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B Hay4YHO-UccnepoBaTeNbCKUX U KIMHUYECKUX
NPpUIOXKEHUSX LWUMPOKO UCNO/b3yeTcsa AUuarHocTmka
06bEKTOB M0 MHOrouBeTHbIM U306pakeHnsM
¢pnyopecumpyrowmx o6pasuos. Korga nsnyyeHume
ucnosnb3lyembix payopopopoB nmeet He6obLIOE
crekTpasbHOe nepekpbiTUe, AAs NoJly4yeHns
pasfesibHbIX CNeKTpaJibHbIX U306paXkeHnn
[OCTAaTOYHO NPUMEHUTb CTaHAAPTHbIe GUNBLTPbI

(c PUKCMPOBAHHBLIMU 3HAYEHUSMU CMEKTPa/IbHbIX
XapakTepucTuk). OAHaKo, Koraa nepekpbitTue
CMeKTPOB OKa3bliBaeTCsl 3HA4YUTE/IbHbIM, NOSABASIETCS
Heo6x0AMMOCTb B CNEKTPaJibHOM BU3yansauuu.

BBEAEHWE

CHcTeMBI /IS CIIEKTPAJIbPHON BH3yalH3al U obecrie-
YUBAIOT TMOKOCTH B BbIOOpEe IJIHHBI BOMHBEL. OYeHb
yHoOHO, ecIH B 3KCIIEPUMEHTAX HCIIONb3YIOTCS pas-
Hble KoMbHHaUUU GrIyopodopoB, TaK KaK IPONagaeT
Heob6X0ZMMOCTh CMeHBl QUIBTPOB. OFHAKO, HECMO-
TpS Ha HMeEIOIYI0CSd BO3MOXKHOCTb CIEeKTpaJbHOM
IepeCTPOMKH, CTaHAAPTHBIE CHCTEMBl BH3yasH3a-
LMK pefKo IIPOSIBJISIIOT Te IIPeHMYIecTBa, KOTOpble
IlaeT HCIIOJNb30BaHHe TOHKOIIEHOYHBIX HHTepde-
PEHIIMOHHBIX GUIBTPOB, & KMEHHO: BBICOKUN K03d-
GUIIMEHT Iepefadyd B COYeTAaHHUHU C KPYTBIMM Kpa-
SIMH Ha TpaHUIle II0JI0CHl IIPOIYyCKAaHMUS M BBICOKHH
KO3QPUIIMEHT 67I0KMPOBKY H3/Ty4YeHHUS BHE I10JIOCHL.
B JaHHOM CTaThe ONMCAH MHHOBALIMOHHBIN MOMXO/
K CIIeKTPa/bHOM BH3ya/JH3alldU C UCIIONIb30BAHUEM
IepeCcTpauBaeMbIX TOHKOIIJIEHOUHBIX GUIIBTPOB,
BBIITyCKaeMbIX KOMIIaHHeH Semrock.

TEXHOJ1IOIn4

B ocHOBe HOBOM TeXHOJOTHH CIIeKTPaJIbHOM BH3Y-
anusanuu [1-4] JeXUT MeTOoH WCIIONb30BaHUMA
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SPECTRAL IMAGING WITH
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THE FIRST WIDELY TUNABLE
THIN-FILM OPTICAL FILTERS
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Multicolor fluorescence imaging is ubiquitous

in research and clinical applications. When the
fluorophores used in such applications have low
spectral overlap, standard filter cubes (with fixed
spectral edges) are adequate. However, when the
crosstalk is high, spectral imaging becomes necessary.

INTRODUCTION

Spectral imaging systems provide flexibility in
wavelength selection. This flexibility is also useful
when experiments need to be designed with new
fluorophore combinations because optical filters need
not be changed in these systems. However, despite
their flexibility, conventional spectral imaging
systems are rarely able to offer the key advantages of
thin-film interference filters, i.e., high transmission
combined with steep spectral edges and high out-of-
band blocking. This article outlines a novel approach
to spectral imaging based on recently introduced
tunable thin-film optical filters.

TECHNOLOGY

At the heart of this spectral imaging technology is
Semrock’s VersaChrome® filters technology. These are
the first widely tunable thin-film optical filters [5].
Unlike standard thin-film interference filters, the
spectra of VersaChrome® filters can be angle-tuned -
the filter spectrum changes as a function of angle of
incidence - without exhibiting any appreciable change
in the shape of the spectrum.

Figure 1 shows snapshots of spectral profiles of one
of Semrock’s VersaChrome® filters, TBP01-620/15, at
different angles of incidence (AOI). This filter has a
guaranteed minimum bandwidth of 15 nm and a full-
width-at-half-maximum bandwidth of 20 nm. As seen
in this figure, the filter not only retains its bandwidth
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IepecTpavBaeMbIX B IIMPOKOM JHalla30He CIIeK-
Tpa TOHKOIJIEHOYHBIX ONTHYECKHUX OQHUIBTPOB
cepun VersaChrome (5], BbIIIyCKaeMBbIX KOMIIaHHEH
Semrock. B oTin4Me OT CTAaHJAPTHBIX TOHKOILJIEHOY-
HBIX HHTepPepeHIIMOHHBIX HUILTPOB C YCTAHOBJIEH-
HBIMH CIeKTPaJbHBIMHU XapaKTePUCTHKAMH, CIIeK-
TpaJIbHbIe XapaKTePUCTUKU UIbTPoB VersaChrome
MEeHSIIOTCSI B 3aBUCHMMOCTH OT yIJa MaJeHUs H3Jy-
YeHM s, IIpHU 3TOM PopMa CIeKTpa He IpeTepreBaeT
HUKAaKHUX 3aMEeTHBIX H3MeHeHHUH.

Ha puc.l npeAcTaB/ieHsl CIIeKTPbl GUIBTPA CEPUHU
VersaChrome ot Semrock, TBP01-620/15, momnyd4eH-
Hble IIPHU Pa3JIHMYHBIX yIVIaX MafleHus U3/1ydeHUs Ha
[IOBEPXHOCTh QUIbTpPa. [JaHHBIM QUIBTP obnazaer
rapaHTUPOBAHHOM MUHHUMAa/IbHOH IIHPHUHOH I10I0CHI
IIPOITYCKaHUSI IIOPAAKA 15 HM U M PUHOM Ha II0/1yBBbI-
cote (FWHM) - 20 HM. Kak BuAHO (cM. puc.l), PUasTp
He TOJIBKO COXPaHsieT IIHPHUHY II0I0CHL IIPK 6ONIBIIHX
3HaueHHUSIX yIJIa MaJleHUs, HO U obrazaeT BBICOKUM
KO3QPUIIMEHTOM IIPONYCKaHMS, IPHU 3TOM KpYThble
Kpasi CIIeKTPa HaJIeXKHO OTPe3aloT U3/lyueHHe U3 ob/a-
CTH, PacIIONIO’KeHHOM BHe I10/I0CHI IIPOITyCKaHUS.

LleHTpanbHasl MAJMHA BOJHBl [JaHHOLO Ilepe-
cTpauBaeMoro QuiapTpa (BepHO /s BCeX GUIb-
TpoB VersaChrome) ompegmensieTcss clefyoOUIUM

=

—Semrock

at higher AOIs, but also the high transmission, steep
spectral edges, and high out-of-band blocking (not
seen in this plot) remain virtually unchanged.

The center wavelength of this tunable filter
(in fact for all VersaChrome® filters) is dictated by the
following equation:

B sin’(6)

2 ’
Do

7(0)=2(0),[1

where n. is the effective refractive index of the thin-
film coatings:

Here n.y is approximately 1.85. Note that the
spectrum of this tunable filter is continuously
tunable. With a tuning range of greater than 12% of
the normal-incidence wavelength (by varying the
angle of incidence from 0 to 60°) only five filters are
needed to cover the full visible range.

MATERIALS AND METHODS

Microscopy

BPAE cells (sample courtesy of Mike Davidson,
Molecular Expressions™) labeled with MitoTracker®

ypaBHEHHEM: red (Mitochondria), Alexa Fluor® 568 (F-actin),
Sin?(0) and SYTOX® Orange (Nucleus) were imaged with
A(6)=2(0),1- S an Olympus BX41 microscope equipped with a
eff Hamamatsu ORCA C8484 camera. The emission
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Puc.1. Cnexmp nponyckarus ¢uabmpa TBPO1-620/15: cnekmp nponyckaHus npu HeckoAbKux 60AblIUX Yeaax nadeHus (cnesa);
c08U2 NOAOXKEHUS eHMPAaAbHOU OAUHBI 80AHBI NPU y8eAudeHUU yeAd nadeHus (cnpasa) — noAywWuUpUHAa NOAOCkI NPONYCKAHUS]
ocmaemcs pukcuposaHHoil 20 HM, Ymo coomeemcmayem 2apaHmupo8aHHOMY MUHUMAAbHOMY 3HAHEHUO WUPUHbI =15 HM.
Cnedyem ommemumb, Ymo cnekmp GuAbmpa HenpepbisHo nepecmpausaemcs 8 duanazoHe om 0 8o 60° (Y204 nadeHus)

Fig. 1. (Left) Transmission spectra at several very high angles for the TBP01-620/15 filter. (Right) Shift of center wavelength with
increasing angle of incidence for this filter. The FWVHM bandwidth remains fixed at 20 nm (corresponding to 15 nm guaranteed
minimum bandwidth). Note that the filter spectrum is continuously tunable over O to 60° AOI.

500 520 540 560 580 600 620 640 660 680
Yron nagenus, rpag. / Angle of incidence, deg
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Ife Ny — 90OeKTUBHBIN II0Ka3aTeslb IIpeIoMIeHUs
TOHKOIIJIEHOYHOT'O IIOKPBITHS.

Ui TaHHOIO GQUIIBTPA Nup COCTABIISAET IPUMEPHO
1,85. TlomyepkHeM, YTO CIEKTP IIPOIYCKAHHS TaH-
HOro GUIbTPa MeHsHeTCs HempepblBHO. Eciu muama-
30H IIePeCcTPOMKHU COCTaBisieT 12% OT AJHUHBI BOITHBI
IIpY HOPMaJbHOM YyIJle MafeHus (yroa IajeHHSs
M3MeHSseTcs B guaria3oHe ot 0 mo 60°), To Ajis IIOKPBI-
THS BCEro BUAMMOIO JUAaIla30Ha IIOHag00UTCS BCEro
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pathway of this microscope was modified to include
a computer-controlled tunable filter module. The
principle of operation of this microscope is shown
in Figure 2. In order to simultaneously excite all the
fluorophores in the sample, a single excitation filter
(FF01-543/22-25) and a single-edge dichroic mirror
(FF562-Di02-25x36) were installed in a filter cube in the
standard filter turret of the microscope. The tunable
emission filter, TBP01-620/15-25x36, was placed in the

4 punerpa.

MATEPUAJIbl U METO/l bl
NCCNEAOBAHUN
Mukpockonus

HM300paskeHUsT KJIETOK SHIOTeIHs
NeroyHon aprepuu O6pika (BPAE
cells) ¢ ¢nyopecLleHTHBIMH MeT-
kaMu MitoTracker® red (MUTOXOH-
npus), Alexa Fluor® 568 (F-akTuH)
u SYTOX® Orange (sapo) ObLIM
IIOJly4eHbl C IIOMOIIBI0 MHKPO-
ckora Olympus BX41, ocHaeH-
Horo kamepou ORCA (C8484 xom-
maHuKd Hamamatsu (obpasern
npenoctaBieH Mike Davidson,
Molecular Expressions™). B KoH-
CTPYKLIMI0 MHKPOCKOIIA BCTPOEH
MOZY/Ib C IIepeCTparuBaeMbIM Qb
TPOM, CKBO3b KOTOPBIM ITPOXOAMT
Gnyopecuupyoilee H3Iy4YeHHeE.
YrpaBieHue MOAy/lIeM OCYIIecT-
BJISITIOCH C ITOMOIIBIO KOMIIBIOTEPA.
[IpuHUMII PpaboThl MHKPOCKOIIA
IIpefCcTaB/IeH Ha PUC.2.

I OOHOBPEeMEHHOIO0 BO3-
OyxgeHus Bcex nyopodopoB
B obpasle B MHKPOCKOIle B Kyb
¢ HabopoMm OQHUIBTPOB YyCTaHaB-
nuBaeTcs OQUIBTP, IIPOIYCKAO-
JAi8%9%1 BOJIHY Bo36y>1<,ueH1/1;{ (FFO01-
543/22-25) v IUXPOUYHBIN GUIBTP
(FF562-Di02-25x36). B Moayib
C IlepecTpauBaeMbIM OGHJIBTPOM
OB/ ITOMeITeH IIepecTpauBaeMblIH
sanuparomun  buasrp TBPOI-
620/15-25%x36. [TocieqoBaTeIbHOCTD
HabnogaeMbIlXx  H306paskeHUH
(lambda stack) peructpupoBanu,
MeHSisI IIPK 3TOM C IIarom 1° yroin
HakiaoHa ¢uipTpa (TakUM o0bpa-
30M MeHSUICS yToJl MaZileHU s U3Jy-
yeHUs QIyopecLieHIINH).
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tunable filter module, and a sequence of images were
acquired (called a lambda stack of images) by varying

Oetektop  FITTTTTTTTTTATTITTITTTTT
Detector

MepecTpanBaembin GUNLTP T
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Puc.2. Memod uccaedosarus: npuHuun paéomsl mukpockona (cAega); Ha nymu
dayopecuupyrowezo usaydeHus 8 mukpockone Olympus BX41 6bin nomeuieH
M0JyAb C Nepecmpaugaembim GuUAbLMPOM U LWazosbiM dsuzamenem (cnpasa). Yzon
nadeHus UsAy4eHus Ha nepecmpausdembili puabmp (TBPOT-620/15-25x36) meHs-
emcsi ¢ wazom 1° npu pezucmpavuu u3obpaxkeHuli 06pasua Ha pasHpix OAUHAX 80AH
(pacnonoxeHue nepecmpaugaenmozo Gpuabmpa Ha pucyHKe Omme4eHo NpsiMoy20/ib-
HUKOM C NYHKMUPHbIMU 2paHuLamu)

Fig. 2. (Left) Principle of operation of the microscope used in this study. (Right) The
emission path of a standard Olympus BX41 microscope was modified to include

a (stepper) motor controlled tunable filter module. The angle of incidence of the
tunable filter (TBPO1-620/15-25x36) was adjusted in 1° increments to acquire
images of the sample corresponding to different wavelengths. The location of the
tunable emission filter is marked with a dotted rectangle.
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JIuHenHoOe cnekTpanbHoe
pasgeneHue (Linear
unmixing)

Jsi  CIeKTpaJbHOTO pasjeie-
Husg maHHBIX (linear unmixing
[1-4]) 3HayeHUS WHTEHCUBHO-
CTel perucTpUpPOBAIHCh C IIOMO-
IIbI0 IIHKCEJIOB, COCTABJSIIOMIUX
MaTpHlly NpHeMHHKA, U Iocje-
IOBATeJbHOCTh HM300paskeHUH
NpeACTaBsiach B BHJe MaTpHLI.
Jlasee UCIONB30BAJICSL IaKeT
MATLAB py1s penieHus CUCTE@MBbI
JUHEeNHBIX YPaBHEHHUHN MeTo-
IOM HaHUMEHBIIHUX KBaJPaToB
min||Ax-b||, mpu ycmoBuH, YTO
x20, roe X - pasHULA CIIEKTPa/Ib-
HBIX BKJIAJOB KaXXZoro ¢muyo-
podopa B 3aZlaHHOM IIHKCeJe.
MaTpuna A cofepskKHUT OIOPHBIe
CIeKTpH $ayopodopoB, COOTBET-
CTBYIOIIHE Ka>KIOMY U3 UCIIONb3Y-
eMbIx (puc.4), matpuua b cocrout
M3 3HAaueHUN MHTEHCHUBHOCTHU
B 33/laHHOM IIMKCeJle B CepHUHU
1306paskeHUH.

620 nm

596 nm

600 nm 991 nm

580 nm 570 nm

Puc.3. Cepusi u306paxkeHul, NoAy4eHHbIX Npu UCN0Ab308aHUU Nepecmpausaemozo
3anuparouiezo GuAbmpa: U306paXkeHust NOAY4eHbl Co CNEKMpPAnbHbIM WA20M 5

HM (CcMm. puc.] ¢ coomeemcmayoWuMU cnekmpamu ¢uabmpa). KomnoHeHmbl -
KAeMKU, nomeveHHble GAyopodopamu ¢ OmAUHAOUUMUCS CNeKmpamu u3ayye-
HUSI, UX MOXKHO Ae2K0 pasAu4ums 0axke npu HeobpabomaHHbIx 0aHHbIX, Mo20a
Kak, payopodopbl ¢ NOXOXXUMU cnekmpamu paz0eAsitom ¢ NOMOLWbIO an20pumma
pasdeneHus KaHanoe amuccuu (Kaxoblli Kadp — u306paxkeHue 06vekMa pazmepom
47x38 MKM)

Fig. 3. Lambda-stack mages of the sample acquired using a tunable emission
filter. Images are presented at about 5 nm intervals (refer to Fig.1 for corresponding
filter spectra). Cellular components labeled with fluorophores of distinct emission

PE3YJIbTATDI
B mpuBeIeHHBIX MCCIENOBAHHUSX
CIeKTpajibHAsl BH3yaJlH3aLUs

spectra can easily be resolved even in the raw data, however, fluorophores with
similar spectra benefit from linear unmixing algorithms. Individual frames
represent an object size of about 47 x 38 mm.

C HCIIONb30BaHHeM IlepecTpau-

BaeMbIX QMIBTPOB OblIa IPOJEMOHCTPUPOBaHA Ha
IprMepe KOHKpeTHOro obpasua. Beiia 3apeructpu-
poBaHa cepus n306paskeHH I 06pasiia, IOMeuYeHHOr0
dnyopodopamu MitoTracker® red, Alexa Fluor® 568
1 SYTOX® Orange, C HCIIONIB30BAHHEM IIepecTpa-
nBaemoro ¢unsrpa Semrock cepuu VersaChrome®
(cM. "Marepuansl 1 MeTozasl'). Ha puc.3 mpencTas-
NeHBI U306paskeHU s, 3aperUCTPUPOBAHHEIE CO CIIEK-
TPaabHBIM IIATOM 5 HM.

M3 aHanM3a MOTy4YeHHBIX M300paskeHUN BHIHO,
4YTO sApo, okpameHHoe SYTOX® Orange, MOXKHO
JIeTKO BBIAEJIHUTL CpefHd [JOPYILHX KOMIIOHEHTOB
KJIeTKH, HCII0/Ib3ys TOIBKO OJMH IlepecTpauBaeMblt
3aMHparmui QUIBTP, KOTOPEIH IIpeJHAa3HAUeH [IJIs
BH3ya/IM3allMU BceX ¢piyopodoposB. OgHako F-akTUH
Y MUTOXOHIPHUU IIOMeUeHb G1yopodopaMU C CHIBHO
nepexkpoBalOMUMHUCS criekTpaMu (Alexa Fluor® 568
u MitoTracker®), mostoMy st BU3yanH3alUH COOT-
BeTCTBYIOIIMX KOMIIOHEHTOB OblJI0 HeobxomnMoO
HCIIOIb30BaTh Pa3fe/ieHHe KaHaI0B SMUCCHH.

BribpaHHBIe H3 IIOC/IENOBATEIBPHOCTH H306paske-
HUH YYaCTKH, 0TOOpaskaroIi e YHUCTBIH CIIeKTPAIbHBII

the angle of incidence of the filter with respect to the
emission beam in 1° increments.

Linear unmixing
In order to spectrally deconvolve the data (called linear
unmixing, [1-4]), the pixelintensity values were extracted

from the lambda stack images and arranged in matrices.

MATLAB was used to solve a linear least squares problem
of min min|/Ax-bl|, with a nonnegativity constraint
on X, where A is the matrix of deconvolved spectral

contributions from each fluorophore at a given pixel.

The matrix A contains the reference fluorophore spectra
corresponding to each of the fluorophores (Figure 4), and
the matrix b comprises the intensity values for a given
pixel from the lambda stack images.

RESULTS

In this study, spectral imaging using tunable filters
is illustrated with an example. Lambda stack images
of a sample labeled with MitoTracker® red, Alexa
Fluor® 568, and SYTOX® Orange were acquired using
a Semrock VersaChrome® tunable filter (see Materials
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Puc.4. HopmuposaHHble 0nopHble cnekmpbl 051 KaXK0020 UCnodb-
3yemo20 8 0bpasue payopodopa 8 3a0aHHoOU obaacmu. Vi3mepeH-
HbIl cnexmp ¢ayopogopa moxkem omau4amacs 0m UoeanbHozo.
OO0HOL U3 NpUYUH MO2ym CMamb U3MEeHeHUS! YCA08UL OKPYXKato-
wieti cpedbl uAu 02paHuHeHust IKCnepumeHma. @oHo8bIl cuzHan
U306pakeH Kak pyHKUUS OAUHbI 80AHbI

Fig. 4. Reference spectra for each fluorophore are plotted as
normalized intensity values of the selected regions corresponding
to each of the fluorophores in the sample. Note that the
measured spectrum of a fluorophore can be different from its ideal
spectrum. This can happen due to a change in the environmental
conditions or due to limitations in experimental protocols. The
background signal is also plotted as a function of the wavelength.

Puc.5. CnekmpanbHo pazdeneHHble 0aHHble: 00HOMOHHbIe
U306paXkeHus coomaeemcmayom KOMNOHeHMam KAemKu,
nomeyeHHbIM 0OHUM U3 payopodopos — 58po (8epxHee cAesa),
F-akmuH (8epxHee cnpasa) u MumoxoHdpuu (HUXXHee cAesa).
HuxHee npasoe usobpakeHue cocmasHoe (Kaxabiii kadp —
u306paxkeHue 06vekma pamepom 47x38 MKm)

Fig. 5. Spectrally unmixed data. The grayscale images
correspond to cellular components labeled with specific
fluorophores: nucleus (top left), F-actin (top right) and
Mitochondria (bottom left). Bottom right is a composite
image. Individual frames represent an object size of about
47x38 mm.

BKJIafl Kaxkzaoro ¢iyopodopa, IIpeACTaBIeHbl Ha PHUC.3.
HopMmupoBaHHBIe 3HAYeHHS] MHTEHCHBHOCTH (Iocie
BBIYUTAHHS (QOHOBOIO CHTHAJIA), COOTBETCTBYIOIHe
Kasknomy ¢ryopodopy, n306paskeHsI Ha pHc.4. [laHHbIe
rpadUKU IIPeACTAB/ISIOT COOOM STa/IOHHBIE CIIEKTPBI
dnyopodopoB, UCIIONb3yeMble B aITOPUTMe CIIeKTPaJib
HOTO paszie/leHHusl. 3aTeM H300paskeHUs U3 3aPerUCTPU-
POBaHHOI I10C/Ie/IOBaTe/IbHOCTH HMCIIO/Nb30BaIMCh BMe-
CTe B aJIFOPUTMe pasfie/leHHsl CIIeKTPaIbHbIX JaHHBIX
(cm."Marepuasnsl 1 MeTOABI') IJIsSI CIIeKTPAJIBHOIO pas-
IereHHs N300paskeHU I BceX GrryopodopoB (puc.5).

3AKJ/TIOMEHUE

®unprpsl cepun VersaChrome® moryT 6bITH pa3me-
IeHbl Ha IIYTH HU3/IydeHHs, Bo3byxkzaaromero obpa-
3ell, U QJIyopecLieHTHOIO U3lydeHUs. IIo Mepe Toro
KaK MeHsIeTcsl yrol MaJeHus Ha QU/IbTP My4Ka HU3J1y-
YeHMsI, MOKHO PerUCTPUPOBATh Pa3IHYHble CIIEK-
Tpa/jbHBIe JUHUU. KpoMe TOro, cienyeT OTMETHTb,
YTO CIIeKTpajbHble XapaKTepHUCTHUKH JAHHBIX Ilepe-
CTpauBaeMbIX QHUIBTPOB MPAKTHYECKHU OJHHAKOBBI
IJ1S1 S- ¥ p-IIOISIPU30BAHHOrO CBeTa. JJaHHYIO ocobeH-
HOCTb [I0BOJIBHO C/JIOXKHO ITOJIyYHUTh IIPU HCIIOIb30Ba-
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and Methods for details). Figure 3 presents images
acquired at about 5 nm intervals.

It is evident from these images that the
nucleus stained with SYTOX® Orange can be easily
discriminated from the other cellular structures - by
merely utilizing a single tunable emission filter used
tovisualize all the fluorophores. However since F-actin
and mitochondria are labeled with fluorophores
that have a high degree of spectral overlap (Alexa
Fluor® 568 and MitoTracker® red, respectively), linear
unmixing was necessary to discern the corresponding
cellular constituents.

Regions of interest representing the pure spectral
contribution of each fluorophore were selected from the
lambda-stack images shown in Figure 3. The normalized
intensity values (following background adjustment)
corresponding to each of these fluorophores are plotted
in Figure 4. These represent the reference spectra of
the fluorophores used in the unmixing algorithm.
The lambda-stack images were then used together
with a linear unmixing algorithm (see Materials and
Methods) to arrive at spectrally deconvolved images for
all the fluorophores (Figure 5).
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HUHU KUIKOKPUCTAIUYECKHX U aKYCTOOIITUYECKHUX
IepecTpauBaeMbIX QHUABTPOB [2-5]. HedyBCTBUTe/b-
HOCTh K MOJSPH3allMKM KpalHHe >KejaTelbHa [/
CIIeKTPa/JbHBIX CHUCTEM BH3yalM3allMM, H KpoMe
TOIO, OTPAaHHYEHMS Ha MOASAPHU3ALMNIO H3JIyYeHHS
IJ1s1 QUIIBTPOB C TOKOBBIM YIIpaBJIeHHEM MOTYT IIPH-
BEeCTH K IIOTepe I10JIOBUHBI CUTHAaja BO MHOTHX CKa-
HUPYIOUIMX CIeKTPaJbHBIX Ipubopax. Hcrmonap3oBa-
HUe ¢unpTpoB VersaChrome® He MPUBOAUT K TAKUM
rnorepsaM. Ilo3ToMy 3TU GUIABTPBEL MOLYT HE TOJIBKO
YyBeJIMYUTh IIPOMYCKHYIO CIOCO6HOCTH NIpHOOpOB
CIIeKTpabHOM BU3yalHU3aIUH, HO U YIPOCTUTb KOH-
CTPYKIIHIO 5KCIIepHMeHTaIbHOro npubopa [5].
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CONCLUSIONS

VersaChrome® filters can be placed in the excitation
or emission path of a fluorescence instrument
and by merely changing the angle of incidence
of the filter with respect to the beam, different
spectral features can be obtained. Also, it is
worth pointing out that the spectral properties
of these tunable filters are almost identical for
both s and p polarizations of light - a feature
that cannot be easily obtained using liquid-crystal
and acousto-optic tunable filters [2-5]. Polarization
independence is highly desirable for spectral
imaging systems, and yet polarization limitations
of current tunable filters can account for a loss
of half of the signal in many spectral scanning
instruments. VersaChrome® filters, on the other
hand, do not exhibit such a loss of signal. Therefore
these filters can not only enhance the throughput
in spectral imaging but they can also greatly
simplify the complexity of instrumentation [5].
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