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MULTR-FOUAL LIGHT-SHEET STRUCTURED INLUMINATION FLUORESCENCE

MICROSCOPY SYSTEM

3

Hoation olastms benefit of ad priceity 1o WS Provisionad Applicating No.

"-,-

This apy

~

627527332, filed Jone 30, 2017 snd iv covttled o that filing date for priovity. The complete

spostfication, drawings, appendices, and disclosure of U8 Provisional Application Nou

2 are incorporated herety in their wner fw all prrposs

Thiz mventioy was made with the suppertof the Unsted States governinont yoder WSF

Contract Mo, 13533804, The Govermment bas cortain rights in this invention,
FIELD OF INVENTION

This fevention relatey fo an Hbhanination smodhde ad related methods for maulti-focal
Hehtahest structwred illuouaation fleorescence microseopy for inlegration in g commercial
fuorescant mkroseops.

BACKGBOUKD OF THE INVENTHN

Several aeas of blologital aad Biomediodd roscamed onittendly depend on thives

dimenstonal 3D} maging o soourate analysts of subeellolar stractuves within ek callular

« Theow dowosional imaging with erdanced spatsd and temporal resodation is an essontigd

tool for irvive and i vitro studies of sub-coliufar dynamics

Unfortunately, conventivmal imag

sextons chanot capture the 30 stractwe of &

spacinten from oo single 2B insage. fo oorder fo retrieve B8 strogtors, & 30 mags veay be

aonpposed vonpubtionally by revording a stack of 313 busgey of different transverse sectiows
within the sample. Such a techuigue B employed in wide-ficld wioroseopy (WFMY, whersin

hnages are obtained by sowning U sample vohame axially, Howevsr, this woechardcal movement
prosenty importast issues such gs a slow scquisition speed, which makes the detection of Tughb

dynamiv biological processes bupossible and biroduees distovtions during the acquisition

process, A techabpie called vudti-focal phane microseopy (MMUD provides & simple solution 1o
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e

wvoid mechardos) scanning by jnaging difforent seotions of the speoimen asing several sensors.
However, the intaging capabifiny of MMU s finied by diffiaction by the same way asan WEML

Additional Hmitations that provent high auality 31 images of spesimens when vsing

WEM or MMU inclods {1} Hndted spatial resolstion twmposed by

stion, wideh is moainly
Y

determinad by the sumerica] agerire (NAY of the obisetive ks usedy and () nability fo obtaln
high-resaiotion optically-sectivned fmages which means that the Soal teee-dinensionsd fmage &8
sussing information present i the underlying sample.

Thuss, there 1s a speeific peed for fugh accumey spprosches to Byve-vell microseopy that
arg e constrained by the thickoess oF G sample and do not reguite bong dati-acquisition umes,
As disoussed v morg detail below, different tmaging tochaibpies have bown proposed asd
commercigiived to overcome thess deawbacks duning the last decades. Howsver, the

%

shomteommgs of cotventiions! misroseopy bave yat 1o be gddressed in a single tochoig

-sheet fluvrescenoy nuvroscopy (LAFMY i an slfernate technigue that combings

,,,
£

spstival sectinning with mltiple-view bvaging & obsorve tissuey and living orgausms. However,
the rosolution iy, agatn, Hadied by diffrsction. In L3EM, the sanple is Shuninatad from the side

s

in the foosd plane of the detechion ohjeative, The tHam

fation md he g gre distingt

Haced ab the ntersestion of the

and perpenshicndar o sach other, requining that the sample be

Hamingtion ad the detection axex, The light-sheet excitex the sampde within a thin volue

arcund the focal plave and the emitted Haoreseence iy collveted povpeadicularty with & standsrd

objective lens. The main hinutation of this techpigue is that singe two objactive longex are

requived, high-namerinal apertuve (NAY objsotives tampot be used and, a3 & result, the resclation

et isowsaalhy fow, To overcoang this fesus, LEPM systoms may be combined

with owan-photon skeltation and super-resohitinn technigues. Moreovey, it some LIFM systems,

™
fwid
%
[£22
bl
3

the sarople | sew Hundnated uaing twe Hghtsheots 1o provide muhti-foead LA

such & sombination infroduoes addiionsd expedse and complesaty,
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Two wideheused mivroscopic tochaigues, comfocal scanning miwroseopy (USM) and
structured WHunnnstion microseopsy (SIM) can surpass the wesolation Hmit sesceiated with othey
fechnigues, UM s based on point-wise 3D sosnaing of o spechmen using & small pinbole o

refect the wrwanted cut-ob-focus light, and SIM is based on the modification of the Hhasination

swsternt of a conventional WEM s that the speoimen is thavisated by o struntured exoltation

pafters. The ase of & sroctured Hlumination (81 patern enables the recovery of high-frequeney

¥,

e the fregueney responge of the WEM imaging system, and the

formation, which ix fibered oy
reoomstruction of higheresobdtion 30 boages van be schioved vig computational nwthods.

rffornnt opticad schemes have baen proposed to orsafe the needed B pattern. Ons
configueation s based on the incoberent boaging of & pariedic one-dimensional (1D} gnd 1o e
objegt space, Although this roethod has heen compercially implomented, this system & e
suttabls for norcasing the taneverse rosobiion becausy the contrast of the structured pattern is
reduced significantly at bigh spatial frequeneies by the optical vansfer Fangtion (OTF) of the
meoherent ihsnination systeny. Areother solution crestes the structred potlemn usiog the
nierforence of two plane waves, which ate prodused by the cohwrent Hlwioination of & 1D

grating. This approseh allows for doubling of the resplution Haft of WEM bat canmst produce

1y supercesohed imagey with opticalsectionming capability.

Supar-resobed opticabseotioned oages bave besn sobisved by produsing 8 3D 8

Loy

pattern, whish motulstes sxcitation Hght o both the hweral sod aal divection, Thas stractured

patters was shtained by te coberent interference of three pline waves proceading from a special

1D diffraction grating However, these lamination systems use cobevend ithanination that results

it colierent notse i the recorded fmages Furthermore, these systems also fal o provide the

ey

3’/

ability to change the frequancy of the fringe Uhnolnating pattern becanse the pstiem depends on

the grating.
& spatiad lght modulator (SLM) or other shotro-optical device ean be used o create

N3

rapl frequengy-tunsble struchitad fribges oa controlied and acourate mode. However, fhese

fe
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tephnologies present their own drawhacks, mehuling, bot not fnited o, the fullowing: (1) they

are expensive {due to the cost of the SLM v other type of sletro-optical device), (£} the

74
=

gonerated siructured patterns ssually are distorted due to the oblique ununation because nisde

%3

of thew operate in reflection wmwode; {3 there are problenw displaying high spatialt-fraguencies

S0

stroctaved patterny due 1o thelr finde pixe! size and crosstalk offects; snd (4 expenmental

3

wnplenntation of the SLM tHominatinn sestony s extremely complex.
Alternativedy, s Fresne! biprison Hominated by o set of incoherently-luminated silig

be used to generals o suitable S pattern. Using this system, Iteral wodulation of Hght depeads

1

the distaree betwean the biprisny and the souree phwe, whily axdal modudation of Hght can be

governad by the nundar of shits and e sepavation bebwees theat Although this system provides

B v

ight lateradly sod axially and lacks coberence

3 tonable struchored patfern that can modulate |

nobse, e of the Freane! biprism sonstrains the available field of view and results in sab-optimal

the ahove

Avcordivgly, what & needed iy a avstomy and approach that

ies dithe prior art.
SUMBMARY OF INVENTION

i vanoes exemplary ernbodimenty, the prosent inventinn onmprises & multi-feoal ght

sheet structwresd Hhunination module tht can be vuplemented W any commarcial Huorsoenog
prvsoseope,  The present vention provides simulsmenus capture of 20 images Hom swltiple
planes within o 30 vodewe, which are rosolved lnterally md axially t provide improved

solution slong the three dimensions (.21 The Hluntnation methad of this nvention sinploys
& Wollaston  prism, therehy allowing severs div-localized  high-contrast stractured
I several smbodiments, the Ubnination systent provides bght-sheet structuved patterns

onto the sample spave of tunable spatiad pedded o sorder 1o obtein high resolovion waages of

X

fheoresosnt specimany onder vessarch, These Hght-shest structured patterns are genorsted by
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Hhunusating the Wollaston pnsm through the ewerging spharical wavelront from g set of

squidistant and parallel inscherently-itlominated sits. The slits can be {lominated by » spatiajly

insohersns Babt. The Habt source emploved may comprise 8 quasi-monochromatic light snylting

e

dinde (LED} ov g laser, whersin the spatiad ooherencg of the light swmission s broken using, fur

%

example, a rotating diffiser, Alleratively, the light source may be g winie famp with a narrow

handwidih filler.  Addmional light sowvss miay be appropniste for use with the presest

&

ey in vanous sihodimernts,

Hunvnaton syele
BRIEF DESCRIPTION OF THE DRAWINGS

Pigure 1A shows a view of & al configyration of o copvertional Rawescones

microscope implemented 1o an upright schems.
we o VEY vy PV ST L S N TP e i
Figare 1B shows g view of the sptioal configursiim of a nugt-foual ight sheet strustured

S

Hlamination wicroscops inplemented o an upright acheme in aceordance with an embodiment of
the prosont invention.
Figure 24 shows a view of the optical cuadigurstion o a conventionsd fluoresceneg
wicroseope implernented in an wvented schame,

Figure 2B shows g view of the optical configuration of 3 muolticfooad Heht sheet stroctured
Hiumination mivroscope inplomentad noan bwvertad acheme i aceordanoe with an sndodimed
of the prosent nvention!

N3

Figare 3 shows a schomatio destription of the

E(I

teps voguired o reirdeve restred sepee
resobved {31M) toages from the recorded straciwrsd-ithanination misroscy hnsges through the
asquisitivor of 3 wages with different phases.
DETAILED DESCRIPTION OF EXEMPLARY EMBODRIMENTS
In various sxemplary embodiments, fhe prosent systom conyprises a mulii-focal Hght-

sheet structired Hlomination modide sthat can be implemenisd v any commeroial Hluorsscenng

mivrosoope. The prosent fnvention provides shouliansous capturg of 2D beages from ondtiple

plangs within a 30 wolume, which we resolved lwerally and axially o provide smproved
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2

resohutivn along the three dimensions {x v The fHomnation method of thie vention employs
8 Wollaston  prismn,  theveby allowing  several  axiallelocalived  lugh-contrast  struotured
tlaminativos pallerns.

Flgutey 1A and 24 show cowventional fluorgsoence misroseopes that ave sot equipped

with the {Hundnation systom presestly diechossd. Figures 1B and 28 show a scherantic view of g

prosent fmvention. As shovwn i Figeess TH andd 28, the conventional wicroseopes of Figurss 1A
and I8 can be readily adapted to belude the Hombnation systern in acoordance wih
grohodiments of the m’e ent vvantion,

I the upright confipurstion of Figure 1B, incoherent Hglt from aw incoberent light

e

souree 1 s passed through a fiest polarizer 1la and a plurslity of squidistant shits 12 that are

paraliel by one another (which may be o the fovm of 3 bluary mask), Subsequantly, the light i

sphit by s Wollaston prismn 33, The Woellafton prisn 13 sy be vompeised of twe hivefrivgent

3 X

wedges that are joned together glong their respeetive hvpolenases. In goneral, 3 Wolluston prism

o

conprises two orthogonal prisms joled {ogether along thelr base 1o fovm o night tiangle

e

prisms with perpendicular optival syes, so that outgoing hight besms diverge with the sagle of
divsrgense determined by the prisms’ wedgs angle and the wavelsngth of the Hght Upor exiting
the Wollaston priswe 13, the hght boam fs divided oo two spherival waves with orthogonal

3

polartaation for each of the plurality of the slits 12, The bight iy sequentially toansritted through

fivet covtverging lens 28, 2 guarter-waes plate (04) 1, and 2 second polatizer Tt The second

podariase 13h, wsy be configured (o rotate abowt ap axis. In this way, rotation of the second Hnewr

podavizer 13 pornuis a controliod shifting of & siracturad patters.
The Hght beam next 15 reflocted via o foldesd sureor T andd transmitied through 2 seoond
sonverging leay 3h o be reflected downward via a dichrote mirvor 3 and deflocted off of a sample

bty held in @ sample hudder 8 The et bear can be focusad on the sample by manipulation of

a fopusing screw § 10 movs the saropls holder refative (o objactive kens 2, The fluoreseent linlg
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antited by the sample fe oodlected by an objeotivs lons 4 and up through the dicheoic mimoe 3 &
third contverging Jons 2e transouts tie Lght through the ovepiose € joaging path o through the
sevwor & imaging path veing a soood folded mirvor Ta. H the Balt da not reflented by the fudded

mitrror 78, then 1 ix tansmited through & fowrth converging tend 2d and ffth converging lene e,

and, ulttpately, the Boage v projested onto a sensor 8 for collection of the tmage data,
n the inverted configuration of Figare 2B, Helt fom an incoberend Hght souwe 18 &

passed theough a fedd polarizer Hg and s phaality of squidistant slits 12 that are parallel 4o one

another (whinh, g8 poted above, may be o the form of & Bnary wisk) Subseguentdy, Ge light i
sphit by & Wollaston prisot (as desentbed above) 13, The Heht s ssquentially wasmitted through g

first converging lens 28 8 quartor-wave phate (050 14, and & seoond polarizer 11k The ssonmd

Y

polarizer 11k may be configursd to rodate abobt arraxiv. o thivway, votation of the senond linedr
polavizer 1ih pernils 3 controlled shifting of « stmchuwed patiers.

The light beam passes sequeniiadly through a second converging leay 2g, 3 first dichrade
wirvor Ja, awd 5 thivd comverging leas b, whoch divects Hght to the sample holder 4 with &
samipde being held thevein, The Tight can be focused on the sample by rosvopelation of & focusing
sorew &, The Heorescest Bt soutied by the sample is collected by an obisctive Jons 3, reflected
by two mirrors T, Th, and transovtied through tvo converging forses 3o 240 A folded puirror 3B

projects the hnrge through an syepmene ¥ or the sorvor 8. Befure forming e 1o on the sensor

for codicetiowrol the tmage duty, the Hglt passes theough a sixth converging loms 2

S
172
W
<
b1
o]
fetd

L
<

comparing Figurs 1A with Figure T8, v Figure 24 with Figorg B, the
above-deserthed aystems replace the stople Hgbt sowree 1 sad converging lens s waed i the
pior art.

B oshoosdd be noted that the srranpesnent aad monber of lenses 2, snd wbreows 3y Tomay be
Hexible, and that the snangeownts shown in Flgwes 1B and 28 ropresent exemplary

armbodiments,  Alisromle arratgoments tht do not allver the optical resolution of the hoages

abtatned are snvisioned
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For a nou-limiting example, the Wollaston prism can be replaced by suy  polarizations

sepsitive beam splitter, o another alternativr, the Moy mash cmild be genessted using s

fectroaptiond device (e, 8 SLAY thereky providing sontrol of a variable

separation bebwesn the bty andthe nuber of shits regquieed.

\a shown, the Hlumination systewn provides Hght-shegt siruchued pattorny onto the

sample spacy 4 of tunabky spatisl period by order o obtain high rosoltion baages of fluvrescent

FAuN
Y
1
3.

specimens wnder research. These Hoht-sheet structured patterns ary gooerated by Hlumbnating the

~

Wollastort prism 13 throngh the omerging wavelront Fom g st of equidistant sud pavalled sitts

12, The slity 12 cap be Hluminated by a spatiadly-oohersst Hght 3 The light sonree 38

f'v
n,
n,

soploved  may congeise » guastanonochromatic Hght contting diode {LED) or a lager, why

& s

the spatial cobersnee of the light eoussion v broken ueing, for exampde, & votating diffuser,

Alernatively, the light spurce 18 may e # -Hght bunp with & oaerow bandwicth flter, As
obvicus o one of skill in the st adiitional Hght sources may be appropriate for use with the
present Hnmination systen i various embodiments

The pressatly disclosed sthanination sysene provides thy inwoherent supsrposition of ¥
highecontrast simsoidad patterne. Bach of tese NV stractured pattevas any axally-sxtended and

=

there is a

cew axialh-locslized structured fringes

Beomuse of this loteral displacement, the visibility of the stractured pativrn changes periodicaliy,

fofined by the £

R’

whire 26, =ty w o (e~ He 3 A sad a¥ are the apes angles sent wedpes) we

and wo sy an extravrdingry and an ovdinery rely gk of the Wollsston material,

respeetively! i g sp axial separation betwwoer the sty and the Wollamtan
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lengthe of the converging lens inseried after the Wodlaston priswy; and ¢ I8 an axisl distanes

fosnd
i3]
ol
o+
]
%
js54
frocd)
o
A
A,{ '
=
e
e
Lo
e
s
o
ea
]
"3"'
m
o
%
7,
>
e
jposc)
oo
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=
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To provide a porisd-unable sbruetived Humination systern, the nsoberentiy-ihuninatnd

s 12 swe set o the front focal plang ofa conve

lens 2 whoss focal fength is £ and the

(o)

Wollastins rism 13 18 nserted bebween thern. In this orientation, axial displacement {1y,

i beany of the Wollaston primm 13, {9, produces &

&

orthogomal velative 0 the Hondoating B
contineoms varlation of the spatiabperiod i fhe structurgd paltam, g given by the following

Fquation &

I with tevms as defived abovs.
As previowsly reentioned, the stractred pattery oreatad by the Windlaston pisay 13 after

’

the converging keos ix inaged omto the sample plase by s of an afocal islecentric wnaging

453

stem {eomprising 2h and 4 of Figare 1B, mnd 2g and Th of Figure 2R}, Inside the 3D volums

e -

1oy

of the spechmen one san Had diffecent axdal planes with high-contrst steactured fringes. Thus,

15 sulefocal fightsheot structured pattern of pertod-tunabilily can be obtained on the sample
voluge. Whils the luteval pecad of the finges van be tuned by axially displacing the Wollaston
prisw 13, see By, 2, the axial positions (2. and the separation of the differeny strucnered planes
i mainly detervdoed by the separation tally idependent of the
snber of sl as ssen in the following By

28 g e Taral r

FAY T T A x\} 7

v {,e’{e‘ - “:}}??Ksi ‘
where m 15 @ positive integer. Frony tis equation, ons can devive that the axial separatiom

~

bebwsert bwo planes of maximum visibiliy |

v the following Egeation &
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e minsher of sty 13, the narrower the axial

confisement of the finges, memdng thatthe axial confinement {4z o hese patferns 18 javereely
sroportions! 1o the nuwmber of ncoherently-Ulaninated slits 12 (V) The axial extension of the

e
¥

planes with maximal conteast iy definad by the Tollowig Bquation 5

2
npie plane
Oi t}uwu&% REE
and a latersl period defined by the following Equation 7
F
10 §
R b
where Ady is the laters] rosgnification betecesn an Hlamiration plae and the ssmple plane
As shown in Figures 1B and 28, the Husunstion systems disclossd hersin by wruguely
designed to be implomwnied n any rosonercial mivtoseope 1 an external Husdoation madule.
The iHundnation system oy be Tited o commercial microssopes in 2 anspussion or 3 reflection
15 configuration and fv upright and bverted schomes, Sincr the disclosed maelti-foos! Hghtesheat

RIM aystens reguves minimal implomentation, the tlhunination system mabdains the advaniages

of sy comnersial microseope in termy of robustness, stabdlity, snd yeer-friently operation while

sinndtaneonsly offering the sddiional advantages dix

Advartages of the roulti-foosd Ught sheet stuchmadsllununation system mohude, but arg
20 oot finited to, the followsving: (1) genarstion of high-contrast structured fringes with tunable

spabial-frequenay; {2) phase-shifting of the recorded stnctured fmagey by votating 2 polarizer

R

10
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when the Hel weed to Hhuminate the Wollaston prism I circubertypolariaed; (3} svery $-degree

PRgs

rotation of the analveer provisding a phase-shifting of = mdisns m the fringes, independent of the

PN S

farersl modulstion Sequeney of the structuved pattern, and thay calibration 15 not nesded; {4)

oveation of multi-foost light-sheol structures

vohine of the specimen which

permits rocording of the 31 strustire of the sampls whbout any movement of the sample, ftself)

{3 no eohevence potse to distort iy recordad Images) (0) dlstrhmination of shffvren Teatwres of

wiologioad samples based on thely resporae 1o a speaific divaction of Hght polarization besanss the

Wollagton prism v a polarization-sensithve devics; (7} secomplishing  opticel-sectioning

g

o objectives lenses and overcoming

»,

capability comparabls o thay of LEFM without requd
the rasolation it and {8 oversoming the wenlution Tt by recording thees phase-shifted raw
images Jostead of ning needed by other SIM systens {this reduction in datieauquisiting 8 an

ad

mvtage for Hve-vell imoaging, which reguires Tast inaging and st Jowey Ught exposuresh,
The images recorded by the camers should be computationally provessed i drder 1o
shtain supsiresoived fmages with opticalaectioning capability, Figare 3 shows the sequisition

amd processing steps of this techaigue, Thas process can be divided in fowe woadn ste

eps, and with
the proper wode, the vestored images oan be obtained almost in resbtime, The fest step i the

aequisition phase. In the acquisition phase, 3D forward bosges (84, D5, B ave captured with

three different phases(d, ¢ @) by mxtadly somning the specimen’s volame, with 3B foradian,

o

distribution given by fHr} Av cach fokd of view, three images are asquired that corrsspond o

three difforsnt phases of the straotured patiern slong the divection of the Iringes, In the second
step, the boages are decomposed svcording fo the following formudas, which includes

~

compitation of the fast 30 Fourder transtorm of the 31 imagex:

N 1 R {fy y
P k LR AT
L S0 L Nan |

mi o { & vz{‘,vg.‘n;_i“} bs
H Ly R § Pﬁ 2
Le Poe™ ) sy
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i

wre Hir) stands for e ingwdse responss of the i

s the axisl mwdulation

& vistbility of the WHungvatt

fng

x

ton pattern, and £ 1a the Iateral spatial frequencey of this pattern

i the sample's volum. In this eqontion, X = FT{X] represents the 3D Fouder travsfirm of the

fanction X

e

After decomposition, the deconvolation and shifting set oosurs, whereln thyee new 30

te

%%
§

fer: Dhpring

T

coppoments are cxdenlated by demoshating esch 8IM jvage using a Wiener |
shitting, the posittons of the new pomponents ave sertersd fn the Fourter donwin. Fhnally, i the
fourth step, the contored, decomvoluted, 3D jmages ave combined fo form the restored unages,

This step is avoomplished by oway of 2 linear sum, cslulating the Bvearse fast 3D Fourier

i

transforme of the corpbination. Alternativaly, different processing methouds applicable 1o sy SIM
approach cxn be used 10 process the data acquired fron this mudh-Tocal Hght cheet stravtored-
iumingtion systen

%

Kote that isolrpic improvonend in 3D resolition s sehisved by rotatng the structined

pattern and deguiring data fo 3 difforsot orlontation angles, This fmpes” rofation can be producad

e

by rolating jdntly the fiest polarizer, the binsry mask, the Wollastun prism snd the quantor-wave

plate. Comawnly, ove should acquire 3 phaseshifted SIM tmages per orlontation {a total nambery

3

of 9 images per tmeverse section) and apply the recorstruction method described abovs o

achieve the final 3D supercrexobtion basge. However, faking sdwednge of memation

redundancy, the total nuanber of recorded intages can e reduced to four images {two taken i the

first orlentation and ong

sach of the remaining o oviesdations},

b some embodiments, the systeny further comprises & polarization rotator (which siay be

%

mechaninglly, electrivally, or optically driven) disposed botween the guarier-wave plate and the
second Hinear polavizer, Iy sdditional sudbodiments, alternation of the orlentation of the plarshity

of Hebt-sheat structored patterns iy achiovad by 2 tenable Image rotator after the Wollnston prisoy,

5 {hat ot Bmted to) 8 odror combination or a Dvwve ps B

12
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Fobodinents of the Hlomination svstem disclosed horein movide 3 rumbsr of novel

mapetts that are vt cwrsntly avatlable n the prior ant. The novel aspeats include, butars sot
Hopited tor {1} continupue variation of s spatial-pertod of the stroctured pattorn fringes) (3 axial

focalization of the swuctured  fringes {Hyhteheet sttuctwed  paltetsay 3 shnultatiwons

Humination of multiple axial plang witlos the spechsery (4 polanization-senaitive Humination

systemn; angd {5 an extemnl Hlumbastion modide adaptable @ any coromercial Pluorsscent

THCFOSCORE

The Hhomination systent diselossd herveiy also offers sumerous distinet advaniagss ovey

wf

rregt techaology. Impostanly, the ambodimuents of the present tuvention peouit tuoalnlity of
e Wollaston prism 13 Thiy advaniage

M) wihiel i cwrently used by many

FERRRTE solosed Hunination system, SEMs
sxtremely expensive and sre not dosigned f bo eastly upleniented 1 a conunercial microscope

o addition, ewbodimenty of the preseat nvention wse incoherent Bght, whick ¢ a signifioms

e

%
3

advantage becauvse the coherent lght ssed in conpmercially svailable wmicroscopes produney

sohirerd notse thay interferes with snd distonts the oltimstely recorded ivages, Fuvther, i the

prosent frverdhog, there s ro roduntion of the conteast of the structurad fringes for high spatial-
freguency ay in compwrcialbvavatlable modals

Aspents of the preserdly disclosed Invention provide high opdivalsectioning capahility

_Y

N ”

while stmuliansously overdondng the resolation Hest, The high optical-sectioning & snmewhat

pacs

i

comparable to conventional light-sheat mioros

e

ny; bowever, unbike light-shest microscopy, the

prasent hwvention avonplishes sueh high-optical sectioning throngh the wse of only o single
sbstective teva, The prosent hunination is abo capable of stoBianecus Hhamnation of diffoent

use of muliple cameras,

13
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v

Thus, i should be understond that the embodiments and

®

mples desoribod hersin have

been chossn and desoribed i ovder o begt Hlustrade U principles of the inveation snd B
praciival sppHostions o thereby enable one of ordinary shill in thewt o best slilize the nvention
' various embodinents dnd with variots medificatfons &6 sre swited for pacticelay uses

contemplated. Even though specifin smbodimonts of this invention have been deseribed, they are

not 0 be tabew ax exhaustive, Thers ave several varlations that will by apparent tiy those skilied

14
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CLAIMS
What isolatmed iy
LA structured Hluminafion systeny Tor s Thuorgssene microssope, comprising:
an twoherent Heht sowrse omfigared fo produee # Hght beamy

g firsy Bowar polanizer configored 1o reveive the light boam fronm the tncoherant hight

8 plutalipy of Spadistan poraliel slus configured 1o be Wununwied by the hght beam

pay

afier passing theough the fest padarizen
a Wollaston prism compriving two bivefringent wedgss, sach irefringent wedge

with an optical axig, configured to divide the hight beam it b spherical waves G generate

a phurstine of light-shot stractured pattors;

oy

a fTrst convarging lers with a frong focal plane, confhored o meowive the divided

Heht boam affer passing rough the Wollaston prisey, whareln the S foenl plane B8
cohnem with the pluradiny of equidistant paralis] shits sad

# secmwd Em st polarizer configored Yo receive the bght beam afier passing through
the first oonverging lens:
2. The system of olsim 1, sheretn plarality of equidistant paraliel slity are disprssd I g

iy sk with s vertioad axis.
3. The systerm of claim 2, whersln the optical axes of the hirefringent wedges are orthogounsd
toench other, and both optical axes are ovienied at an angle of sbout 435 deprees with respe

tothe vartiond axds of the binary mask,

4. The systen of claim 3, whereln the fhrst Haear pudarizer {5 nriended at an angle of about

45 dogrees with respect to both optical axas.

15
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R

clatin 1, whereln the boohorent Hght sowrte vongprises a guass

¥4
3
oee]
ok
“
%
@y
et
)
)
.
&
g
e

VY

monochromatie Hght-emitting diods, 2 white lamp with 3 pavrow bawhewdth Sher, o

s

gobersnt hight aoree with s rotating diffuser, whersln the rotating diffiser iy configund to

3 destroy s spatid coberenos of the soherent Hght soures.

&, The systom of cladm 2, the binary mask further comprising # hovtzontad axds, whergin

tHaplacement of the Wollaston prisvn orthogonal to the vertioal axds of the binary mask and

paraliel 1o the horiroatal axis of fe binary mssk prodices a conroliad shifting of the pharaliyy

1 of Belu-shest stractured patterns.

b . >~ 3 2\ 8 o LEl
Fho system of clatm |, further comprising 8 sjuanet-wi

el

5

*)

”4

2%

to dispused. between the

e

Wistlaston prism and the second hinear polwrizer.

Arnss
LA
pea]

. The svstemy of clatm 7, Rether congrising & polarization rotaty dlapussd batwesn the

guariar-wave plate and the second Hoear pelaias

8, The avateny of olabm 2, ferther wherein alteration of the orlentaticn of the phurslity of light

shest structured pattrns e achioved by joint rotatfon of the bingry mask, G st linear

3 polarizer, s quarse-wave plate, and the Wollaston prison,

Hi

fret

The svstem of alamn 1, further wherstn alteration of the onentation of the phuwality of

figdit-shest sirvctured patterns iy achieved by o tonable tmage votattr posttioned after the

16



2y
LA

WO 2019/006433 PCT/US2018/040516

Wirllaston prism.

{1, The systewn of clim §, wherein the pluralify of light-sheat structured pattorns further
gompwise a tunable spatiabporiod toned by adiosting the axial separation betwesst the pharality

N

shits and the Wollaston

of equishistang pavatlel 5
20 The avateny of clabm Lo wherelnthe phovality of Hght-shest strugtored poatterns comprises an
axial vonfirement that {s versely proportional t the puniber of equidistant paralie] sl
P2, The systern of clain 1, Rurther conywising

a sivgle objective fons; and

temm, wherehy the recording systam conprises 3 plurality of cameras for the

simulianeons defectivm of multiple focal planes,

14 The systeny of clabe b, wherein the fhumination systam is configared o retro-Ii a plasality of

et FHOHISTOpS.

A method for obtaming super-resolved images with high optical-scetioning capability,

comprisiag the steps oft
praoducing a Huht beare frony an incobierent Haht sotres

<

passing the Haht bearn through o fiest Boear polavizer qd a plorslity of eguidistant

pattery

17
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subsequently passing the beaw through aconverging lons and wd polaize

bed

Hhiminating & sample with the beam,

capluring imagss fraem the sample through g recording system; and

&

¥

wotseing the captired bnages.

7

16 The method of olabo 15, whersin the recording system ompprises & phuality of
CRITICRAS,
17, The peathed of cladm 16 teps of
sumultansously Hluminating & plurality of trapsverse seotions of the sanysle;
simmftanccushy capturing s plurality of focal planes of the sanmple by the phurality of
IS HIE
{8, The methoel of oladm 17, furtber comprising the stepsofl

axially scanning the volome of the swrople;

2

capturing & plargdity of two-dimensional images from By phiality of foral plane:

o

f'»:
@

within the three-dimensional vohime of the savyle; and

¥

seanhving the capdored two dHomasional wages laterally and axdally to oreate super

poxs

reaohved images along thres dimansions,

15,

The method of clatm 18, further comprising the sfeps ot

capturing throe separste bwo-dbenaional images from sach of the phaslity of focal

18
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24, The method of olaint 15, Rather comprising the steps of
capturing a phrality of thrse-dimensiinal forward mages
decompesing the pluraliny of thres-dimensional forward images
applying @ Wiensr filter to the decomposed images S decmvolation snd shifting: and
3 comnbining the filterad bogges 1o form rextoved super-vesobved nages.
KR The methad of clabe 15, Aether somprising the step of tuning the light-sheet
structurad pattern by axially displaeing the Wollaston prism,
10

19
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FIGURE 1A
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