; e3eXPXdLH~6TP} ? APPARATUS FOR USI VEEZERS TO MANI PULATE flq“ﬁ
MATERIALS i .1 1.~y .~ PCT/USOZ/l# , , @ ention was made with U. S ['%7 ¢

Gover nmewD apyp4t under Contract R . | 89 awar dedP@H/USBA3INAL i onal . -~
Sci ence Foundation, through the MRSEC @P‘B’gr am of the National Science

Foundation under Award NojppPNRATH5980R0USANG dPTrygh 2 GAANN fel | owship
fromthe Departnent OfE@ﬁ@%ﬁ‘o NASIPULATRAFARERTALS) SO has certain
: n

rights to the inventio rese Imvention 1s directed generally to a
nmet hod and apparatus for control of optical traps or optical tweezers. Mire
particularly, the invention is directed to optical tweezers fornmed using
visible i ghThﬁ hatenfiBh w8 mMiRIE Wil PUMR Gk Athent duppdrt Ghder Corlda8Wo SBMR L | ve
~materials, suc asﬁ iving brological materials, W thout substantial damage
or del e9730189awafdeddysthe Pationdl Scieate Fomidakion nthroughdabe MRSEQ Poograsirofghe at ed.

1 om a Belighab Selenek BPUIGRGHE VBT ANATENAMITORUBSY 201 o AR *°
from a Barigrat Spieane Burdagie U YRS oo s
il | or WGaREpfigindye PREARGH R Flubdith” ST 0B Rmof el MEAREC o2

gener al }igg@ b theSineRt®nmani pul ati on of reflecting, absorbing and | ow
dielectric constant particles as well. Sone systens have therefore been
devel oped whThe presentiaventiohas directes] geyierallyaota methodpnd eppagatys &irggpgobefam of
light to generate a single optical trap. To ymanipul ate multiple ticles
with su€pHcal dapser OPFEPPRWEG e eamﬁu&ﬂymwvgélw diysigd ?"rﬂ%&%i fficulty
of crea i s R BB DisetPlotHaBpRRY VAY oPREHtcal tweezer
met hodoF%%geﬁﬁhlﬁg?cfgslﬁgﬁ%uggﬁ?ﬁ@%y p(s)t er?{}lﬂal Bl'éi:lom'rer cia algépl i cations
such as séiRivenagedils osuchias livizigdgologicalmateriala) withewtesubsthntial damlagd a0 t he
fabrication and mani pul ati on of nanoconposite materials including

el ect r odeleteriohs effests upemthe material deingonyestigeiod eemanimdatekal sensor arrays

f i i, cal d _bi ol oqi . .hal \ i ;
Cornge mt  PBdonntE fomudit difRl wRna buipd DR SRHAR Tofccl P OMREST
ti ghtly uE06 42 edntRAMMBIulhiedhd pbiidd 62 aisll ERMCRW pirficleiifn®edediif afaiidi cl es,

typically In urd nedia. Prior descriptions of optical tweezers enphasized
t hei r potediim athose réfractivé mdekiisosroajler diangpail ofdhe partisles ubhe epficalatyegzarng

cells, or their c onents, for research, diagnostic eval and even
t her aped@Shaiqyg has gg"g‘ gePs ei @neé‘aslgﬂﬁ?%‘ﬂﬁ‘il%ggﬁ%ﬁg&gz @Es

Otl%ﬁt‘igi%ﬁﬂ&%nt and

persi st en or changes caused by optical trapping
met hods%\}é%%cﬁﬁggﬁlsgﬁl\%ﬁgﬁ%feg ight. In particular, it has been observed that

green |ight comwpseteaRdiabe (tRiétbre beeh liév8oped whick\Cad BiladRRiTAe PEiHigleSRR1idI8307
froman Ar ion | aser has caused various, del eterious effects_on biol ogical

mat er i alby ustng diiogh heam) of light erganeiates pinglecoptichldram | 5o spmamale gulghleen

lant cel | dest d, and.t ' Cat | |
ot haeriadouth S SRR P Boul 1o BuPhELbERYLE" ThE nlaiBt: | Foe
green | %%&Iﬁn%iat&ldwnﬁlhﬁﬂé-biﬁ% tﬂaﬁp};ﬁﬁga&mﬁu@ﬂmpﬁam rRedzet artiodelgst r ong

absorption of green light b enbgl obi n and chl orophyl |, respectively,

| eadi ng ihbibitaieit Usedn imagy potential csnmerpial spplisstienscichas theniaspeedomel sm of t he
third type of damage, dubbed "opticutiqn’ those in . the art was not

| rmedi attBopEsBVRR Al SrbaaT e Aia e Ebtinaliin pHiEAnRinion s nkaaf PR oo
nmut agensj . AN cC i s : t i he
use o apRehfl i ng ERbX ol R o e g e S e e
was obsefoy ask hehienticiraad blolegicah assay s and Wetagraphic amd tomputepgiemgentatridesf r ar ed

light froma Nd: YAG | aser operating at (err) = 1064 nm _Largely on the
basi s of thesAnapticalitweezer u%rfogpeﬁ)mwgwi BBIEASG wdat@%ii%eg%#@awf

3y ' S ho . ; = OptrLatt
herari RS Bag BEG Ffiet fiel bR PR, Pkl ARUTRAE PhoBBabuaR | o
bi ol ogi cgf cg{ﬂ%ﬁl%\ie@&e?s eﬂi?ﬁﬁsiiea,théiﬁ got@fltidl 'ilfti'lilw R4 bidlggitaldipplicaions sucheasany

apparent d terious effect upon biological material. Laser-induced damage

tan be despturiy eells haveheicompanents; dorteseircl, disgnosdesvalugtion, andeyse, pul sed
optical tweezers operat] at ~, = 532 nm have en singled out. far their
ability %raéﬁ‘ﬂtl%l"gpﬁiﬁclﬁﬁé}%f"é‘l: TERagts &W&?“&F\‘?ﬁﬁd&ﬁ%’g{ a“éﬂefségFlﬁt weezers
used in i i ks } i 8iblEEven
so. the RS o b ndecd bl elby SpliEappRy ARLLEN S RIREV IR

vi si bl e {igtthtinpagtidutey itais byenbsterved msit gesendighy of ivasdength t he= Sl#.Smmbe an
unaccept abl e met hod of optical trapping,and mani pul ati on due to the well

docunent ed and accepted del et eri ous efféct on bi ol g gal. It is
therefore an object of the invention to provide anmﬂmm‘ Hammm hod and
gnt | n159*

system for using at |east one optical trap fromli L Lhervi sible or
ultraviolet portion of the spectrum



It is also an object of the invention to provide a novel nethod and
apparatus for control of visible light optical traps that bas an increased
| evel of wefd2ossm@mcy, effectiveness and safety for use. | tPERU§B{133ot her

object of the invention to provide a novel nethod and apparatus for control
of visihble light, optical traps that .is rel ativel inpl.e.to align by virtue
of usi ndram gRENIPE 5P PR YREIRN delglerions otieess o Biolamicl ueHAREY 13307 11
is stil f L f ' ti 1196 and
appar at il TE6raBPERI0AE tnd (ol BHER'I B Rl A Gefh AUl pd o8

regi ons coatinded applicativhelf v dreaiplasetlight hasscaasedaiidideathoditrappgdeciliated badteria.

I nvention to provide a novel nethod and apparatus for control of visible

i ght opdmeage from e green daser Hgh in el vpbexsgpies clearlvatesulted fEOR StoBg er | v

heat ed or ot herw se_al.t due i ' . [ t urth

obj ect C#’S(frﬂ oy #/%WFP h)lﬁﬁ{%%‘F%%%@na?hggblé)?gpil&pﬁ%%fsgcﬁyegpg%g gr&utg 6}? {c))l?r coﬁ[ r ol

" of opti qRhiidd ARPcai@ophie defu@idhl CRle héchRAisMARhO iR typk BPAAMAR, QubtEd ng
accuracy. It is an another object of the invention to provide a novel

met hod d‘rmptiaptmlnr” dtyuhosedin the arigwas aothimenddiagély obwiouspSubsequentsadigsdaver use
on any materjal whase, el ectronic,  nechani.cal, chem cal or hiologjcal stat
is hi gh|19e@€w§iwtl9@fwwdﬁiﬁdi BRREEiss e el H’QC}éﬁr’l"ﬁr’b?Pri the 8%§?F§§h%§ht sae
pattern.v-ll ebfmﬁtt{sébfad@(ﬁkﬁet(veQQIr?Ct of the invention to provide a novel

A pp us for 0

met hod and apparat us control ‘of optical traps with a variable power

I evel which prensidéesbleidss dapie Biblogical maeial gvaldbssived alien abinparableon of
the desired chemcal, biological, electronic or nechanical state of the

nat er i almaterialacvese dptieadly\irapped withdpfared digheom a Nd: YA lptes ppenatieg vk red t hat

damage O1r064 nm. Largely on the basis of these and similar early observations with a single optical

tweezer, researchers came to the conclusion that infrared illumination is operationally
superior to visible illumination for optically trapping biological materials. That is, use of
infrared light did not cause any apparent deleterious effect upon biological material.

Laser-induced damage can be desirable, however, in special circumstances. For
example, pulsed optical tweezers operating at 4 = 532 nm have been singled out for their
ability to cut biological materials, such as chromosomes. Optical tweezers used in this way
are known as optical scissors or optical scalpels. Even so, the prospects for
nondestructively trapping biological materials with visible light had previously been
considered 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. .

It is therefore an object 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
spectrum.

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.




unwanted alterations inflicted by visible optical tweezers on biol ogi cal
matter, and other nmaterials sensitive to high intensity light, can be
reduced wo @msgptabl e, de minims or even zero di nensi onsPEHUSR2A38I7S, in
part through appropriate design of the optical trapping system and net hod.

In addition, it I.§ believed that wavelengths i.n the ultraviolet can al so be
used for par lltilélﬁFlﬁra @Hb?‘i ‘%?Czt@?glﬁ @X?@loggﬁpb%‘flg?ﬁﬁp‘é\a "?‘if-ﬁ@ appatalys a) s by
t aki ng V, : : | B\nd s h
opt i cal TR0 P el Bl Toeps wileR, RnDARRELOR: cNERAMAY Yop M . and
ot her syst engt jsaniadditionglhdbject 0§ thel ivieentivh es pedvided dowd aiftiss] @dnappheknsof
advant ages over infrared optical tweezers. O her objects, features and

+ advant ad@iscagtrol fEvisibdes Bght dptioariraps wherain theesamplesi hejngappripulateds atgriot he

follown escription of. t ferred. epbodiments thereof, taken in

coni uncEveRy Bred ot EBeRtst Ak et Gehe ABRRMEET | bed below whor el n 11 ke

el ement s havee fivees R lbiect Bf @UGRAion & proWRPARREARACESHA Unpaads 30’ ~
BRI EF DESCRI PTI OF THE WNGS FIGURE 1 illustrates a nmethod and system

whi ch i ficd coohirol eHopticadirapnwheren the eatical ésp§ baveshighly dhnprayeditaekingweezer ;
FIGURE 2 illustrates a nethod and system whi ch includes sone conventi onal
f eat ur e$C¢WBRCYa si ngl e, steerable optical tweezer; FIGURE 3 illustrates a

oot her et A SR DR oBiech ot the EivelforEh e % MoTPnembd dhitaprarkiy i, 8¢ ©°

i nput | neiht vigaelight fadidptilall tvestield fir@Se an af afitl $ihvsd éleasdmé,abl e opti cal
tweezer (trap) array using a diffractive optical elenent; FIGURE 6

i |1 ust r anesbanicalechemicalrt Wologicah staie inighly sensitiveytopepticalciweszans hainga opt i cal

tweezer .array whil.e also formng an inmage for view ng the optical trap
array; ﬂ@]ﬁ\é‘]’ﬁy Lﬂ’@ﬁ%ﬂ'es an i mage of a four by four array of optical

tweezers (tr qpﬁ,)stiﬂsinﬁglfe} BBjeLRd the inveXSSt® gibyiak F nofel ﬁ@tﬂoﬁ L{d agfratus fo

illustrates an i mge one mcroneter dianmeter silica spheres suspen&ed in
wat er byotitnel afiuipticall trapserittes saridblé&-p&verrldvelrmidch ptovides afficienttopeical teappingg

I 1lum nation has been extinguished, but before the spheres have diffused
avay; Fbepwrithgut alieraionnfdhe desired gBemisaly biglagiesh elsetroninopmeshaniepl siate 9fc| es
usi ng aqlilé)g%'gect‘ﬁlz tweezer away while also accelerating the filling of

optical tf T FI GQURES 9A-9D il lustrate the use of optical trap control

net hodol ogy VihQE&drBanide8vith the above objects, it has been discovered that damage or

unwarnted 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 through 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

like numerals throughout.



optical traps are forned by a hol ographic diffractive optical elenent; and
FIGURE 10 illustrates the use of optical trap control nethodol ogy erein a
m croscop® ovosgm®s t he particles and a personal conputer iRCUERY/I8¥7i dentify
the particles and calculate a phase only hologramto trap the particles. 4

WO 02/ 08870 PCT/ US02/ 13307 DETAI I PREFERRED
EVMBCODI MENTS | n order tiﬂ&@&%ﬁ@@@?ﬁ‘iaﬁn i of the invention,
FIGS. 1 d } ;

an %g%gﬁ?fi ﬁlﬁ}sfi’at%?X%%%ﬁ){?f&‘ﬁ&%ﬂ?@flwﬁﬁﬁélﬁ&@ g

. cdonb&iftioxse sone
conventi onal es. I'n"an o ezer system 10 of FIG 1, optical

gr adi enfeahites fisy adihgle opficintweezenf a single beamof light 12 to controllably
mani pul ate a small dielectric particle 14 dispersed in a nedium 16 whose

“index of ref FAGUREN? illusirates agnethodand system whichgncludes somer Goayventipaal e

f undament al n%ureﬂéf t.he tiﬁal t radient forces is well known, and al so

it is uﬁ‘?fé‘?“gﬁ d ReEt- ﬁtﬁgaﬁ OREFA} TWCHEE been generalized to al | ow

" mani pul ation m@ ! 3h&R6PhRDsyRRh Lians digeireetivé spteansktmest; parti cl es

as well. Anyl:g{; t egglﬁsggﬁ:rsﬂaques can ?)% i mpl iéltgmant ed iln ?%e context of the

i nventi on i MAIGURRE4 tidustiats mnother methed naf spstemvdingid tiltadeopsicalslpraeted by use

of the term nol ogy optical tweezer, optical trap and optical gradient force

trap herelptivg tocan MpwighbPEHB] t weezer system 10 is applied by using a light

beam 12 (suc o) L gh: i j { es)
B%ﬁ@lll%lj tlﬁlgsrtrﬁpeg%r@oﬁ ;1&9@1@67 trifR{afatl] gﬂgdam\%&&t %{Jak)} ?lﬁﬁy A8HE &

capabl e of a ecessa ces neede 0O carry € optT cal
trappi n@i@fat@ed optRareldmest; mani pul ate a particle. The objective of a
conventional formof the optical tweezer 10 is to project one or nore
shaped beans FIGURKE)hiillusttatestamethod and systera foramanipplating partigles gsing aBonver gi ng
optical elenent (such ag.an.objective |lens_20).. As pnoted in Fl 1l the
Pt - bERHFATVREZSY Ay AHLe 50 aBInRAR GER o iy tiede palee Fab aavd 1 o°an
optical axis l t&e@nﬂ&' io? al {0y Fdir Arff K oBRGI iWéerAuaps)t he
obj ective | er@é}%&gzé lltl)lg%%)aut rlom g fraont aypertrure§26 gubst ant i al«l yf) )
conver giudfhgtthe apticat 8yst@niofi FIG86; amd BIG| 7hillsteat8Oan imagesafiong miotommter32 wi t h

the focal point 28 coinciding with an optical trap 33. In geperal,. an
f ocusi ngliapetee silica sphea suspended 1n VAT By dheontisal tweazess, of FLF. ‘&é‘@?@ﬁ‘a@gt em

navi ng 16" 55 cenpune, EinuiEp R SEhL Oy B e 1P b B ELph AR AR,

enters tmypack aperture 24 of the objective lens 20 and is brought to a
focus in the i magi ng volune 32 at the center point c of the objective |lens
focal plane FGURER illhstraiss amethodiand Isysjem formanipplatisg PreislesdSWMEHR t he

angle (err) wth respect .fto. the optical. axis 22 heamaxis 31 and the

opti cal %gfcgl BeeEdi @i‘/’d%hlgﬁal?%%ccegfﬂt’é]lg t{s%ﬁhpg§2fangﬂg}aygtk aperture 12.
Thi s di SPI aCCARIURESIN. O ilARAN Mehdl oPbpddiPraAP boRAI hitRRIGAGEOFRerbitant | el d
of view by an anmount that depends on the angular nagnification of the

obj ect i vgpticalnsapiGre Torenddvay a/hologiabkis, diffragtiveoptitiabplementyend (err) and

varyi ng conver ht beam 12, can be used to formthe optical

f the |i ;
trap at sel echﬁ?égsll%tiﬂBﬁgat%I tgﬁiu?P phepticabgamepnyeol grathogology WRATENS o nunper

of the optical traps 33 / . L ed in
di 11 or enfIGTORERPS Bi eﬁi‘b"xxﬁaﬁ@ﬂg?ﬁ%} a Rugilg?‘uq%cgﬁ‘%%?ré i F"?’S‘ﬁ’%‘@@%&é#’?‘%?i ed to
the back RGNS aghad orflf Boldigfdne Eetilip BidaeiclédS and wi th differing degrees
of collimation. In"order to carry out optical trapping in three dinensions,

optical gradient forces created on the particle to be trapped nust exceed
ot her radiation pressures arising fromlight scattering and absorption. In
general this necessitates having the wave front of the Iight beam 12 to
have an appropriate shape at the back aperture 24. For exanple, for a
Gaussi an TEMoo i nput | aser beam the beam di ameter w should substantially
‘coincide with the dianeter of the back aperture 24. For nore general beam
profiles (such as GaussLaguerre) conparable conditions can be fornul at ed.

I n another systemin FIG 2 which includes sone conventional features, the
optical tweezer system 10 can translate the optical trap 33 across the
field of view of the objective lens 20. A telescope 34 is constructed of

| enses L1 and L2 which establishes a point A which is optically conjugate
to the center point Bin the prior art systemof FIG 1. In the system of
FIG 2 the |light beam 12 passing through the point A al so passes through
the point B and thus neets the basic requirenents for performng as the
optical tweezer system 10. The degree of collimation is preserved by
positioning the I enses L1 and L2 as shoWn in FIG 2 to optimze the
transfer properties of the telescope 34. In addition, the magnification of
the tel escope 34 can be chosen to optim ze angul ar di spl acenent of the
light beam 12 and its width win the plane of the back aperture 24 of the
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The diffractive optical element 40 of FIG 3 is shown as being normal to
the input lIight beam 12, but nany ot her arrangenents are possible. For
exanpl e, wion2fosgro44 the |ight beam 12 arrives at an obl i quECEH283%03r 1)
relative to the optic axis 22 and not at a normal to the diffractive

optical elene : [ i he diftr emanat i ng
frompoint A \?\#FI%%H)‘F& @%ﬁmwgﬁﬁlw&d@ﬁ@@%ﬁ% i magi ng
vol ume 32 (s¢ghr bédd lifhok v £ ﬁ'ﬁ‘iﬁﬁ‘e{?ﬁ' f  ogid £al tweezer
system 10 an unéfiéffér act gﬁﬁé&tﬁ%{? E)hr? ISE @:‘eﬁ%eﬂebﬁnput |18ﬁt FE(E%m %{2 can be

r enov edilhisoatetsbeerapiethatls hnespemssysick tachide sbhiesconoaritiogal feaiupes. tInum enabl es
processing | ess background |ight and inproves efficiency and effectiveness
- of f or nPBigcabpveezer systaand0 of FEG i § entisalt gradiegbloreas) arise Sipshiseief aspgle bepmde

o osel et BeRiCAbEaptliaRy PRRiatieE R sl djectn bABlle A Sibe TR el o
" the opt igalhoRt RieR '0f réfPactioffSnn, 3s BMli¢ RAPNLSE BEREIRD 101 TRE Buidaietital! 1 2Y'S

in which the diffractive optical elenent 40 is uSed to shape the wavefront
of eachnaiufd ofithe egtital gradient dpeeas iswell knoberanflalse, it iswndepttoakthat thaps 50 can
be disposed not only in the focal plane 52 of the objective |le 20, but
ol s oo PriBriolé s Paed et Rralied 56 Altow RuAon ol s AGOAPITG ARGt of
t he opti : ; ti : . d 4,

al so ingfezécfgéé ?@ﬁéﬁ?%"}&@}%ggé‘% fc'gl?}l %f%ﬁnglﬁéh@%%%%%gﬁ@% jeg’cétdilée ens 20
(or ot hebntekikef thel ivehmaicproesthéntadentibaphéremafieemmdwill beleltoapassedbgsnel

l ens) to converge the diffracted beam 44 to formthe optical traps 50.

Fur t her use pbthe éeranjaelegy Qnticab iwenzas roptigalittap andtopticalr-gradientoforeedsap creat es a
poi nt A cog{ l,lg@ate to the center point B of the previous back aperture 24.
The di f PFESHATVE optical element 40 is placed in a plane containing point A
| n_anot her enfhaQipfBAlloweBled ishdihyI 038 hifedty sy #RENHa [BRGIPE; £ fRe®
created without use of the telescope 34. I'n such an enbodi nent the

di f f r acthear cvmiher aeryehigiamensiy light sterces) aspdblalof applying ihe ndeesspyafioeces
containing, point B. In the optical tweezer stem 10 either stagtic or tine
dependeﬂ@ectﬁdftmcawiqv&ﬁwpqm%htr@pgmﬁegt Resded fo penipslbge 2 paTHCIE. Db c, or

time de ' . . ' i cal
tr aps. 50 0A U o EEoRAROR %o b BeZBlEalshRrel 103010 ol S oot abld
addi t i omeah 08 Hglityi@nthe comtbl 684 bakeentuse 20ofafoierding dptical sletrene{sucirove
particles and matrix nmedia relative to one another. For exanple, the

di f f r actasae objectivelens R8heAs na@ddnklGe 1 shd lighiibgamr \2shas|a widdls &éw b andipaving

under goi ng changes_i npr.i nted wi it h cqnputer-generat ed. hol ogr aphi c. patterns.
70D 63 e RO F B forRPRCAgR O e SRBE R N FPLD AR n Bl &
S, a sy d i 4 of the
opt | ol Prasea iag SRRLAUALAT0 Aok Bl S LOOM BLRUS I ABSERIIGT 71«

cent er ebnverghigiton fatalpoimi28An fddaé plang B0 of émagih® volme3a vithtthefocalmoistur f ace
of the mrror 60 and has jts axis passing through point A and wll be

proj ect &8 qodcidipg padianerticalirap 33 Inrgeneragamt fachangOPHeA!l sEsiem £a8 drmythenange

of the @géz?ﬁﬁgioggkﬂqag&epgyégﬁ lbl ght beam 12 relative to the mnor 60,

and thi be “lse O translate the resulting optical trap 50. A

second t el esqanke Oadeiof theolight behh AP Begipsesollimatiddadet bokh @hd Gaialk @8 agispoi nt
A" which is conjugate to point A. The diffractive optical elenent 40 pl aced

at poi ntcolcidentwithébe eptical peis 23y thedightibéan 42 engrvahacisaperaye B4 of thehi ch
passes through,point A.tp formong of,the.tweezer tr in.an array, of
Phe opt 1atCt 3 g an& Brahio d focti s if iEiog SombteCRE miin b St &t 2
the mrr : Ny ' d&
ot hodol gy R UcAEpIRAeaE W IGh (R BF aRf g beAn a2 I hplall By he it
‘a st at i cangleyswids respect td thedyptienl £xad 23, tehinf £80n31 bed thetoptiedl dxiss?? &dindite augh
smal | -antBI itude rapid oscillatory displacenents, as well as for an

t

appl i catthe genteigpaing B @f shegeask apertinedds | Bhis displaggraent|enables trapslationgf t he
optical traps 50 als t.ransl at ed vert| ly rel.ativ o the sanple
st age (n?ﬂ“@ﬁ‘&%?Crﬁifo‘H%??‘r?g&t‘%w&Xﬁfi‘ﬁé“%‘?ﬁﬁ@* @@eﬁ\és ﬂjﬂ%s nélga}t he tel escope
34. 1n agdédifieflion dthOBbjeédle IENERY, SThétWiVartdles2 kg Redibplackment addt er al |y
relative t0 the sanple By noving the sanple stage. This feature would be
par t i cularyingesefargerdoeroflthe ght beahel 2poarebe nsediie yfomul thehepticahtyap atf setelated
objective |ens field of view _In apother_ enbodi pent, shown in Flg‘% 6 { he
opti cal RSFHIOSWILLULMEIHHSIEOIERS A+ A/ METHRG IVRAG B opiigal fraps, F?“a{%‘f:)ed by
the optical tweezers 10. A dichroic bealsplitter 70, or other equival ent
optical beanmsplitter, is inserted between the objective |l ens 20 and the
optical train of the optical tweezer system10. In the illustrated

enbodi nent the beansplitter 70 selectively reflects the wavel ength of |ight
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An illustration of one application of an optical systemis shown in FIGS

7A and 7B. The diffractive optical elenent 40 is designed to interact with

t he si ngW® d2iogétosa beam 12 to create a 4x4 array of col |l i nERGUUYBAZHT A 100mN
frequency doubl ed di ode-punped Nd: YAG | aser operating at 532 nm provides a

(€] i TE f f the |ligh 12. | Fl G..7A fiel. f Vi i
1 un e frepsClopasis priied BACToLinie oty 35 4 B prria e’ © ' °
02/ 08874 A L) : } ; i Xt

o 1y i SHETHE 0L B rfeeht SIS vl GfBGH Do AComolibiadons Kt P0"
wat er and pl &g efder o aars Pt eptical wappifeinehest dimghsiens, wptica) geajient foicee and a

170m t hi ck q%l ass coverslip. The tweezer array is projected upward through
‘the coveérestadpuathe Pagickoto ba GaRRed mpshexAess otST FAENIPDes S MSHE frgMand nor e

t han 20.um bel ow t he er. m Ggroscope.slide, . T is] ] stably
tr appedh_ggiE ﬁcﬁ{’%ré%ﬁ %@h%ﬁ%mphcl&ggﬂer _twmecgﬁs%?tgglr}ﬂodﬁé ﬁgea‘?%\;\qﬁe@é’?gﬁlo. I'n
FIG 7 Bli?ﬁt BARMY tdBavelin' fpkdptiads ﬂﬁgé Zethe MaEIOASLHRE D4 OTFo8 BRERSIE, for/a30
second after the optical tweezers 10 (traps) were extinguished but before
t he sph&anssidtn@EMominpuoladerf Yeasy thenbeant diametenev shoapd sibstantialijageincide Witbezer
Mode I n various enbodi ments the basic optical .fra es, descrj,bed
her ei nbdsdiametes of ghe ach aPﬁ“V&r%oﬁorl}E e gengRa ﬁ?&@?@ﬁ%%@“&hﬁ ﬁ%‘?srsrbr e,
ot her e i i ral ens which can be constructed to
apply tgggé@{%%lcﬁs?i)@éé}gﬁh@ﬁ@% c%%lgFa |ou:11X§Irlfd use of the optical traps. In
particul ar, thepefet Stent RPEG CRWhivh ificladéstohrtonnehiivndi fehmeks, drbpiaali ous
~enbodi ments enpl oying these features are described hereinafter. A variety

of new uweezensysterpd0icentiansleteghe optidat triap 33 aptpse the finld o€ viewosh the phiectiysyi ng
constructio nd.dynanm ¢. change .0 tical, tr confi jon. ln,ne form
of "t he- isAsc A fFIROR Mis SRSGielotBhie Ta 2, SRR AHbBieS a4

mani pul } L 4 i tq

syst gm iv%lggh %Skrlbgtt %?W r a{c]tﬁéa\}gﬂgmaicggffgﬁemﬁgﬁ? Itﬁ1z= r‘ftgrpdlr% %;Lé&ﬁlgf ggl}'l |n¥arfglg | aser
beam 104yiteincofI8¢ 2athe (ighobeam bd passingabmugh drnpoid0s alsocpateB thidaghthef t he

several |aser beans 106 and 108 are transferred into_ a segér ate opti cal
trap i n pointdhprd thupmests the hasicreqyirsmentsdQEpaiyENng a he OPURAUAWECZEDBYSIARS ar e

transferred,to e . r . Qb i i on of
= converld omts adsFs BEFRREH I ekt veeiy Uil RS ET AT B0, 2
laser 1% Fad2%d&ptidig tﬁ@itﬁﬁéfét’?rdp@ﬂfes bt thef elespe 3¢adh addiitihethe sever al
beans 106, 108. In a preferred formof the invention a novable knife edge

1 20 i s dhagnifieationmfisee ietpsedries34 candet dhoseratorppéimizehangaiay clisplacerert ofdbeins 106,
108, thereby enahli sel.ecti.ve bl.ocki f .an el get 0oRes). o

several Fgg’é ﬁpar{}gg,{gﬁg@ V%’Qﬁb%’tlpiéq plang %{;@ﬁ?’a?lﬁ?qv?é@?%ﬁg 8?935 Og)éﬁly%jfnégﬁt he
optical Afghgq l#éﬂﬁﬁbéfoﬁeﬁrhgaﬂiﬂ%&éﬂ%ﬁhé HEAHeBmMS N2RIaR e GREPi fafhisever@ll any
desired ‘array of optical tFaps by use of appropriately designed knife edges
or aper tasseuiatkd bpticad tigps.s Suclctultiplabeimsi Kecanbetcreated ooy multipknindependentat i on
of the use of such optical trap control pnethodol ogr%bi s. shown jn FLG ,9

wher ei n i8pat keamstar fpam arsingle beasy mapipylatest By eapyaRdonal reHlesHvepnd prfefragiive
optical el engaé 1%11 WO 02/ 08870 PCT/ US02/ 13307 122. The novabl e kni fe edge
120 of FRECAGEEMENS; ook a11 but one line 124 of its optical traps, and by

systenati cal | ph sivproteriddeenititidier &g an b2erallaptibalghariiplatiomestehshowaninbe
establi shed. This ‘enables systematic filling of optical traps 132 with

parti cl eEIG.25 arliitiasy axsaysoofoipsigyl tsapsar beifoimady A fdiffrestivheptical clemgpistOrigo
i th iety of different.t f th ticl 6.and..al ids th
Cypical " Sreed aftrnials 55 plab 28 SolimepiiaBALt e o By RHRRRTe G 2Ph "

out er pof\fr){e%ﬁt (%Hl%r A%ufd g?f&&éte@é}&tpﬁ%ea}ﬁ 2935 showd 9Bt a&af;F bAfitisAbulldibk! i ng can

block filling o optical traps. This .control'led formati on of the
optical tdepstoad tnat peturhlity girsech béanrs 44ocametici ayeatedhtly Steadiffeactifve opti¢atal tr ap
arrangenments. In addition to exerting detailed control over fillin f an
array of elemenidfl.j The inpus Hghtibeam %W%Sgt oy the sl ractve 8@&?31/6135‘88%4(&3%?&

filling t .. 1 i : ti onal
bl ock. 12849 R it phipcan 84 otRRGe deitnchifuce be e JIFRARR qpEA) 0
(see FI Gelefdehs 40, 2ackBPWhidhiéndiates iffdne thelptfintud @hup descuipie bdahi 44 alsbipabs
(through el ectrophoresis or electro-osnosis), (3) apply a tenperature

gr adi ent thraegh( the point Bshwa eonshqueane pf de somnsEean pnfpcagﬁ}eagent‘smeé@r&wda

suspensi ﬁn C nﬁ)ai ning the particles 126 in a manner |like a fishing net.
Exper i meAt&t%6iP ias determined the particles 134 can be filled into the
optical traps 132 starting with a parti® e concentration of about 10-4um 3
and a reasonable flow rate of about 100unmisec to fill one row of the |ine
124 or an array pattern in about one mnute of tine. A fully devel oped
array of the particles 126 can be nade permanent by transferring the array
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WO 02/08870.1 PCT/ US02/ 13307 single brute force trap which could cause

damage to the object or not provide the degrees of freedom often needed to
performwolesss®a function. In addition, in another proceRI/U$R/IPNt I cl es
126 can be dynamcally sorted by size. One can also imge an array of the

articles 126 in_the . manner. shown jn 10.., A m crascope 8.can i nmge
!to he Iparti cl e;hl?cﬂbéﬁaﬁmf aptisal @Sm?tmrg‘ i$ FBown As E’B‘Bﬁpgf@glgﬂéheplgﬁni clges
126 and.cal.cul.a I {f.or Wfof i hCal
o arons WSR2 tte BAR7 Sufd kBl S Mo dbesiblO FdrdRatiple, iPFls, MOREMC

spat i al pkifND AR Alaoblidd sale pheativetel tseptic itie 22 anpwoest alesigheed
hol ogram 142 by causi ng application of a pattern of phase nodul ations to

-t he | aséhe diffpantive opticielemeean4@) do thieembodimcat|the diffzactedibeams 4dgmayrating

vari ety of purpgses.. The nodified |l.aser. beam.14 al so.see.th al

| aser bmg‘i@gg ‘Y@%fom qppiea tg}ps%pén %B@t‘}e Bé(’?ﬁl& W%?I&%%nggg?éc’e?éat e an

-array o thca tﬁ.ﬁwp } s the
parti cl fgg&lﬁgg‘i’ %hllfmtanggﬁsg%?aeré% fﬁs‘géﬁg%é 0 tt géﬂé‘%?feﬂ?%gﬁ%&éﬁézg%&?hen be

i ndi vi dyettion Suesf e lisgue tighitheass Ertdeberetiewed dobns theuptioalaweezes systemHe.

particles 126 or to otherwi se mani pulate, inspect or aJter the _shape of the
obj ect Jthis eandigasation thus enebles pracessing leas backerquad dight {WJ gaYEs Lﬁﬂﬁqlﬁ&é{

preferred,eghodi nent he | ion, visible Iight tweezers can be used
advant a@Bgthfgff.wepﬁﬁoqfﬁérf}“?g_P?@X%?Ea?g'e invention, for particular sizes of
mat eri al s matyfaegit42tivé bpidat eleftfent 4@bin RElbe compeRr Whnetited heloprmss whioki tive

to ultraviolet light, the invention can also be expanded to wavel engt hs
short er splisthe it bight béaghi? iritoalpuetictegted|desizad patisrn.| Combining puohdiobggzams
tweezers for use jn living hiqglogical, ri,al have been f.orned.from

i nfrar edvith ﬁlﬁtremé}nd‘?ﬁ%élﬁhég%ﬁg egeggeg}si lﬂg%bSebénﬂ Q@r@b@s ij@llf’%g al:_[b“,ﬂer sin
general Gage ?qm% (e QURGLER! optital Alffedi MO Akdth shiothe WifvBRORdTRALPE)
mechani sns: ) nechanically disrupting physical Interconnections; (2)

heat i ng;diffRiedPeaininifendasly . ofhdrefonatthe optical trppoi®chebs diaposed ansdnly imt i on
of bionol ecul es (these are nerely exenplary nmechani sns and iiohﬁr mechani sns

are possheffaspl plape 52 iof gie ohirobixg l&nm20n by Alecs oy of dass fosal Rlapgyd 3 ng into

the optigcal frap.th hosphol.i pi.ds stituwsing a nenbrane and then

expel | i ntEIEte meggo ?@ PPe Wogéﬁ%ggg.tg@ﬁép' processes are inherent in the
operation of @RhKE 6Alicdl WREZEF Syshdl 10ef FRES dRRENS, 418y fdRaded ¥ed forgsing of |1 ght
bei ng used. These destructive processes can be mnim zed by using the | east

possi bl eopieal elasmente fddhcisethe objectpysi lans 20 (arethiesdike fynotionaliyp pduivdent opticalieat i ng
results from absorptjion qf the optical,tr i.n hotons, as.typi.fi.ed by the
dest r uctdeyifee SughedsciyFSEne] lense fo ¢ eﬂedB%d@&gqtggB%#géﬂfqr%@F oBhazH{%_‘ap st
bi ol ogi ¢ R i &' dfics, crBRUEY Bbint A €

essenti aﬁ'yﬂ#?gﬁﬁgg?%ésgéﬁ%%ig‘fﬁ%%ﬁ@ﬁ% In fpzlct’ carasor bﬁrrlgre strongly
in the icfnj@agdo the terremepqihteB oftteqpreviass backaipexmist24o Thodiffractiveopticsl about
ua = 3 x 10-4 cm' at ~, = 500 nm (visible range) conpared with ua = 0.1
cm 1 at element|40 igiplaced ig p Rlang cPRFBE POIlAr ar ed based optical traps shoul d

t her ef h . ' iCi LS| li ght
based traps. AU EORORR bty BRafh G b Shok gl SRutbebisaa OV
bi ol ogi c@lmensise ¥ theleks@peBRl dn siEIS4n BmBbdest hB diffatiivaepsttal ¢ldmont¥iy e

mol ar absorption coefficients of: ua =0.1 cm' | Mfor visible |ight and
ua ~ 0. Odarche glated\difestly iimthesplant canthiging paint Benogl obin is an exception, wth
a conparatively enormus nol ar absarption coefficient .of ~.104 M
T the vi st bl & IEQRECHAMETET STREnIgeahr At o e oapooRu Bt ong
absor pt | a@mgg{g,fltotddaﬂgye k@) ?Pf’a'dgﬂzﬁﬁics BPH%@ dbgé}mehpvéaﬁoﬂpér&ecah%eéat@mnéhan

i nfrared, and i ndeed may we be preferable because of the preval ence of
wat er i nclinginpgiredls of Yisd eptival @byt Scwhich can be pan of arsystemandizmgeoeked ei t her

t hrough resonant absorption of one or nore photoni)aag?é‘di screte nol ecul ar

state, ofeafureodnaddisian, heserdymamihepsicst elements 45 ogp 0ACHVElY BAEd. Most

| S : i it on Vibrat i onal
{rane; i BiR s gnd mA R B B8 ol Aot A Exaiipled i aibeii Bfid O
resonant cfehRpid caBe 8 ARG §RaISHaON Sty @ﬁﬂe&ﬁtﬂn% Exigeiiprdted witht , however,

that they are highly unlikely to be driven by the nonochromatic light from
any part compater-gerderateé dolmgraphsd pdteernsaser. Transitions to broad bands take
pl ace nostly in the ultraviolet end of the optical spectrumand so should
not be driven either by infrared light or by visible light. "Opticution”
(descri bed hereinbefore) is believed to7e driven principally by

phot ochem stry, rather than by heating or nechanical disruption, and thus
it is inportant to understand why visible (or ultraviolet in sonme cases)
optical tweezers can result in deleterious effects on biological and other
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PCT/ US02/ 13307 optical tweezer by sone six orders of nmagnitude. The intense
illumnation at the focal spot of an optical tweezer greatly increases the
rate of wwl @2iop8m4phot on absorption in which two or nore phHOL/GSR/183MTper at e
to drive a single optical transition. Miultiple photon events require

photons to arrive sinmultaneousl nd he | evel of occyrrences of such
events depeng‘] gﬁl@ﬁ{gﬁ}) ?Iﬁé_ﬁ\‘%g" lPrf_ﬁg;ng:r ?W‘&%‘Hé:ag F&RY® gﬁlslo(gprrgn

opti cal ohf RRLARKS tHAAdBEAn Bfﬁié'cgﬁcélﬁ%e&eg Ifefaprsroen&'lég béllrﬁmntmaﬁmgt
needed to drive such multiple photon processes. t1 phot on absorption can
be nor ephiaedhyithdtsicentet sf bitatidneepanA.t The light beafir #2 sdncidenttom théeurface

si mul t anequs absaorptiaon of two visible photons which delivers t

: e
* equi val Ehthedniargp0Fnd hasiits gris nassimsihrenedp @Rd Will berajected F%Hl&mclse
ext ende r &vi.Ql . ' i j mr e
uch phapsiist 2, Hidilerte 0260 Btk UL SEB el ot ik nde 8 B 2
" chem cabearRi12lrelgii¢d@io thelniglor @01 SndPihiseaiiAN¢dbe Wed i€ tahslate TR RiIIEng
Two- phot on absorption of infrared Iight, on the other hand, delivers the

equi val epticabtrap§). o secondgelbscopp hdiformad fronelensesrls3 awbb4 wdichuereates ¢
suffice to drive photochem cal,or, | jke. optical transfor i gns., Achi evi ng
ol evanPORha: SHRGCOREE PR Pt e RRAR antika Siste ADiae ot Bl T
three - ,or. > t @ j Al : rapt4 on

br bcess s 1o Pa-OH paflinl I ERE0N BhAR0 64 HEER WE S ARRKe O in RRRUT

t weezer forappaaof the tlheezed trapd S &l an drdaynof thé optiead tiveererssysternl®d.nduce

del eteri ous photochem stry, such as chronosone reconbi nati ons in bi ol ogi cal
material s. THr eperatign pf thecimhodiment of F1Ges ntha mairsos p0\ranslates itimentie f ocused

pul ses of light at ~ = 532 nmform an optical I%'Li. bl e of. precisely
Ut £ ng CURPERALBAALE e THLPERoPE PR E R GR R R RE T Gl ¥ o £
the focqweaset bRy qﬁth%t%ﬂa?aéubwﬁe&@ by Siehlty serfdietha dpli@dl tapS0 throughhere P
is the power inthe beamand a' is the photon capture cross-section for the
absor besmaksanipitaleaapidoyscillatory dispacemens i asnyell aswor-any dppliqation eapasng
shorter wave| enrg hs occag{,,wch nore frequently than hi gher-order processes
at | ong@Fnsral /&R i?@'f)ﬁé:,ap lifYeast for beans of equal power. Optical tweezers,
however, are r r | e ' ' I

navel ongt o (earR(dt L Bhal Hopd AP RS EABC R pilhc W BRHF LD B

ul t ravi ghmple.stahs (Aot showind by suwhngohe isampletstapeae ity ddhgpting ehenelebcdpesd. davwer to
match the trapping force of infrared tweezers. This conparative advantage
of such addisiencthe opedl weersr aeray camalse b tragslated daterply relpivoty g sample by

i gty FRHte GenarpRRtg: Db PR e b PR T uSHAERS e SeR, Tl e
of the Qpdvehifdnt Qéy%ﬂltl(%ﬁé rgngéglgmy(ﬁgt’@cﬁgqunglfﬁfd bf giepiterial to the focus of

an optical trap Scales roughly with the inverse fourth power of ~, in the
Rayl ei gh apprdnxenother embodiment shownTihdil6t 6rthe aptidad sysiten iy aypangeé tapemgt at , f or

T appi P8 dmades R, Farien Gapoes b b ential fpoatts 10. A disBiol BPmAteS  at i ve
reduct i [ Y | at.ef Asl.a j QL e W
of - pioo?D o HBE ik AERCrRicR! Ueal it s GincrB ey R BRI %) i

| i kel i hahelopticab tihist eithé aptichh mgeer systhim$0.i fmtheyillustchiakbembodimentheven enabl e

infliction of virtually no danage to the subjl.ect material. Furthernore, by
car ef ul bsamsplities f0selecheclyaciactsie wagelengthof lightesed jo orm tegptigal dyyeezer

ultraviolet in.sone.cases bs thon wn f [i-al [

Mnspect AT ERTEUE BB S BREART. TR hEREHPedm 2 R i R Bl
absor pt i1pfps3h ib trahdmidedl td NRIRBY ap&flire 24 With MgARER iy VRIRS [adht BBard o6t he
material. "The trapping efficiency of an optical tweezer can be increased
still f_uxsfdhlmformrid_latghsafq;npass thregghi ttoelmag?ﬁ prami éspanbgl y reduced, by t
appropriately,s in wavefront o e trappi ng beam, e, i
hgg plroevi ously nﬂ@@ﬂag@heﬁg@er appligatiqn0t an,ppEsH Sé’g\%mc i%éBOYYBH%F &3‘8‘%@ r;{B‘:iom a

‘donut - mofe Irfs AlrrRGRR eémﬁﬁﬁﬁéﬂéﬁ%i iE\ﬂeéi%rﬁHdStBQ§tC%t M (ROLinER!lighK bank §9Ui T €s
ve p I

far | ess power to achi the axial trapping force of a cohventiona
optical toweeres 4koaray oficolinmtddebeagisa TEOW fregeencydohkled didds-pulmped t hat

shapi ng the wavefront can inprove trapping efficiency, thereby reducing
t wo- phot ¥@: YAAG daset PBerating a%%dﬁﬂ'@ﬁ%@@ g Gpesstaad Woodéwm thdizht besm 12.

enoi necr P Cor A BE T4 pbrisy A0 nb R CSERED LRe BB Rk AR Wislteen

ti me-aver aged power establishes the trapping force of an optical tweezer,
its peak power sets the rate of occurrence of two-photon processes.
Consequent |y, continuous-wave visible optical tweezers should also be |ess
damagi ng than traps derived from pul sed | asers. The local irradiation, and
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PCT/ US02/ 13307 A system (biol ogical or otherwise) with discrete

phot osensitive conponents can be further trapped with visible (or

ul travi oweto2ioR8éne cases) |ight tweezers, provided that RGEHBS028330dken to
position the light traps away fromsensitive areas of the subject material.

Furt her,...so sanpl es, .sych _as, many bi ol ogi cal terials, @bsorb..light

st r ong! §IEHHAESFFapBRd i ey witéenprman:ontieal Btecgess 1P HHEIAR LAMEREL b o
opti cal ; r I to
UFsi bi e HERRTARC Qisphi3td b ok 884 pRHEPRL Ghnpl SHRE bR e o i poBE

del et er slal¢esandcen] 10pa@ thiclpgliassadovprstip e SReswedliet rray id projdcedd wpward leseglcan

i nclude: 1. Gyven a choice of a ran%; of visible |Iight wavel engt hs, one can

“avoi d t K co¥ersip apd ixposiiiaped éng plage Sgabahove e caversliprand mporg By ) wiins

char act gryi.St.4 t rde@l. . . t s wth a
cont 1 nuBte e uBpeitRrdstBRe Sioer P Yia sofprer e SRty HABRUE BAE® 5 " 2,
“trap andpadnSions eh SARIfeh@sixi¥eh bpdae tR&izBIsSL0.r at her than at just one. 4. One
can make each trap as efficient as possible. For exanple, one can take

advant age of Imklef 7B ir shomaythe gpticallyrorganized arhangpment ofrspherics ¢ B sscaishi eve a
desired frapping force. The, concepts af creatin raps with .

cont | nuBhe B pathat iy Eert I ey Biecr e BB b Delor B sheeds Bad g g

absor pt | | 0 :generically to all optical tweezer systens.

Tr appi ngﬂgé?%ﬁg%?%ﬁ%ltg Se{% mul tiple points and maxim zing the efficiency
of each trap, however, could be nore difficult to inplenent in conventi onal

optical tweezer systens, but are well within the domain of intended uses of
hol ogr aprRtispT Weezer zers. In particular, holographic optical tweezers

bosi t 1 ons. a0 LR, Aot iethedtERREa Rl SRl e i HResbb B bR ¥
i ght  segslinivagiolBh@hilahethadologiks.| Phhdftiond, other Egbodim®ite sdchife dppaat

mul tiple trapping patterns also could be created by rapidly scanning a
si ngl e anksystemawbich cah de dosstrustedao mpplychesemagsbodsThiesharwe dperagian and usear | y

useful in_biological sanples, or other highly |ight nsitiv terials,
since ndt BEOPHSH fams. JBWaRIc s dthe apicy S pE be copirolledaag modifishangt ¢ he
sanpl e. ' ' i Ut : f points, the
overal | V%?rdasgr%ﬁ 0 t%§%§%%ﬂ%%%%gﬁg%%??¥%gﬁﬁg re Etgg'd in a manner
simlar to aA batetpbf newhises anficipptivations af dptédat adps caeariye drag eichet vaayipg ng
force in each of the N scanned traps, however, would require N tines the
peak powenstiugtionapd dynasmic changeioptiral trapopafiguationn In apefasm of48¢ ant age over

scanned.twegzers wh it..C Q fr | N erial n { LV 15
v 02 odRFaAORET AAFSF ohuGS ey b ARRLAR Y bR AR TR s Movn o
evol vi ngy PRG 8 Mg tRf illhstpded bfaal SRkens t0MNRE diffaeneR! optikal @shent o2 spiul d be
an advantage if optical tweezer nanipul ation

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 prevent formation of a portion of the optical traps. Such a methodology and
structure enables construction of any desired array of optical traps by use of appropriately
designed knife edges or apertured knife edge structure and like such structures.

An illustration 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



Is intended to nove or sort biological or highly light sensitive materials.
Hol ographi c optical tweezers also can tailor the wavefronts of the

i ndi vi duwio (2@asme+4 meki ng up the array of traps and can di reC/USRAB3IMeam
accurately into the trapping systems focusing optics. Consequently,

tical f d.wth t 1 cal | 1 Nl m h
arount. JE2patEmaBsdeg s AR ot FIO YRRt bipck AN hee fos fafohioifal e
Uit ab . . _ P ;
adi at | SabE AYHTRYSERANERL RERER: HR1CBAE 120 A BIThe R (ARahR® Vet oms
(or ot hestablishbd.y Thisgnabke sgitématic filing rof abtgal sapo P82 edih paiagdey 106, Wik
visible light. By follow ng these guidelines, it is possible to obtain

* accept aBediagelagy allows filing ghtigoptiss! teaps 482 vdth avarigiy of differens typeseof thee of

visible_|] i t u [ re have | east . seyer al

advant a étstﬁwgrugﬁgaia%@%@ tﬁg}y\lﬁ%‘h gbqtb?ei? ‘8@%@@?@1%% @B&ﬁéf‘?ﬁ I ency.

M cr osc gpsTereBtifsf ihéutePoeorkbftaair By dtopliedl Haps. SRtk F‘aféfekmﬁ%ﬁﬁﬁg tappi cal Iy
are optimzed for use at visible and ultraviol et wavel engths and Ssuffer
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In yet another embodiment the optical traps 132 can be dynamically changed
responsive to a specific 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 dynamic 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
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application. Heating 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
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strong absorption condition, visible light should lead to no worse heating than infrared, and

indeed may well be preferable because of the prevalence of water in biological systems.

Photochemical transformations proceed either through resonant absorption of one or
more photons to a discrete molecular state, or through non-resonant absorption to a broad
molecular band. Most relevant resonant transitions take place in the infrared (for
vibrational transitions) to the visible (for electronic transitions). Most relevant resonant
transitions depend so strongly on the frequency of light, however, that they are highly
unlikely to be driven by the monochromatic light from any particular infrared or visible
laser. Transitions to broad bands take place mostly in the ultraviolet 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 microscopic 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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Two-photon absorption of infrared light, on the other hand, delivers the equivalent energy
of a visible photon and therefore does not usually suffice to drive photochemical or like
optical transformations. Achieving relevant photochemistry events with infrared light
would therefore require three - or even four-photon absorption. Because higher-order
absorption processes are less likely than lower order processes, visible optical tweezers
appear to be more likely than infrared tweezers to induce deleterious photochemistry, such
as chromosome recombinations in biological materials. This is believed to be the
mechanism by which tightly focused pulses of light at A = 532 nm form an optical scalpel
capable of precisely cutting chromosomes.

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

optical tweezer should scale as follows:

" he A

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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an absorption window in the material so as to mnimze |ight absorption. 21
two-photon absorption events for the visible trap. Therefore, the likelihood of substantial

damage is drastically reduced and can even enable infliction of virtually no damage to the
subject material. Furthermore, by careful selection of the wavelength of light used (visible
or even ultraviolet in some cases), absorption windows of a material being inspected can be
used to select the wavelength of light to reduce the absorption of light and thereby reduce
the damage or alteration of the material.

The trapping efficiency of an optical tweezer can be increased still further, and the
power requirements correspondingly reduced, by appropriately shaping the wavefront of
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 TEMo 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. Therefore, 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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each trap, however, could be more difficult to implement in conventional optical tweezer
systems, but are well within the domain of intended uses of holographic optical tweezers.
In particular, holographic optical tweezers (“HOTs”) can create an arbitrary number N of
optical traps in arbitrary positions so as to trap an extended biological sample (or other
highly light sensitive material) at multiple pointé. The simplest 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 on a 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

require 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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Holographic optical tweezers also can tailor the wavefronts of the individual beams

making up the array of traps and can direct each beam accurately into the trapping system’s
focusing optics. Consequently, optical tweezers formed with a HOT system can
dynamically minimize the amount of power needed to achieve a desired trapping force.

The above qualitative example guidelines can be used for minimizing the rate of
radiation or other light initiated damage inflicted on biological systems (or other highly
light sensitive materials) by optical trapping with visible light. By following these
guidelines, it is possible to obtain acceptable small rate of damage for a particular
application. The use of visible light in an HOT system would therefore have at least
several advantages for applications to biological systems:

Optical efficiency. Microscope objective lenses suitable for forming optical
tweezers typically are optimized for use at visible and ultraviolet wavelengths and suffer
from a variety of defects when used to transmit infrared light. Trapping with visible light
thus takes optimal advantage of the designed 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 stray 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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Improved tracking accuracy. Optical traps sometimes are used to track the motions
of trapped objects, for instance through the time evolution of the light scattered by trapped
parti—‘cles into the far field. The resolution of such tracking techniques scales with the
wavelength of light and thus would be improved with traps formed in visible light relative
to infrared.

It is also possible that a variety of biological and also nonbiological materials can be
manipulated in a manner described above with varying wavelengths, laser types, and
experimental conditions. The particular parameters that are used will be dependent upon
the material to be manipulated and the optical, chemical, mechanical and electrical states
which are sensitive to light. More particularly for example, the absorption characteristics
of the material at certain wavelengths in the visible range may have a significant bearing on
the wavelength of the laser beam used for the manipulation. For example, the use of
certain types of green laser light can be successfully used with certain materials but not
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 not exhibit
strong absorption by the components of the device.

It s 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 manipulating living biological samples. In particular, we have demonstrated

long-term trapping using light at A = 532 nm using a frequency-doubled Nd:YVO, laser.
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about half appeared to be budding daughter cells and forming colonies after six hours.

Example II
Light having a wavelength of 532 nm from a frequency-doubled Nd:YV Os laser

was used to trap a plurality of cheek epithelial cells. Swabbed cells were suspended in
aqueous solution at room temperature and deposited onto glass cover slips. Optical
tweezers were trained on the nuclei and vacuoles of various cells for up to ten minutes,
When regions of the cell membrane were trapped strongly enough to displace a suspended
cell through its culture medium, its internal processes did not appear to be significantly, as
determined by visual inspection. Normal cell function appeared to resume after the

tweezers were extinguished.

Example III

Light having a wavelength of 532 nm from a frequency-doubled Nd:YV Os 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. Continuous
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 departing from the invention in its broader aspects as set forth in the claims

provided hereinafter.
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conditions for an optical trap, the laser light having a wavelength such that the selected
material exhibits a selected absorption coefficient in the wavelength range of the laser light
which permits manipulation without substantial damage to the biological material;
providing a plurality of the optical traps with the focused beam of laser light, the
plurality of optical traps manipulating the biological material; and
controlling the power level of each of the optical traps, the laser light wavelength
and the selected resulting absorption coefficient to avoid substantial damage to the

biological material.

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

light in the wavelength of about 400 nm to about 700 nm.

3. The method of claim 1, 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.
3. The method of claim 4, wherein the beam of light comprises a donut mode.

6. The method of claim 1, wherein the plurality of optical traps arise from a

diffractive optical element.

7. The method of claim 1, 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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providing at least one optical trap for manipulating 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 to avoid alteration of a substantial portion of genetic code of

the biological material.

9. The method of claim 8, wherein a plurality 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.

11.  The method of claim 10, wherein the focused beam of light comprises a

shape calculated to minimize absorption by the material.

12.  The method of claim 9, wherein each trapping location is not at a

biologically sensitive location in the biological material.

13. A system for manipulating a biological material using a focused beam of
laser light, comprising:
a focused beam of laser light having a wavelength range wherein the maximum
. wavelength is less than the minimum wavelength of infrared light, the focused laser light
forming an optical trap and having a wavelength such that the biological material possesses
a weak absorption coefficient in the wavelength range of the laser light; and
a plurality of the optical traps for manipulating discrete portions of the biological

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

continuous-wave laser beam.

16. The system of claim 15, 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 light that has not been shaped.

17.  The system of claim 13, wherein the plurality of optical traps comprise

holographic optical traps.

18. 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;

providing a plurality of optical traps for manipulating discrete portions of the
material; and

controlling the power level of each of the optical traps but avoiding substantial

damage to the material.

19. The method of claim 18, wherein the focused beam of laser light is selected

from the group consisting of the visible and ultraviolet wavelength ranges.

20.  The method of claim 18, further including the step of using laser light with a
wavelength to match an absorption window in the material so as to minimize light

absorption.
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laser light;
providing at least one optical trap for manipulating the material; and
controlling the power level of the at least one optical traps and also the weak

absorption coefficient to avoid substantial alteration of the material.
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