold'®6T'2¢1 ai m 26, wherein the plurality of the optical traps are forned

with the focused beam of coptinuous-wave | aser . |i.ght erei n.each of
these 1 apBloVHIERLIRER Ot O o B e B U el et SR ot nod
of claim27, further conprising the step of shaping the wavefront of the

f ocus &@MHBa Histie ErtiraiRI ey siraethdange Srlsclgﬁw GaERTRhEEHE 2<36pi ng
coefficient of the plurality of optical traﬁs is increased relative to not
shapi agsorriwndom theweuinupay eayakaesr lighgefieactpol tha plaalist eicaptietl teapgiand 28,
wherein-the focused beam of conti nuous-wave | aser light conprises a shape
cal cul at ed corgrofling the pevalisct pf ¢agh obthe ohecabtrapy inabniuddion Hith thevhad of cl ai m
27, wherein each of the optical traps has a trapping |ocation which is not
at a hbalrptiindakieyvidklaand ileviotet atavelangtin ranbe tddvoldogdiecaion wét evbisamhtial31. A
system for mani pul ating a biological material using a focused beam of

cont i puaith-ofR¥Rtk s of th@biblogkanphlefibinGiring Aadipdl266d thR M ogiciimutaldl.t y of the

optical traps for mani pulating at |east discrete portions of the biol ogical

27.  The method of claim 26, wherein the plurality of the optical traps are formed with
the focused beam of continuous-wave laser light, wherein each of these traps manipulates a
discrete portioﬁ of the material.

28. Thé method of claim 27, further comprising the step of shaping the wavefront of
the focused beam of continuous-wave faser light such that the trapping coefficient of the plurality
of optical traps is increased relative to not shaping the continuous-wave laser light.

29. The method of claim 28, wherein tﬁe focused beam of continuous-wave laser light
comprises a shape calculated to minimize absorption by the material.

30. - The method of claim 27, wherein each of the optical traps has artrappiﬁg location
which is not at a Biologically sensitive location in the biological material.

31. A system for manipulating a biological material using a focused beam of

continuous-wave laser light, comprising:
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material; and a focused beam of- conti nuous-wave | aser |ight ha\gﬁdma 2005
wavel ength selected fromthe visible and ultraviolet range wherein the
maxi nrum wavel ength is |less than the m ninum wavel ength of infrared |ight,
t he continuous-wave |aser light formng a plurality of optical traps and
havi ng a wavel ength such that the biological material possesses a weak
absorption coefficient in the visible and ultraviol et wavel ength range of
t he conti nuous-wave laser light of the plurality of optical traps used to
mani pul at eaphealsy of thgioptdal tregsefot @mbnip@atinglh deasyditoeere poriichvd fithSBiolophvar ei n t he
~continuous-wave laser light is selected from the visible and ultraviol et
wavel ergdriai;raadge. 33. The system of claim 32, wherein the continuous-wave
| aser light has a wavefront shaped to achieve a predeterm ned trapping

force is raduces samadficeiduBudwhackss dohaamngf vbdvgféhgthts!sl@&te@%mrtﬁé been
shaped. 34. The system of claim 31, wherein the focused beam of

cont i RELBIS aﬂ@Mﬁ‘a%@l%?fanéé reinIhin@EHhubd @a&%fh 1@%3@?18;1 tﬁﬁ Iﬂhgﬁ‘ﬂ*‘ Ity of

opti cal traps t her eby reduci ng the power art ogi ca

mat er 'v@aér 3¢ {hfga%a}%‘;—lp %eegf)ﬂﬁllﬂdo%@ G108 lagé}qggf k, dr&-un @ é)llyraftly' ott% 1cal 8?}% | cal

traps sys emf mani pul ating -a sél u5| Bcused
beam onprl si ource.of |aser t havi ng

wavel %&%b %%g%? ?Q%ﬂ%l} %L}%H%éﬁ\?%g?lﬁlgﬁmmw?ﬁs%?s& e %’gﬁ‘ﬁ'@“%er ein the
maxi num ngt h S n t he mini mrum wavel engt h of |nfrared | i ght
ond ¢ HECBIEELEAEF Wbl and oo A R 6 b} D FORLBE VRS 18ee b afhe
visible and_ ultraviolet wavel ength range of the |l aser light used to

| nanlpdh%f%ﬁwﬁﬁﬂgwpﬁﬁﬁéﬂsWﬁ@é?mQPPm@Wﬂ@ﬁﬂp@awﬂdbﬁﬁﬁﬁent acting on the |aser
light to forma plurality of optical traps; and an optical systemfor
provi di ng &2 pomé%eFﬁﬁémOﬁﬂmﬂéﬁcﬁm@&uﬂhecwﬁnmgw$wwﬁﬂpsrhynlsﬁﬁxﬁdﬁhmmergy
input to the selected material and along with the weak absorption

coef f ithd wpiblegnd vittayide|vevtlengtheaneei al for the laser light in the range
selected fromthe visible and ultraviolet range significant damge to the
sel ect ed maBer i dhe kwstdnnef dhiyn 3 oihdeth thd borfintbds-R&RTa36lichihes s wateranef clai m -
35, wherein the beamof |aser light conprises a continuous- wave | aser
beam shaped to achieve a predetermined trapping force is reduced relative to a focused beam of light

that has not been shaped.

34, The system of claim 31, wherein the focused beafn of continuous-wave laser light
divides its power among the plurality of optical traps, thereby reducing the power imparted to the
biological material at each location experiencing each of the plufaiity of optical traps.

35. A system for manipulating a selected material using a focused beam of laser light,
comprising: '

a source of laser light having a wavelength selected from the visible and
ultraviolet range wherein the maximum wavelength is less than the minimum wavelength of
- infrared light and the selected material having a weak absorption coefficient in the visible and
ultraviolet wavelength range of the laser light used to manipulate the selected material;

an optical component acting on the laser light to form a plurality of optical traps;
and

an optical system for providing a power level for each of the optical traps to
control energy input to the selected material and along with the weak absorption coefficient of
the selected material for the laser light in the range selected from the visible and ultraviolet range
significant damage to the selected material is thereby avoided.
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37. The system of claim 35, wherein the wavefront of the f ocus ekl 2008
| aser light 1is shaped to achieve a predeterm ned trapping force which is
enhanced relative to a focused beam of |aser light that has not been
shaped. 38. The system of claim 35, wherein the plurality of optical traps
conprise holographic optical traps. 39. A systemfor manipulating a
mat eri al using a focused beam of |aser light, conprising the steps of: a
source of focused beam of laser |ight output in a wavel ength range | ess
t han t he 36navel BirglktemhatgRinh 05, with¢ia tRtbehin@Tldsedlight Eérhpddel ¥ @oPplubGal
el emegbhvd REerGegat i ng a plurality of |aser beans; optical traps; an optical
el ement for focusing the plurality of |aser beans to.create a plurality of
an opti cad7. conpoantieh@apih B5 1 Wieergth el dveyronlf ofalRd foe@ed beaRsf tagerliipat
mat er isahagedlto adidVeRrédeten@indt Sepihe (RS Whieh § d@haddde rdi@terd alscusdd a
cont r Bédneef RQMAEhIHAMLY ndt e S¥pde a power |evel to each of the optical
traps and along with the wavel ength of the beam|ight thereby avoiding

subst ant iz, danpgasybeml JTe1aMB B! Whdrein 48 pllAStySfDhaAI ahpLiadipnsdd, further
i ncl udbRgrabhie opti@Pre@fs. Usi ng laser light with a wavelength to match a

transm ssion wndow in the material so as to mnimze |ight absorption. 41.

A met hod o, MmNk RYdiéh if6OnshipBatSisl Ahatbidd] MGIng affOGHSERbaRER RS likigser |1 ght,
conpr ks iﬁé‘ﬁe%ﬁe pse: of providing a focused beam of laser light in a

wavel ength range | ess than the wavel ength range for-infrared light to form

condi tions for AGuRRdfgaduséd BRim GBI Hghtbiut ﬁ?ﬁﬁaﬂeieﬂ?ﬁx rhafeQbhinh the
a

di ffr eGP PInkE &r i@ﬁﬁ@ﬂ%htio create a plurality of
- focusing the pldrality of Taser beams to create a plurality of optical

traps; applyi ngqihgctRt Up@dat E¥meht BPdb &R a1 @R8yl? 1dsBeamkerial for
mani pul ating discrete portions of the material; and controlling power

| evel of each ofy bfiRaPRéh&R o (bARMIRe MSraliey AVMNeHbSMRSH 3Rhical pidd to
t he n%bggajlﬁlaps;ZGH Z%C%T2085 o R erality § o plelidt

: an optical component to apply the plurality of optical traps to the material for
manipulating discrete portions of the material; and

- a controlled power supply to provide a power level to each of the optical traps and
along with the wavelength of the beam light thereby avoiding substantial damage to the material.

40. The system of claim 39, further including the step of using laser light with a
wavelength to match a transmission window in the material so as to minimize light absorption.

41. A method of manipulating a material using a focused beam of laser light,

comprising the steps of:

providing a focused beam of laser light in a wavelength range less than the wavelength
range for infrared light to form conditions for an optical trap; :

passing the laser light through a diffractive optical element to create a plurality of laser
beams; '

optically focusing the plurality of laser beams to create a plurality of optical traps;

applying the plurality of optical traps to the material for manipulating discrete portions of
the material; and

controlling power level of each of the optical traps so as to avoid substantial damage to

the material.
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42. The nethod of claim41l, wherein the focused beam of | aser I%ﬁtﬂmi o5
sel ected from the group consisting of the visible and ultraviol et

‘wavel ength ranges. 43.. The nethod of claim4l, further including the step
of using laser light with a wavelength to match an absorpti on wi ndow in
the material so as to mnimze |ight absorption. 44. A nmethod of

mani pul ating a material using a focused beam of |aser |ight and form ng at
| east one optical trap fromthe laser light and using the optical trap to
mani pul at e the rrat erial, corrpri sing the steps of: providing a conti nuous

wave, focu Ia ht having a wavel ength @ sld e infrared
wavel engt h egl i’ﬂd Pi@f‘m’t }I}tg Yhgtedt fhﬁ%o%%@é@ e Feﬂ f%h

coef f itled @odp ¢dﬁ31sﬂiﬂ'geoﬂ/tﬁé/€xkt@ﬁﬂ$nﬁ ulidRgfeiafavelRfpthdmfles | 1 ght ; pr ovi ding at |east
one optical trap for manipulating the nmaterral; and controlling the power

| evel of the at |east one optical trap and al so controlli ng t he weak

absor pt i onggoef th&metnt,detcltma,m%:atér%tclt& %O L, SHO AL Bondiiyph alT 0N of

the material being manipulated east one |ca trap of the
mat er vgivelpegth thmatgh ve heswgttto)nrvan@ev ofthe materiab®ras tb ingitnizedfght sbsogtiiond  of
mani pul ating a material using a focused beam of |aser light, conprising
the steps of: providing a beamof laser light in a wavel ength range | ess

t han t he wddel eﬂgﬁdsthmcadi[gﬁaxﬁpﬂatlﬂgrﬁ maeed singatfocisbeboeast ieder lighahd| | ght

form condi,tions for an aI tra paSS| ng the | aser |ight through a
di f f r APPSRt %‘Etopélf’%lﬁ@ﬁ the fassx 1@&5 i%wptﬁal fraR &y mprBgte tipt i cal |y
fOCUSIrﬁwertalDQ:oﬁJpﬂﬁlﬂ%tﬂe t@gotaser beans to create a plurality of optical
traps appl yi ng plurality of optical traps to the material for

mani pul at i ﬁ@“‘t@t@% ﬁﬁ‘tfémﬂalts wayidiocessAbea bf lgerpaivehavirgvetvaslength duadt one of

the o I erial. 46.
The rrglft;léhf([:)l %3? %Qéleﬁﬁgégl%g?%?{ﬁg%@t%%@gé S%Jesbeam 0 btsggﬁgrf Foneciss lnsel ected
from thévwayplangth rengesifshd fagpr dight he vi si bl e and ul travi ol et vvavel engt h

ranges. 27 260 fu ther including the step
of 85| ng | &Sers a‘ﬂ?ast?'teh"'l’é“a’\:%?g?fe‘ﬂ@‘t*ﬂ“ ggth? E’ﬁ‘tea‘ﬁ 4B%or pti on wi ndow in

the mat eri @bntsslli@stht powbreval 2LtheiagiRbst @R Optital @4 and also controlling the weak
absorption coefficient of the material to avoid substantial alteration of the material being
manipulated by the at least one optical trap of the material for the wavelength range of the laser
light.

45. A method of manipulating a material using a focused beam of laser light,
comprising the steps of:

providing a beam of laser light in a wavelength range less than the wavelength range for
infrared light, the beam of laser light forming conditions for an optical trap;

passing the laser light through a diffractive optical element to create a plurality of Jaser
beams;

optically fecusing the plurality of laser beams to create a plurality of optical traps;

applying the plurality of optical traps to the material for manipulating the material; and

controlling power level of at least one of the optical traps so as to avoid substantial

damage to the material.

46.  The method of Claim 45, wherein the focused beam of laser light is selected from

the group consisting of the visible and ultraviolet wavelength ranges.
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48. A nethod for formng at | east one optical trap froma cpntl%ﬁd%gtﬁﬂﬁe
focused beamof laser light and using the at |east one optical trap to
mani pul ate a material, conprising the steps of: providing the

conti nuous-wave, focused beam of |aser |ight having a sel ected wavel ength
less than the infrared wavel ength region and al so sel ecting the wavel ength
of the laser |ight such that the nateriﬁl posse;zgs atﬁeaktanorFtlon for

he sel ect wayel ength of the laser |ight; providing e at |east one

E)pti cal tr 8 ryfﬁ?rﬁﬁﬁﬁgpéﬂ%@ Ionbrther iselnding therstepcdusing ldsemlighpeivbra | evel of

the atwdveRasth @RaRRlah GBlorstlARYIAGE Zr‘[ @9 Pl @ dolel) grtirﬁbmsxzoerip t %‘fggﬁlg}}t he

mat eri al by the weak absorption co Iclent so as to -avoi tial
alteration of the .material being manipulated by the at | east one opti cal
trap of thé&Smat éringhod By fermbngatileast et ophieal ¢lap igitha ofntinheushamerfodusght . 49. A

met ho ' [ NG L alioqi ial _using a focused beam of | aser
gt o o RRUUP TR (3 R PR G2 orRRElb ) Bl o dRr S Biethy o
mﬁth-éﬁﬁéggcted wavel ength'in a range shorter than the infrared |ight
range to formconditions for an optical trap, the laser |ight having the

\ : he _bi.ol ogical materi.al exhibjts | Qw
oot bt on SEXEAEB AL At S0 LGBk R BB B b
mani pUésathaorthainfiaed twaselesgthnigial andasgelettng he wai Qb 6ahe 138t &lch
proviQ'Q%ia |urality of the optical traps with the focused beam of | aser
Pl g ot Boiseisats wimErBRELRN for oElecltdgen et of helises BE, | nf r ar od
range, the plurality of optical traps manipulating the biological
~material; antidioptheat lcasi@nt BetiaPES fok aaipuRiing IR RRLiEahgt raps, the |aser
light wth the selected wavel ength and the resg!t:ng_abforption_ i
coefficient_to.avoid subs ial damage to the biological materia ile

BRI IR ELe e

mani pul at i SGFHE Fashpne apycaltigg apd alse gonstollmezbsemtion biner ei n

t he f asumedrifleathovedlogRbmplib®blefiicdi4d8s1ol évgmtsuhﬁantfahﬁhe‘{)%%ﬁlo? th range of
about 400_ng1to about 700 nm 28 28CCTp0 The et hod of ai m 49,

. p0i 5 51. _
wher eiMRI§TH beiag magivulateghiy thepdrass e epticdritapofthegnatenad forlthsslecdam  52. The

nethodmﬁ@kgbﬁbﬁﬂéqmwfgéﬁher conprising the step of shaping the wavefront of

49. A method of manipulating a biological material using a focused beam of laser
light, comprising the steps of:

providing a focused beam of laser light with a selected wavelength in a range shorter than
the infrared light range to form conditions for an optical trap, the laser light having the selected
wavelength such that the biological material exhibits a low absorption coefficient in th¢ selected
wavelength range which permits manipulation without substantial damage to the biological
material;

providing a plurality of the optical traps with the focused beam of laser light for the
selected wavelength in the range shorter than the infrared range, the plurality of optical traps
manipulating the biological material; and ‘

controlling the power level of the optical traps, the laser light with the selected

wavelength and the resulting absorption coefficient to avoid substantial damage to the biological

material while manipulating the biological material.

50.  The method of Claim 49, wherein the focused beam of laser light includes light in
the wavelength range of about 400 nm to about 700 nm.
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the focused beam of |ight such that the power required to achi «-:?v@ 0LT 2005
predeterm ned trapping force is reduced relative to a focused beam of

i ght that has not been shaped. 53.- The nethod of C aim 52, wherein the
beam of |ight conprises a donut node. 54. The nethod of C aim 49, wherein
the plurality of optical traps arise froma diffractive optical elenent.
'55. The nethod of C aim 49, wherein the power |evel of each of the
plurality of optical traps is controlled to avoid altering the genetic
code by a .ol dificcadthyd ofellema#?, varrmimthe boam of highttbmboghs ealbontimices-wake 56. A
met hogsgfbenrgni pul ating a biological material using a focused beam of |aser
i ght, con%r'l sing the steps of: providing a continuous-wave, focused beam
of laser light having a selected wavel ength in a range shorter than an

i nfrared r3hge Hrdnéthad oft Cleinbit @ foghe @bmprdigy ihalstep 0$ stlepigshawwdiont of

absorpti.on coefficie for the sel ected wavel.ength of |aser |ight;
o ovi Bt Rt 15bsusB et (e g enered R AT oA PG e LFRP SR SORE | on of
the bisebdiged Alativedd £Edcabed RAE oFUBAT 1AL BotHRen RRYES. | evel of the at | east

one opti cal tra{)s in conﬁnpti on with the biological material having the

weak absor pti onlgBethod pichlaing 62, wheeein Hedepm@f lightcoapgsss 4 denttyeode: ange

shorter than the infrared range to avoid alteration of a relevant portion

of genetlCSQOdeTlKB’m@tho@bP(tﬁQﬁ@Q'\ﬁl%éééiﬁ':ctﬂe' Qlity BRdal Shjfs| e FBAIPUI ating the
0

"~ .biological material. 57. The netho aim56, wherein a plurality of the

opt i céiffreqtiypeptgadelemened with the focused beam of |aser |ight, wherein
each of these traps mani pul ates a discrete portion of the nmaterial. 58.

The net hodsof - ' ksl S of i e
wavef r ont (5)? ?fh@é %@é‘é 8%@%}&2%?’0‘?%5% @Svght%? ﬁla(%f%g %hegftﬂr%a g%a%’ (Sefpfi ci ency
of t heptaal trepsds cantellopta ayald dlieripg the genaticreedseyla bielagidalle rélevanodmsmafirng t he
focusa% t?&g%:cgfmltét%]rﬂt. 29 260CTP0O05 59, The nethod of C aim 58, wherein the
focuse bb am of qlg t conprises a shape calculated to mnimze absorption
by the material. 60. The nethod of C aim57, wherein each trapping |ocation
is not at a6.bi oAogiiteal dfymangmriatinigi ataolbgicatmaeridl nsihfe fduusdddgamalf [axat er i al .

light, comprising the steps of:

provid'ing a continuous-wave, focused beam of faser light having a selected wavelength
in a range shorter than an infrared range and that the biological material possesses a weak
absorption coefficient for the selected wavelength of laser light;

providing at least one optical trap for manipulating a discrete portion of the biological
matérial; and

controlling the power level of the at least one optical traps in conjunction with the
biological material having the weak absorption coefficient for the selected wavelength in the
range shorter than the infrared range to avoid alteration of a relevant portion of genetic code by a

biological significant amount during manipulating the biological material.

57.  The method of Claim 56, wherein a pluralitﬂz of the optical traps are formed with
the focused beam of laser light, wherein each of these traps manipulates a discrete portion of the

material.

58.  The method of Claim 57, further comprising the step of shaping the wavefront of
the focused beam of light such that the trapping efficiency of the at least one optical trap is

increased relative to not shaping the focused beam of light.
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61. A system for nmanipul ati ng a biol ogical material using a fo&n@é)@TbﬁE&n of
| aser light, conprising: a focused beamof |aser |ight having a selected
wavel ength | ess than t-he m nimum wavel ength of infrared |ight, the focused
~laser light formng an optical trap and having a wavel ength such that the
bi ol ogi cal material possesses a weak absorption coefficient for the

sel ected wavel ength of the laser light used to mani pul ate the bi ol ogi cal
material; and a plurality of the optical traps for manipulating discrete
portions o$9t hellisi mttbed elallainhg,evticadin thetfecusedbdaneoflmvecorhmises a glfapt he

optic 1.8, I and along with the weak absorption coefficient
o1l‘o thgil%ql%t?%gll %%&%g%ésg)ﬁatﬁ)quggg? factaser 1i ght sel ected wavel ength which
enabl es avoiding at least the alteration of the genetic code of a

bi ol ogi cal 6§ si Gimi hethadhof Giaim 67,0fherdie clmhatapging dbcatiad Brmiocast.a BAogithley syst em

of Caimo6l er ei he focused beam of laser light is selected from the
vi si b?éélg}élr‘{ﬁmlf\é\{f?%%tg? %‘Pﬁ)ﬁkf\z}glf%tﬁﬁ?lh range. 63. The system of O aim 61,
wherein the focused beam of |aser |ight conprises a continuous-wave | aser
beam 64. #he sxsysemdbr fhmpututhip,a biblepeblmmitheal weivig b femikedbeatnhs 14eused beam

of Ia?e%t | ight . shaped to achieve a predeterm ned trapping force is reduced
rel ati'% ’?Odﬁb;{mf‘@cused beam of light that has not been shaped. 65. The

system of &fausedikam\¥Tedsei 1@& haviRd 4 EdiddwBelBPihi 16R hdn ROHIARTIRY | S€
hol Ogiv%egl:-:ncgﬂ? 8;[' iln(f:rgllredtlirggtr,) fh'e fogused laser light forming an optical trap and having a
wavelength rsuch that the biological material possesses a weak absorption coefficient for the
selected wavelength of thel laser light used to manipulate the biological material; and
a plurality of the optical traps for manipulating discrete portions of the biological
material, wherein the power level of the optical traps is controlled and along with the weak
absorption coefficient of the biological material for the laser light selected wavelength which
enables avoiding at least the alteration of the genetic code of a biologically sigrﬁﬁcant mount of
~ the biological material.
62.  The system of Claim 61, wherein the focused beam of laser light is selected from

the visible and ultraviolet wavelength range.

63.  The system of Claim 61, wherein the focused beam of laser light comprises a

continuous-wave laser beam.

64.  The system of Claim 63, wherein the wavefront of the focused beam of laser light

shaped to achieve a predetermined trapping force is reduced relative to a focused beam of [ight

“ that has not been shaped.

65.  The system of Claim 61, wherein the pluraﬁty of optical traps comprise

holographic optical traps.
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