WD 2005/ 017969 PCT/ US2004/ 026467 Optical Detector for a Particle Sorting
System Rel ated Applications The present invention clains priority to U S
Provi si ongyo RakBiogs PPl i cation 5 Serial Nunber 60/ 495, 3gdrukidgsheddsoust 14,
2003 and U. S. Patent Application Serial Number XX/ XXX, XXX, filed August 9,
2004, the contents of which are expressly incorporated in their entirety by
this reference. Field of tOptical/Detector fd:0a Parti¢le Sorthhg Systemt i on rel ates to a
system and nmethod for nonitoring particles flow ng through a channel.
Background of the Invention In a system such as a mcrofluidic system that

conveys particles thrugh one or 5 nore channels, an optical system may be
used for mnimﬂﬂéﬂéﬁgﬂﬁgng or detecting the particles. Optical systens
may be useful, forTRreRhEinventieH élhiedsrivaity 1010.S5 PEdvesibral Iit6Ht Applitdtich St ream

Char act er set ISSTRNRBRAIT0A L, el BB H 0D i U Sl ghptpaipmocral

dr awbacks. F IJIEB&')HE@GXXW t A ti] Birédyrird
| naccur at e agg provi de poor r_égilﬁat‘%%hteg?ggﬁ%@%?@?gglﬁ’%]?hof o)gjgggrgg’isng | ow
light |evel ghepiporateflinthein entirety by ihis referenes.on particl es when spread out
over a large area. Prior optical systens also have difficulty when the |ight
signals to be detected are of short duration, for exanple, |ess than one

mllisecond. Held oftheluvention conventional CCD (charge coupl ed device)
technol ogy has a f’fh%ﬁﬁesreﬂf ﬁw&}ﬁoﬂ%ﬁa@eﬁ@%ﬁ?&ﬁ aﬂh%ﬂétﬁ&ffb@g?onﬁhﬁﬂé 8§1¥i§fe§.m5 for
interrogating mcrochannels al'so are lTmted to focusing T1ght n-a single
channel , a r difvang tirougsachamanl. about 500um and capturing light froma 30
simlarly limted region. Summary of the Invention The present invention
provi des an optical systemfor acquiring, fast spectra from spatially
channel ar r ayBackghmmlyoft thelneemténi gned to be used to interrogate a
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15  more channels, an optical system may be used for monitoring, analyzing or detecting the

particles. Optical systems may be useful, for example in particle sorting systems, which
sort a stream of particles flowing through one or more channels based on a

predetermined characteristic.

20 Conventional detection systems have significant drawbacks. For example, prior
optical detection systems are at times inaccurate and provide poor results due to the
difficulty of observing low light level signals from fluorescent labels on particles when
spread out over a large area. Prior optical systems also have difficulty when the light
signals to be detected are of short duration, for example, less than one millisecond. For

25  example, conventional CCD (charge coupled device) technology has a frame rate of

more than one millisecond.

Prior systems for interrogating microchannels also are limited to focusing light
on a single channel, a region of less than about 500um, and capturing light from a
30  similarly limited region.

Summary of the Invention
The present invention provides an optical system for acquiring fast spectra from

spatially channel arrays. The system is designed to be used to interrogate a microfluidic
35  particle analysis or sorting chip that contains an array of one or more parallel fluidic

channels spaced over 1 to 200 millimeters. The particles conveyed in the channels have
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channel s spaced over 1 to 200 mllineters. The particles conveyed in the
channel s have -1 WO 2005/017969 PCT/ US2004/ 026467 velocities fromO.1 to

10 net er s3BSho %gd, t herefore the signals observed by pchais26irioessbor s maybe
sub-mllisecond in duration and may require observation with 1 to 100

Megahertz bandw dth detectors and electronics. 5 The optical detection

i ough tne reeenet bRl 0.f QNG plf Bt Birdot e R B ST
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and one. or it plRidh RSBl oA, | 01 10 N ae Tighe
anplifying el enents, detect each light signal and 10 transduce the |ight
signal into an elegtroni ¢ .signal. The.electronic Si | s, .,each .representing
the intensity of eBBttl'aggFteg?%%sfenbﬁ"?@%‘ﬁ ?)ﬁglétégﬁr‘%g?&?gpcw%agﬁge @ r oni c
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el ements nmay. conprise array . S, i ano ot ot ube,, or a
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si mul t aneously captures extjngtiqQn. signals, one or nore tfical scatter
signal s, anddBigetors Wi 116 ‘@§3’§HE%‘”R éﬁ&le&“&?‘}t&ﬂae‘* ?J'ng ghhsignalgad s and

at hi gh hgndyhpdicé bl sibhl TR inddléctivnRisigAe Phe éI@étﬁnﬁ@&iFhﬂb,%ad?O“Yeyi ng
channel s at once. The_system provides efficlent and accurate nonitoring of

20 each part Feresenigthe yatensiy-ofannpticsl signal. prssdrommeach deedtortogn elagioricgur es
The inventi Oaatwa%ﬁgﬁoﬁeﬁ%r%r&r agmst. h%]gi%ﬁgindégﬁ 16568t breNthdnfemay

acconpanyi ng draw ngs, 1n Ich I"ike re haracters refer to the sane

parts t hr oughomprisesn aRydifiphetosihesys mpliianedephototebe, or ggnplsickannel plgts based

havi ng a pl ueglddvieREs Sl Btolaa" tB@odd ﬁ@% of particles, suitable
for inpl enentlﬁ%et%r?ﬁlglﬁwst atdlst\‘/)e e%gg'lyﬁgnt 8? ? e plr-s'esent i nventi on.
Figure 215s a schematic diagram of an optical detection systemof the
pr esent

The optical system cost effectively and simultaneously captures extinction
signals, one or more optical scatter signals, and one or more fluorescence signals all at
low light levels and at high bandwidth (>1MHz) from an array of one or more particle
conveying channels at once. The system provides efficient and accurate monitoring of

20  each particle under various conditions.

Brief Description of the Figures
The invention will be apparent from the description herein and the accompanying

drawings, in which like reference characters refer to the same parts throughout the
25  different views.

Figure 1 illustrates a system having a plurality of channels for conveying streams
of particles, suitable for implementing an illustrative embodiment of the present
invention.

Figure 2 is a schematic diagram of an optical detection system of the present

30  invention.

Figure 3 illustrates a cross section through one microchannel in a plane
perpendicular to the microchannel

Figure 4 is a schematic diagram of an optical detection system of the present
invention, illustrating in detail the components of the fluorescence detector.

35 Figure 5 illustrates an optical detection system suitable for analyzing particles in
a plurality of channels of a microfluidic system.
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30 invention. Figure 3 illustrates a cross section through one m crochannel
in a plane perpendicular to the mcrochannel Figure 4 is a schematic

di agram %o%osﬂﬁzdﬁﬁa' detection system of the present ipgTaRR003M26467
illustrating 1n detail the conmponents of the fluorescence detector. 35

Figure 5 illustrates an optical detection systemsuitable for analyzing
particles in a p#fghﬁé 6t 60 sh6WE BA BlnBodineft 6F thE SibsybinCop Wek& o
D005/ 017960 PCT/ Uana 00 S S B o O e syt o e A opfieal

subsyst em f oscatien at@t90riggrastangte orextingtion in theppsigaligiectionsystem of Figswe 2nct i on
in the optical detection systemof Figure 2. Figure 7 is a schematic of
beam shaping optics suitable for use in the optical 5 detection system of
Fi gure 2. Figure Bightd lista whematic sEegannthepingioptioy suitabledfot usefinthaeritisal i n t he

opti cal dset e(g%écgggfs?%/t%ﬁ]%@,ﬁg%%gpe present invention. Figure 9 is a parti al
Y gl

view of a gr e sé ed mirror of Figure 8. Figure 10,is a table
showi ng di f f er ent Figard 8 lmstrates a segmented mircwrseitatfle fdransininin thgopivabdbtentionor

based on a Coé{eﬁgf@g:[’n estplgtg width. Figure 11 is a schematic of beam

shapi ng opti%y Hted mirror in an optical detection system
of an illustrati vEigard®didiawitialofiew b€a igroosadf the.segmented niitror bf Kighredt es an

I mage intensifier_suitaghble far use. w t he opti cal etection stem of an
i1 lustrative enbobh A5 tglﬁ,gs ?Wéﬂgtdltngﬂen f@ngﬁfﬁﬁpﬁf‘%@ﬂ?‘?"&(’f of the

| nvent i ofp The:ghieatedihirion besd o irtaépsirtingepodpidtbal system for nonitoring
and detecting pZIE't I cl el Il owht hrmﬁﬁr r.ag of, chanine.l s. The present

i nvention will belgBechli§@pchemptintiopmyshaping gPiGs FRPIPNIE ASERBUET FEeSs
Those ski | | e dnbptiosl dtdctivh L;#Ist@f_ﬁﬁﬁ@.ﬁ ilfls@afiedmiidimBst dTtRSBiventichyent i on may
be inplenented in_a nunber of different apﬁl i cations and . enbodinents and is

not specifically F"igﬁiet]é’d?li“ﬁ“#tf’%%ﬁﬁgie risgitatle forpse vath e op&sabodi nent s
depi cted her &tstion system of an illustrative embodiment of the invention.
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Detailed Description of the Invention

The present invention provides an optical system for monitoring and detecting
particle flow through an array of channels. The present invention will be described
below relative to illustrative embodiments. Those skilled in the art will appreciate that

20  the present invention may be implemented in a number of different applications and
embodiments and is not specifically limited in its application to the particular
embodiments depicted herein.

Figure 1 illustrates a microfluidic system 10 suitable for implementing an

25  illustrative embodiment of the invention, including a plurality of channels for cbnveying
a substance, such as particles or cells, therethrough. The illustrative microfluidic system
10 comprises a substraie 1 having a plurality of channels, such as microchannels 3,
disposed therein. The channels transport fluid and/or particles through the microfluidic
system 10 for processing, handling, and/or performing any suitable operation on a liquid

30  sample. As used herein, the term “microfluidic™ refers to a system or device for
handling, processing, ejecting and/or analyzing a fluid sample including at least one
channel having microscale dimensions. The term “channel” as used herein refers to a
pathway formed in or through a medium that allows for movement of fluids, such as
liquids and gases. The term “microchannel” refers to a channel preferably formed in a

35  microfluidic system or device having cross-sectional dimensions in the range between
about 1.0 pm and about 500 pm, preferably between about 25 pum and about 350 pm and
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Figure 1 illustrates a mcrofluidic system 10 suitable for inplenenting an
25 illustrative enbodi nent of the invention, including a plurality of

channel s {@r, oﬁﬁﬁyﬁyl ng a substance, such as particles oCTAS2H6/026467

t her et hr ough he 1llustrative mcrofluidic system 10 conprises a substrate
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transportlngfIUst thrcg rof}ﬂuld&g@ystem The %ent

i nventi on pr‘éﬁf? 8 syFiery) PMWO yic,chips yyithp apnel§ o chj P,

such as the ﬂ‘bﬁrloﬁ‘ouﬂo%ﬁnﬂﬂaﬁ%ﬁfov& &H¥ & ndore ]ih@n@glitioﬁ%gdﬁé E%ﬁ'ha@é the
present _inventjon nay i nplenmented in a rreasurerrent re 2 of the
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provides facilitates building of a detection systemthat can scale to

mcrofluidic chips wwth parallel arrays of channels from1 to 200 channels
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detector may nonitor a plura nne chip
individual partlcles for one or more particular charactenstlcs, such as s1ze form,

20  fluorescent intensity optical scattering, as well as other characteristics obvious to one of
ordinary skill. For example, in an illustrative embodiment, the optical detector of the
present invention can be positioned over a relatively large area of the chip (e.g., an
active area of between about twelve millimeters and fifty millimeters in diameter)
containing over one-hundred chamnels of flowing particlies to be observed. The optical

25  detector is capable of cost effectively capturing fast, low light level, signals from a
plurality or all of the channels at once. One skilled in the art will recognize that the
optical system is not limited to use in particle or cell sorting systems and may be
implemented in any suitable system having a substance, such as particles, to be
monitored flowing through one or ﬁlore channels.

30
Figure 2 illustrates an overview of an optical detection system 8 of an illustrative
embodiment of the invention, which may be implemented in the microfluidic system of
Figure 1. Those skilled in the art will recognize that the optical detection system may be
implemented in any suitable system and is not limited to the microfluidic system of
35  Figure 1.



si mul t aneously. The optical detector or a system of optical detectors can
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18 are conveyed t hrough the channel 3 to create optical signals. Exanples of
opti cal 13 gnal s that can be produced in optical particle analysis, cytonmetry

or sorting when D%téckcﬁ*t%:hb@%nlﬁnl?H@&ié@o@mi)@ﬁﬁobﬁé 6idb BE tHERaRR BRI the
extinction, angle dependent 1Q optical scatter and fl uorescent |ight.

q)t i cal ext ﬂlﬂhtt souFFer ids eapfuregnd W?S%m@tOPBPa isiggals genegated by the intersection of a
light beam with a particle in a channel. Optical Extinction detectors 15 are placed

directly opposite the light source 11 and aligned with the incident light path 14 for
20  detecting optical extinction. Optical scatter detectors 16 are placed substantially

perpendicular to the incident light path 14 in the plane formed by the incident light
vector and the microfluidic channel it intersects. Preferably, the optical scatter detectors
are located at an angle of about 90 degrees relative to the incident light path 14. Optical
Scatter detectoré for other angles may optionally be placed at those angles in that same

25 plane. A fluorescence detection subsystem 17 captures optical signals from fluorescence.
The fluorescence detection subsystem 17 may include a large high numerical aperture
lens and accompanying optical elements. As shown, the fluorescence detection
subsystem is placed above the microfluidic chip 10 to capture as many fluorescent
photons as possible and image them onto detectors (not shown).

30

The optical detection system 8 may be implemented in an interrogation area 2 of

the chip 10. The illustrative interrogation area 2 encompasses 24 channels 3, though one
skilled in the art will recognize that any suitable number of channels may be observed
using the optical detection system 8. In the illustrative embodiment, the interrogation

35  area 2 is about 10mm wide (across a plurality of channels 3) by 4mm long (along each
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passes the particle without interacting. Angle dependent optical scatter
refers to the fraction of light that is scattered or bent at each angle
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be observed ﬂwﬁagbﬁ?&m&iﬁ*@ &gﬁ{' dﬁ%?ﬁee?ﬁageof SPHRPY ustrati ve
enbodi nent, the interrogation 35 area 2 is about 10mm w de (across a
pluralit of channels 3 nm | on al g ach. 2005/ 0 9

DT 020847 02646 TAS Seith dhe S SoGh A PeMAOSHERs bifeplightat Shat advrdegiseogni 26
that the invgiptd @utive 16 €e dhiafihdl 8d T €his fahser! ﬁqecf@mw{a@ Ebahbﬂ@itnibﬁoﬁ eRighds ihaser

11 or other optical_ source is incident aon t
thg same direction on the opposite s1de ofthe ¢ ann q 3. As shown the forward scatter

about

14b extends at a 45-degree angle from the channel 3. The side scatter 14c extends about
90 degrees from the incident light, providing the fluorescence optics 17 a cone of

20  mechanical freedom 170. The cone of mechanical freedom 170 provides a 90 degree
unobstructed view for the detector in between the forward scatter 14b and side scatter
14c.

Figure 3 shows an illustrative picture of the cross section through a part of a

25  microfiuidic chip 10 containing a pair of microchannels 3a and 3b. The cross-section is
in a plane that cuts through the microchannels and the pinholes 13a, 13b of the mask 13.
The incident light 14 is partly blocked by the pinhole layer 13 and narrows the initial
beam 14 to focused beams 18 defined by each pinhole 133, 13b. The focused beams 18
intersect each channel to illuminate the region 31 in which particles 18 are permitted to

30 flow in a conventional core flow. Much stray light is blocked by the pinhole layer 13,
which may be a separate part from the microfluidic chip or may be fabricated on the
surface of the chip by photolithography or other methods known to those skilled in the
art of chip fabrication.



5 only light that passes through the narrow region that particles follow can
Interact with particles to produce an optical signal. Light that passes
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EI nhﬁl es 1ﬁaf|1uoi:€daem:fe det&uaﬁsifbsyaem Whﬁcluaézs :ﬁlﬁ@fl nhmﬁbalﬂaﬂem&emw F#)dblboc ked18
y the pinho an 0 the initia o focuse eans
def i ned by ecgﬁﬁctﬁ @ii @&&P%aﬂ%mwoﬂﬁw qlons exifted
channel to lfrdlﬂlﬂﬁemilhﬁnﬁdl@d ﬁﬁbl@fas§éssﬂﬂeV\ﬂlfh@tbnﬁasfmdyﬂﬁanb‘lfmb%hﬂﬂ?%lted to
30 flowin conant | onaldnéorg fl.ow. l\/Uch tray aHegm is bl ocked_by the

pi nhol e ¥5ay dFnsegof 5 ength cepumere w‘%ﬂ wemplelsdhe kelac chip
or may be falgdigat %ﬁf‘F#lhEnssbﬁr aqw& aféwsoca{vanamaemﬁmlelfamgﬁ@y or

ot her net hods known to those ski in the art of chip fabrication. -6 WO

2005/ 017969 maiwed riuss. oé@imvrswméemré A5 1igstaated as/a Htrovharpting g lacatedany
system i ncl ul,Pgie BN &@IRclicH lens 45. The dispersive element 46 bends light in a manner

related to the wavelength of the particular light beam. The illustrative littrow grating 46
20  grating is 76.2 mm in diameter with a 73mm active area. The littrow grating 46 has 720

grooves/mm and has a blaze angle of 43.1 degrees at 550 nm (the angle that the grating
is positioned from the vertical). The Littrow angle is 23.33 degrees which is the angle
that 550nm light is bent away from the vertical in figure 4. One skilled in the art will
recognize that any suitable means for bending light in a particular manner may be used

25  in accordance with the teachings of the invention. A reconstruction lens 47 is
positioned at the littrow angle to catch the 1% order diffraction light from the grating 46
and reconstruct the diffracted light into an image of the illuminated particie in the image
plane 48.

30 A fiber array 49 extends from the image plane 48 and conveys signals to
detectors 50 for analyzing the signal. The detectors may be a camera or other suitable
device.

Due to the presence of the littrow grating in the optical path the illuminated
35 particle in the microchannel 3 is imaged into the plane 48 with longer wavelength
photons tilted through a larger angle than shorter wavelength photons so that the particle
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flow ng a substance, such as particles or cells, therethrough. For exanple,
the mcrofluidic system 10 may conprise a particle sorting system such as

t he partivgh9oosa@fdsh Ny systens described in U S. Patent Apphisssiiogdasteri al
Nunmbers 10/179, 488and 5 10/ 329,008, the contents of both patent applications

are herein incorporated by reference. OQher suitable mcrofluidic systens

are describ i | j rial EQ&[ Q23

10/ 027, 484, %F@%@lﬁ%@fﬁﬁ%@%@%@l I?ﬁngr_]%hhﬁc ar géle&g{}]el n ?ﬁ@nonrl;t)%r at ed
by ref er ence700nm #¢ gpreed over dbout 7841 avicrons dm theciniage plang 8 dordhe 6 Bmmofecal al
detection sy | OLLAT ) rat kg s ' of the
fl uorescenceﬁlg@ﬂg%{sfég{rl]&?utﬁgl)/eé#gn%sﬁa4?hgﬂ gln;hl{jl;(t)ér1 ﬁﬁﬁéﬁgéﬁﬁlgﬁ gﬁ(;%g%o%ﬁgésu system
17 i ncl udes msdlitign ofl3f2 miclonspernmmuwev¢lengthF#) col | ection | ens 45
configurnreﬁd and positioned to capture as many of the photons emtted from

the illum nated particle as possible. The lens 45 nmay be an off the shelf
F#==1 15 | enses dFhe&xfptivahdetedtinadystemriytan beased tecotmetve pavtivldsdibeted Withexanpl e

is the Leica _,Noctil]ux 50 F#1 |l ens. .Larger | enses. are also avail able and
b Use for HEBPAG bAEATRARroReREat ot BHStsss ST BETR AR FadVRie BREF af oc
3?sgelrisitE/;O?l{glgi?m%Gmtgﬁggﬁﬁw%t i men.ermrﬁgllltg@gg o. hgi/e& vel ﬂlenirﬂeof
the parti cul ‘GF SXaRpe, eLon %ggfcﬂeagqbglg{ﬂivv ﬂ@?&'&ﬁ/%avfé{iﬁorfblow\ﬁ%@sﬁi ing is
76.2 nm in difikbREEdin Yot oévahad f@:@ 3&sthrin)NAPU (ALK hing adkbP&EP 720
grooves/ mm 3 d ,h.asm bl aogy anﬁfne Mgcl e -eges a Mgghywh thegangl e t hat
the grating @Pgd%s?lilpm? llfnrgmﬁ@nﬁﬁmwﬂiaﬁﬁﬂav RS FEpSsionatoz 33
degr ees Whi c4B0nfh, 5MSn@NE0hm, 2Aa 69 5RA fespbdtity. | PhdisidtorViram FITM) ERl@nder ti cal
in figure 4. One skilled in the art \;WI recognize, that _any suitabl e neans

for bendi ng PergRars plagedontp ithe image plang at Posiions s 7¢fraigrons p940migrons, 3 dAE. wi t h

the teachi ngsdodssh %ﬁcfdﬁ%ﬁﬁ@lélhﬁ% toAd 4t$50MA} fdsl?édti%ly!. %oﬁﬁé plaROwith uooed at
the littrow angle to catch the 15t order ditffractfion |ight fromthe grating

46 and Fecoiesindtandr00yrs diegstes aptiqalfibers Mased in ﬂwaegbéles willisep givgrerefat ed
D ane 45 andconvayerei ol e baihAd tEboll [ Db A MR 1) e e
det ect or s nelpcdiongorgapanding todhpeak eutissigy of degisghle éluomphones pradacgsrassence of
the lTittrow ghathngd tﬂ)rﬂﬂﬁ‘é’c ﬁﬂiﬂp@@éol&a&e@chgﬁ S%téﬂ'i.%&e&b placed with one end in
the image plane 48 have their other end attached to a detector. In the illustrative
20 embodiment, the second end of the fibers is coupled to the photocathode window of a

phototube (for example single anode H6780-20 or 32-anode H7260-20 phototubes from

Hamamatsu Inc.) at a location corresponding to a single anode, in order to amplify the
fluorescence optical signals and convert them to electronic signals. Other amplifying
light detectors such as image intensifiers or avalanche photodiode arrays or others

25 known to those skilled in the art of optics may also be used to detect the optical signals
and convert them into electronic signals.

In Figure 4, the fibers 49 which interrogate particles in the illustrated channel are
located in the same plane as the plane of the channel in the microfluidic chip. If the
30  systemis used on a multiple channel array then the other channels lie in front of the
plane of illustrated channel or behind the plane of illustrated channel.

Figure 5 shows a perspective view of an optical detector system 80 used for
observing multiple channels in a microfluidic chip. The optical detector system 80 also
35  includes a pinhole array 13 blocking most incident light 14 and illuminating small
detection regions 2 in each channel 3 of the six channels of the microfluidic chip. The
-8-



35 particle in the mcrochannel 3 is inmaged into the plane 48 with | onger
wavel ength photons tilted through a |larger angle than shorter wavel ength

phot ons Sgp bkdlo1ioke particle -7 WO 2005/ 017969 PCT/ US2094tRREnw%é2da65 a
spectra spread over that image plane. Photons having wavel ength from 500nm

to 700nm are spread over about 7841 m crons in t he i mage plane 48 for the

S0 tocal  doRBal'cBinE B  the tOAE A e BABY Sndecordifuctibh RS fsimMEr 1o

enbodi ment h spectr resol utr on crons nm wavel engt h.

The opti cal tb@ttSb@wn@nFlgasqé,mnac@ahaWethasm @mb@mntseofgam&mlgé@ugabel ed with

01 hose siPLTdgrfonk, BRBARE 8 ok oF LB TommL Al DRRS s Blaihy SRS o

488nm wavel enffidient hegive affield ek viepl @ the pkip dm exeese ofithetsize| of ¢he detastion) re«gmm

TR hycodr, b RS Bl ddiniiapne) IOk btpran &)

( Peri di ni n- cherensoplhgdd a piatﬁétﬂOrthﬁmg) kienayrayhd A itdwding éake fitlersoraels cBavhearray

FITe, e, arfi OBAPeA R 44 BRbioRRY i Shch bk ontiliq BRGSO

- 784m cr ons,as@fiedchanacl 33 Eackh fiber iankk d&rfi4s pnnﬁomezi orf thelpahk sraistion (ocatiord50M)

oo est e batetR RSP ef e SR P ot Bbef s P '
wavel engfoh cap¥illibe appareind tdtthosefskiled i the@rm Pl aC| ng a fiber 49 at each

| ocation corresponding to the peak em ssion of desirable fluorophores
produces an efficient and conpact nultiple color detection system Fibers

49 placed with ongjganrg 6K16Cts'h6wbaﬁgﬁ1b&ﬂ1ﬁﬁﬁtéﬁhbaﬁl%y§ﬂéﬁi for dktegingapticalt t ached
to a detector. In thgtdlllustratlve 20, e nb the second. end of the

fibers is coGpftEatss ﬁ@fesﬁaslseaﬁ%% %@ms%mw?#tmmteaame
si ngl e anOd%oﬁ@me@&t&ﬁoﬁ%ﬁﬁﬂ%s Waﬁ&xea%w@& fhili@Eanhél@Mp teFRRBI SU | nC.)

at a locatiagn correspondl ng to a_single anode, .in order to anpllf t he

f 1 uor escénc dnisghanngl sRacaRmPabentSQUmigtons. Theaptics] extereiian s efectqrt her
anpl i fying ﬂﬁb%fﬁ?:d@&%@é-%c%oﬁ‘é@@vk&& 1h§1?c9:ﬁ1ian1§iﬁ%'dB %énﬁ%hﬁﬂ@a!l A€ Bth

phot odi ode arrays or ot hers known to those skill’'ed in the art of optics

may al so be 399@1;@9@ dmeé@thqlweirdbdum Hito gudgvtmoé” lesamanctbwbb@n thirknessifidd,
el ectroni ¢ sjdn8lc3d 500microns on centers so as to line up the holes with channel spacing. A
high numerical aperture fiber 65 is placed into each hole to form an array of fibers 61,

20  with one fiber per channel. A colummating hole of smaller diameter but concentric with
the fiber hole 63c is drilled in each hole. This columnating hole penetrates the ribbon
connector 63b, and allows light to pass through the columnating hole 63¢ and into the
fiber 65 positioned in the larger diameter shaft. To make this subsystem work, the
incident light 68 intersects the pinhole and channel at a near 45 degree angle and the

25  optical extinction detection ribbon 63 is mounted directly along the incident light vector
(i.e. at an angle of 180 degrees ta the incident light) as shown by the position of the
ribbon. The aperture of the columnator must be in excess of the aperture of the pinhole
so that for well columnated incident light all of the light that crosses the pinhole may be
detected in the fiber at the end of the columnator., The columnator itself is chosen to be

30 long enough to reject any stray light from other channels. For example, in one
embodiment, the pinhole aperture is 150micron diameter, the columnator is 250micron
diameter, the fiber is 300micron diameter, and the collimator, which is positioned within
2mm of the channel, is 1mm long. At the far end of the fiber array 61, each fiber is
attached to a phototube or other optical detector. Optical extinction is often sufficiently

35  bright to use a photodiode for its detector.



In Figure 4, the fibers 49 which interrogate particles in the illustrated
channel are |located in the sane plane as the plane of the channel in the
m crof | uiehh $90Shimee | T the 30 systemis used on a nulti pperpbmnpelsseyr ray then

the other channels lie in front of the plane of illustrated channel or
behind the plane of illustrated channel. Figure 5 shows a perspective view
of an optical det ) S . l?c? i [l £ in a
m crof |l ui di c chi pIﬁ dée %aitsgeg{)ﬁdlél ec oér(%élgls e%f s{a}jﬁggﬁly%%}dﬁgﬁggggﬁgts
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pl ate 480 hatdightthsoughdighditbthéWtindtivdlpach. ng four fibers each. Each array of

four optical fibers 49 is positioned to sanple the optical spectra emtted
froman associated channel 3. Each fiber in the array is positioned on the

peak emgsi on | oqatalfifther@mbdafméntUde Mghodotircetil 48 a THRefdnt Bhpphipe4BERe0 f | bers
or lensed fibers are, apprqcigrgate here 10 as will be apparent to tho

skilled in daenavhich isiagmall agreogledsnidstatefexics papdHeRE Brout A @%@%figlﬁnf or
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enbodi nent, an optical extenciton colummated detéctor ri

posi ti oned #0bdetate) hasetis e ickcisialsoxepahle of gencratingadithe Adferans sxqitagon
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Cross-section o Ich is shown In Figure 6B, Is a

(@ p=y

i > , a mechani cal r wth
300mi crdi dizaysuissblhbglssouicemascheysedt to a depth of less than the ribbon
t hi ckness 63d, . and spaced 500m crons on centers so as to line up the holes
wi th channel spacing. A high nunerical aperture fiber 65 is placed into
each hol e to for Higwedris agrass-se¢tivmref 0g¢ embodimienhobprant shspingmptice kasitable A

| . r C Wi he fi |
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optical schematic is drawn in the x-z plane with the overall direction of light propagation

20  along the z axis. Each dotted line leads up to a light beam x-y profile sketch 14’ to show
how the beam is manipulated by the shaping optics. The beam passes from a single laser -
11 output of nearly round profile 700microns in diameter to a wavelength filtered beam
after a low pass or band pass filter 74. The beam then passes through a first pair of
cylindrical collimation lenses 73 having focal length Smm having focal length 250mm,

25  which produces a substantially rectangular-shaped beam. The beam then passes through
a focusing lens 71 having focal length is a 150mm cylindrical lens to sharpen the beam
14 to 100microns in the y-axis. The overall profile in this embodiment after the
focusing lens 71 is 36mm by 100micron and can be used to illuminate a pinhole array 13
of up to seventy pinholes/channels at 500micron spacing. Since the pinholes are less

30 than about 100microns in the direction of the y-axis, the limitation of the beam prevents
waste of the light. In an N pinhole chip spaced 500microns on centers it is preferable for
the beam to be slightly more than S00xN microns along the x-axis and 200 microns
along the y-axis (slightly more than 100microns) in order to minimize wasted laser
power. The columnated and shaped beam then intersects the pinhole array 13 and

35 becomes N pinhole shaped beams 78 that are spaced to intersect the matching array of
channels 3.
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connector 63b, and allows light to pass through the columating hole 63c and
into the fiber 65 positioned in the |larger diameter shaft. To make this
subsyst eRy§Bsosm1iole 1 ncident light 68 intersects the pppbRissc@gskegnannel at
a near 45 degree angle and the 25 optical extinction detection ribbon 63 is
nounted directly along the incident |light vector (i.e. at an angle of 180
degrees to the incident light) as shown by the position of the ribbon. The
aperture of the columator nust be in excess of the aperture of the pinhole
so that for well ’dehﬂmmepin'gmibddhneﬂtiodjﬁigueﬂiso;fer;thabllddlﬂwingaﬁnimad)m»s t he

pi nhol e may ,be detect in the.fiber at th nd th The

col umat or il{g@éﬁc??cgeg gﬂwte{)eﬁ'%:zeg@ypiﬁ%oué %e etg%tt%’é% ?‘g?/wﬁ I ght
from ot her cshﬁﬂ]ﬁ&iesus ﬁﬁervaumf&stmmﬁthleﬂbhﬂ{mmncmdim spattenaind aperture
is 150mcro i ameter, the co Qr LS 250m cron dianeter, the fiber is
300ni cron di ffsg?nceaq:mn%yg ﬁseﬁ 8P -whi ch is positioned within 2nmm of
the channel, is Im"nlong At the far end of the fiber array 61 each fi ber

is attached to ot ube or_other optical tector Opt i extln ion is
of ten sutf ci ent |5E98 SAMPBRE TPASHYE bgh BRGS0 basaum ¢ E01RA BEoh UGl
2005/ 017969 fBlde\ipehtddptiediidtecction ssrstewcﬂ'tmre@nﬁﬁﬁaﬂ@bﬂ | PiObeabsplittesso uct ed
substantiallyy the sane as the first descrihed rlbg‘gg 63 but p03|t10ned at

90 degrees frgIAdessegmentsd surmor émformilwg@sl incopypg Hghthean o aphwality o 90
degree sgat tighmQr ASédl@nRAad fntident Bk §2 Eﬁt@;@m@éﬁlﬁtepso BAd Is reh&sed offag Skilled
in the art wll recognize that, sim|lar ribbons positioned at other 5
angl es to otdfeucesuirer 81 pdueheisused 59@@5%@@?@“%%&#‘@%%& (gamgradly grlow
interest is aﬁgleg?éﬂtﬁgbeaﬁﬂéﬂvﬁ{edsegﬁéﬁfes&nﬁ&‘a{r & Mﬁcl?ﬂilit&ﬁle ﬁﬁﬁ&ﬁt?@hﬁlgﬂtbr&nt he

al nost forwar | rection generall cl os€ direct forward positioning
(nearly 180 v@@grﬂ@émaﬂﬁdmmnwdé”ﬂwwpﬁmaﬂea@qmm B4 gxtend ppwatds perstlelgthd i ght
in the extingtkan bgg% 10 In a further enbodi nent, the light source 11 is a
Coherent Sapphire /%0 | aser, which is a small, air-cooled solid state
devi ce pdoduci ng about 200 nw vvith little or no noise from gas | aser tube

] [ Al I I I [
Goed. which 1 s ol O SeEneAiErEs 6aRbliGR uhiBiRAGy oP Riod BbGYes 2001 1S
wavel engt hs Brefecubdy, ttie mfoﬁmmaymmmmmemgusoﬁwlcsuy Bicbed silicotheAlematnidly,
recogni ze t r}ﬁé ur.li%oSrniaanﬁ(aysoLiJ gtrgcl)jvleg ig fn%aé ottd %Sﬁverﬁﬁxgﬁlyulﬁg&ined metal with an

optical finish. In another embodiment, the uniform array of grooves formed in a plastic

20  material, which is then covered with a reflective coating to for the array of grooves.

Figure 9 shows the angles and formulas guiding the design of such segmented
mirrors. The incident beam 82 is partly clipped by each groove 832 in the mirror and
that clipped part is reflected off at a fixed angle to make a narrower beam 84a. A second

25 narrow beam 84b is formed by an adjacent groove 84b. Each groove is separated by the
groove spacing A and the splitter generates beams of uniform spot width (assuming
uniform grooves) and beam or lane spacing L which we design to match the pinhole and
channel spacing in the microfluidic chip.

30 Figure 10 is a table of embodiments of the beam splitter of Figure & where lane
spacing L is 500microns and the grooves are fabricated with silicon anisofropic etching
(which has a fixed groove angle e= 54.74 ) The table indicates a suitable mirror
configuration for a selected spot size, For example, a 100micron spot size, is suitable
for pinholes < 100microns, corresponds to a groove spacing A=57Smicrons, groove

35  inclination G=29.7 degrees and incident angle I=25 degrees.
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Figure 7 is a cross-section of one enbodi nent of beam shaping optics 12
suitable for use with the optical detector of the illustrative enbodi nent
of the ig\y@%g/@m@rhe optical schematic is drawn in thgciugdeladses™™M th the
overall direction of |ight propagation 20 along the z axis. Each dotted |ine
| eads up to a light beam x-y profile sketch 14" to show how the beamis

mani pul at ed by ”ﬁgﬁ‘? Fiipérikg%cl mbﬁ&méwfnagr ﬁsy%itéiﬂ'lfzehﬁ e 11

out put of nearly r e 700m crons i n diamet o & wavel en

t
filtered bedorugeindhe epticaldgienter systepnndhp tldustrative keanyshapingsubssstam gb:h
passes. thr QH@& %ﬁé bf 2 Ee%?igéggeld%m&ﬁb', %%gkﬁ@n%ﬁezs%%?ﬂgﬁ%ﬁﬁr bfﬁgﬁge g3n B%bNY

focal length m§1 avi ng ength produce

subst ant i al |sjagecdien ayplayingsimijarbdsonshapingopbies 2 sintlar pathsdsamtsheping optics

focusing.l e AV is a 150mm cylindrical lens to sharpen
t he bea(F:]ns lﬁ%%i%%%%ééﬁ%téﬁ%%é]gm s. The ove)r/all profile in this P
enbodi nent after the focusing lens 71 is 36nm by 100m cron and can be used
to illumnate a pjnhqgl rr : f, I, I hapnel s, at
500m cron spaci n&“%ﬁ%‘%@@%@%‘ﬁ%ﬁe &gg%soﬁééa@%ﬁ%ﬁés%?i%% S?C&ns in
t he directi anicodflvidie chipaeather thah datringithexh separaiélytnimmizelcon the @ptcdl systamst e of
the light. In an N pinhole chip spaced 500m crons on centers it is
preferable for the beamto be slightly nore than 500xN m crons al ong the
X- SXi s awd 200 mﬁnahangﬁ‘fm@ddﬁnaem-taxmes%e(tedtdnlglﬁﬂthe mga)eogﬁws ﬂx@&]rihd 'bcllieons)h in
order to mnimze was aser ower.. The col ummat ed.apd, shape eam t hen
Chterseot o CHBERPHNG LIRS oS B4 Bliceriboigs THMBIGR it et RERe A bBE 78
that are spafilefs bﬂﬁﬁ@ﬂﬁfﬁ%&iﬁtbﬂsiﬂ&{t@%d&uﬁmé%ﬁﬁ@ﬁ sighhlFe Blduces o itd VO
2005/ 017969 PCT/ Usﬁg'?qﬂ 023&967 .The beaén sha%gg enbod) nent . of Fi &-ﬁ? 7 is
very usabl e PHOSRRATrnct % algmakive may TedusRCostH A7 J8ipg mrxsl}ﬁg\kémp &iency of
about | O% congdmeiti(the ikdaé intdhsiiet § ForcHl the ﬂﬁﬂ&sc&b@ﬂ%ﬁﬂ@,%ﬁ&hﬁbﬁﬁ%&&bdé@ Forof
fast (bandwi dth > 10NMHZ) extinction, scatter, and fl.uorescence from many

channel sl%at ‘GR¥Esiop;qj pPE-imags silensifisrophiealsigpalsie slerupiir s1e8Rlsg0 based on a
grooved mrror, suitable for use in the optical detection systemof the
present invention. The beamsplitter 80 .includes a segnented mrror 83 for

splitting an i ncofewey 12 shaws peihsernts standard Hampupatey imagejatensifiep?bbttmat ed
i nci dent - beaeARiIRALRHS ADilRbbgdif th3PaR ke rdAlghe B ARAAE citponent with

high spatial resolution may be used in this alternative. The image intensifier 220 is used

20 to amplify the intensity of an optical image before passing the signal to a photodiode
array or other suitable detection device. As shown, the image intensifier includes an
input window 221 for the image signal, a light-sensitive electron emitter, such as a
photocathode 222, for transforming the light to photoelectrons, a MCP 223 for electron
multiplication, a phosphor screen 224 for converting the electrons to light and an output

25  window 225, illustrated as a fiber optic plate. According to an illustrative embodiment,
the image intensifier may comprise a 25mm-40mm Hamamatsu image intensifier,
though one skilled in the art will recognize that any suitable device may be used.

An alternative embodiment to both the beam shaping subsystem 12 and the
30 fluorescence detection subsystem 17 includes short pass or long pass or wavelength
band pass or band blocking filters to remove stray or spurious source light in the case of
the fluorescence detection system or to remove stray or spurious wavelength
components from the light emitted by the light source 11.
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i ncidence mrror 81 which is used to set the correct angle of incidence
(generally a low angle) for the beamon the segnented mrror 83, which
splits thgysgesheey beaminto an array of snaller beangeBfsrod§rsdd7 ay of
smal | er beans 84 extend upwards parallel to the incident beam 82. 15 The
segnented mrror 83 conprises a uniformarray of reflective grooves.
Preferably, the | f.orm.arra onpri sges ani sotr.opi I L 1{{L£0N.

Al ternatively, ?’ﬁb"%ﬁ??ﬁ’ﬂﬁ‘%@ﬁ&@%@ glreds \L/'e%qns%§%{%¥}ﬁ%gﬁpsggsn€/®ni(ﬁﬁ;ﬁ?ﬂl |y
machi ned nmetdd anvirdepamrdent pisérgaiwet inonitbr tol the systdrh ¢ usemh adimaliving those uni f or m
array of groov tned in.a plastie.20 material,. ich is.th overed with
a reflecti v&&8ati 1%13?@.} S’{‘%eb@? Pgﬁ]lmfﬁ s1§?ag%ergsc§re\é\€¥ é@pg&@ng.ﬁ@\,}gse{ ﬁgwgfngl es
and for nul aso guisdionghé laserdasy distoeifthegecipmagnented mrrors. The inci dent
beam 82 is partly clipped by each groove 83a in the mrror and that clipped
part is Peflected off at a fixed angle to make a narrower beam 84a. A second

25 nar [ O\év Eeam 84 dlterhativeRimbddiradnt dslihrcenys af Bbere ustdhvitietrteticRy €5, 19
separat e Yy

he. groove spacing A_and the splitte ney at es heaps of
uni f or m spoti® 'latl%t%(rﬁg@ﬁ?ﬁ‘ﬁg aﬂagiofﬁsﬁﬁsdfl aya?fd’%ﬁg‘g}ﬂ‘{ﬁ OF & @cing L
whi ch we  degphgiddicdesBt Gthet SiticR] ddicdist aaAY. CileaRIIRU if BRI fecbiifize that
mcrofluidic _chip. 30 Figure 10_is a taple of enbodi nents of the beam

sputter of PRitgmpavedelpeipts arqpessibighere aglongias thryonateh thedishh levelequirgnets are
fabricatigd Wit ssiplGUdane &b BRbEregirtihats ofmlsg&iﬁ@éma chiveathp&itopMe angl e
e= 54.74) The tablé indicates a suitable mrror onfiguration for a

sel ect ed sp¥sedj ze. For exanple, a 100nicron spot size, is suitable for

pi nhol es < 100m crons, corresponds to a groove spaci ng A=575m crons, groove
35 inclination G=29.7 degrees and incident angle |1=25 degrees. -11 WO

2005/ 017969 PCT/ Uspatemapsssbodinen tethebestaspbiersmight vserefletivetgredvet he beam

shapi ng sub égéa]%gﬂ%lé | . | -1 cal : m The
illustrati Véi‘r% am s a%t?wéit @B%]Zsofg?gﬁy.qgSﬂcﬂlﬁg%&Qﬁ%&%te&ﬁfg&@%@h@éﬁ%ﬁr ror 80,
such as i5he nsashining efimatal ODfOl’ml};lglﬁf@lﬂSéC &llawedabyf dppeopriabe egsabpalishingpl oyi ng
simlar bea f?&ﬁ%ggﬁ] tics 12 simlar to the beam shaping optics 5 12
descri bed w respec o Figure 7.

In all embodiments of this invention the pinhole array is generally matched in
spacing to the microfluidic channels. When a reflective beam splitter is used in the
20 beam shaping optics it also must be matched to the pinholes.

While the simplest implementations use uniformly arrayed channels and
uniformly arrayed pinholes and possibly uniformly arrayed grooves in beam splitting
this is not required by the invention and similar embodiments can be designed to use

25  irregular spacing or patterns of channels

An alternative embodiment to the fluorescence detection subsystem A7 is to add
natrrow bandpass filters before or after the fibers in the image plane (3-5), (2-8) . a
400micron fiber in that plane will capture a 10nm bandwidth. Adding 10nm or Sam

30  bandpass filters will improve the sensitivity and reduce noise in some cases.

The present invention has been described relative to an illustrative embodiment.
Since certain changes may be made in the above constructions without departing from
the scope of the invention, it is intended that all matter contained in the above
35  description or shown in the accompanying drawings be interpreted as illustrative and not
in a limiting sense.
-13-



An alternative enbodi nent includes fabricating the pinhole arrays 13 on each
m crofluidic chip rather than having them separately nounted on the optical
system wl@2d808foker nati ve enbodi nent to the detectors potushmsercagy Of
fibers used in the imge plane of Figure 4 and 5 is to place an inage
intensifier in that plane and place fibers behind that inmage intensifier to
readout the optical signal it produces on its phosphor. Such an alternative
may reduce costs by using only one I| t anplifying elenent (the jmage
intensifier) for laigalimie ellmsé %m Hawing elaians are fo ¢AVET JYBEReES angr 15
conver si on_QhefifE bedniFRY 8¢ irRlifAtiibh aéscﬂﬁéd fictbin? hAA StatofhoBlsRA R ORbEe S @A S-

Figure 12 shOws a picture of a standard Hamamatsu | mage | ntensifi 220 but
one ski | | ed inventien vareh,ws lajmetter of langeageyaight hg smdrtgéalgthe@beﬂu@m anpl i fying
conmponents with high spatial resolution may be used in this alternative. The
I mage |nten5|f|er 220 is used 20 to anplify the intensity of an optical

i mge before passing the signal to a photodiode array or other suitable
detection device. As shown, the image intensifier includes an input w ndow
221 for the image signal, a light-sensitive electron emtter, such as a

phot ocat hode. 222, for transformng the |light to photoel ectrons, a MCP 223
for electron nultiplication, a phosphor screen 224 for converting the

el ectrons to light and an output 25 wi ndow 225, illustrated as a fiber optic
plate. According to an illustrative enbodinent, the inmage intensifier may
conprise a 25m 40mm Hamanmat su i nage intensifier, though one skilled in the
art will recognize that any suitable device my be used. An alternative

enbodi ment to both the beam shapi ng subsystem 12 and the 30 fluorescence
det ecti on subsystem 17 includes short pass or |ong pass or wavel ength band
pass or band blocking filters to renove stray or spurious source light in
the case of the fluorescence detection systemor to renove stray or
spurious wavel ength conponents fromthe light emtted by the Iight source
11. -12 WD 2005/017969 PCTI US2004/ 026467 An al ternative enbodi nent to the
extinction and scatter detectors 15 and 16 is to add an independent | aser
power nmonitor to the systemto use in normalizing those signals. This is
useful since both of those signals are directly proportional to | aser power
so noise on the laser may distort those signals.

-14 -



5 An alternative enbodinent to the arrays of fibers used wth the detectors
15, 16 and 17 is to replace each array of fibers with an array of
phot odi odes or aval anche photodi odes or other optical detector array. One
skilled in the art will recognize that alternative detectors are possible
here as long as they match the light level requirenment 10 of the sanples and
the formfactor requirenents of the specific chip enbodinents to be used.
An alternative enbodinent to the beamsplitter m ght use reflective groove
arrays ngnufactured by ani sotropically etching crystalline materials or
convent i 5 machining of netal or formng of plastic followed by
appropriate optical polishing or reflective coating In all enbodi nents of
this invention the pinhole array is generally matched in spacing to the

m crof | uildi ¢ Ahaptiell detetifmrsystemebt erseiving domienofypdic system ihat pggadns an t he 20

beam shapi n tics it also nust. be matched to the pinholes. Wiile the
oF ol et Sirioe aRbndeDs fob rEh R Lol RS ol BOBRRSy SEmblSRB Ll hnd uni T or 'y
arrayed pi nhohﬁgh@amceﬂsfsljrmlwdgm ﬁgm Béam:;arrayed grooves in beamsplitting

this is not required by the invention and simlar enbodi nents can be
desi gned to ugeet ofbeam phaginsaptispies fosysing thsdichbbssg;of channel s An al ternative

erbodi TeNt ¢ Ogh e SBIERRCUER pHRDRSH NS RN ALERATu R el oW

bandpass filters re or ersin I mage ane 5), (2-8)
a 400phannhelrin kaibarray of tHaahelpinahemidrbfiluidiapyuere; a 10nm bandw dt h. Addi ng

iOnmor 5nm 30 bandpass filters wil| inprove the sensitivit nd .reduce
noi se in ;onea'é%ée‘.ﬁ)e "ﬂi‘é’"ﬂﬂ‘?éjs‘iﬁ‘ﬁ‘:tqrﬁ@@ﬂ? 0B e YNGR FORYYERG FP?PBﬁl ive to an
i 1T ustr abimR e Iod 7% Matter o2l steQcRE IR ANARAIES LiIZRYLAR FRHS thrhudthe above

constructions w thout departing from the scope of the’invention, it is
i nt ended onheli said dhanwets @ cvoof saidwidhdles; ale above 35 description or shown in

th i ng, draw. be i nt t i|lustrative. i
[ £1 ng cens e P RREPS 3na Tt Ruslstetss s s ierl v Eh e pe
under st 0@¢ atphidicletil@ny of sy oFIcBAIR]sAWHRN HIR: FuP@E inddrbecBOART light Béth.

2. The optical detection system of claim 1, wherein the array of pinholes is disposed
between said light source and the array of channels to direct the light beam into the array

of channels.

3. The optical detection system of claim 1, wherein the array of pinholes is formed

in an optical mask coupled to a surface of the microfluidic system.

4, The optical detection system of claim 1, whergin the array of pinholes is formed

in an optical mask formed on a surface of the microfluidic system.

5. The optical detection system of claim 1, wherein the columnated detector ribbon
is a mechanical component having an aperture extending therethrough including an open
first end for receiving light from an associated channel and an open second end for

receiving a fiber for receiving and conveying the received light to a detector.

6. The optical detection system of claim 5, wherein the aperture extending through

the columnated detector ribbon includes a fiber hole extending from the second end and a

-15-



specific features of the invention described herein, and all statenents of
the scope of the invention which, as a matter of |anguage, m ght be said to
fall therebetween. 5 -14 CLAIMS 1. An optical detection systemfor
observing a mcrofluidic systemthat contains an array of channels for
conveying particles or nolecules, conprising: a light source for producing a
| i ght beam a set of beam shaping optics for focusing the |light beam an
array of pinholes, each pinhole matched to and associated with a

m cr of | ui dj chanpel in said arra f channels .in the mcrofluidigc system
2t east ShumeBRTRActy st ulie fod e Yntimd AR Bl b e Fdf Sl bl one o
optical  eshinhatih®hole isvondéntricwah bed hfdra shialler diamtiepthap trdibeeHolaf t er the

| i ght beam passes through one of said channels via one of said pinholes;
and a high nunerical aperture fluorescence detector receiving optical

si gnal s prpoduc I i f L : en the
particle i7gt er ggg'? csagfi%@‘ft%oéﬁs% &E%;%&@BX&.@, ‘ﬁ:ﬁ%&gﬁ %ﬁm%{ng?ta {égﬁkls%gésé?em of
claim 1, \hdiaeicterthae saidroay obfaippinhdeefor as agbspied ebannblet ween sai d |i ght
source and the array of channels to direct the |light beaminto the array of
channel s. 3. The optical detection systemof claim1l, wherein the array of

pi nhol es igs f ormEB@ptidal datBctRRlsk&dh offeRkn FONR:Ei thpiahdle hpcute Rfab&lias0
mcrofluidic system 4. The optical detection systemof claim1, wherein the

array of phigteos isdipmeten theeaplumnating holsts ahopt 2alsmicrasie diapistes, andithedlaher of t he
njcr°f|Ui§%Fi?X@HE?hO%%;JHﬁn%ﬁ%&ﬁrl detection systemof claim1, wherein the
col urmat ed °det ector 1 ivbon e Hechani cal conponent having an aperture
extendi ng therethrough including an open first end for receiving light from

an associ gt ed channel and an open second end for receiving a fiper for
recei vi ng Jand d&R9BYGahgetegiionsyytem pé glapm ahﬁ%ﬂger cempgisiggpdpeh gumerisal opt i cal

det ecti on 3y @ﬁb&fin%%'fﬁtéthe%%ﬁ%c@n& _aperture extending through the
col umat ed” detector ribbon includes a fiber hole extending fromthe second

end and a -15

10.  The optical detection system of claim 5, wherein the columnated detector ribbon
is mounted along vector defined by the path of the light beam, such that light extending
along the path of the light beam through the channel passes into the columnating hole.

11.  The optical detection system of claim 5, wherein the aperture extends at an angle

of about 45 degrees relative to the channels and the microfluidic system.

12.  The optical detection system of claim 1, wherein the columnated detector ribbon

is positioned within about 2 millimeters of an associated channel.

13.  The optical detection system of claim 1, wherein the columnated detector ribbon

is about I millimeter in length.
14.  The optical detection system of claim 1, wherein the columnated detection ribbon

is a mechanical component comprising an array of apertures extending therethrough, each

aperture aligned with and associated with a channel in the microfluidic system.
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columating hole extending fromthe first end and intersecting the fiber
hol e, wherein the columating hole is concentric with and has a snaller

di aneter than the fiber hole. 7. The optical detection system of claim6,
wherein the columating hole is greater in dianeter than said one of said

pi nhol es for an associ ated channel. 8. The optical detection systemof claim
7, wherein the pinhole aperture is about 150 mcrons in dianmeter, the
columating hole is about 250 mcrons in dianmeter, and the fiber hole is

about 300,m cr.ons_1i.n ,dj er... 9. Jhe fi | detectijon t f claimb,
further c%)gr?pr i 1;llwn0 Uﬁalhdlegelrgnrg}r’\’hsr%’ﬁmc% CI*‘“é‘glgr ure %f e agea?'%égé’?%?%’ t he open

second enghch HBer placdaptbian absodRtedcpetuie fiytht edluthated dedattion nidben & fordahe
col umat ed detector ribpon. is nounted al ong ve }or defined by the path of
the I i ght abasy ofdibers. wHAeaqh; fiher 2woeiatad wig 2 Prm?g qrigenyeing agroptitdl | i ght beam

through t anaq RARNEL cRASSEMd rBleR el '?Et}ﬁ%ébmfbhia{}&nﬂg k£a detbdior. The opti cal

detection Systemof claimb, wherein the aperture extends at an angle of
about 45 degrees relative to the channels and the mcrofluidic system 12.

The optic det.ectio st.emof claim 1, erein the colu ed detector

ri bbon izé'pos 9 ?Pﬁléa ‘fﬁ?/etc ?%Syégegh?ta‘%al ]1I5I’ :&ﬂﬁﬁe&%ﬂ%f’pqﬁ“ﬁ?@%@% ed channel .
13. The opkrduphlthA@i@rkdt@Ndsiocsdrabeh inchdiesn hiberHoy SidhdidierdiR tHénedngd det ect or
ribbon is about 1 millineter in length. 14. The optical detection system of

claim 1, wwemndiarolunnagiog hoksxiendige frioa the first prrbyd infessegtingetbp herdwle, conponent
o L ahéinth é‘éim%atﬂ@q{g‘iéjmié EBncEHig iy d}hﬁ?% E&Qﬁe?‘d%gxﬁt&ﬂ thERGLL U e

aligned w and associ ate anne e mcr uidic system -16
15. The opdiecal detection system of claim 14, further conprising an array of
fibers, each fiber placed into an associated aperture in the columated
detection ribbon to form an array of fibers, wth each fiber associ ated

with a chennel TEOS MR HTYsRRnPH ISR 1, ﬁﬁjtlﬁﬂ%mﬁﬁé?ﬂ%{a BRord@HABhatARd ,
received in the associated aperture to a detector. 16. The optical "detection

syst em of da¢csiomribbon péséticmied abacinghepelative o thfishchiwgnatingrdsteghon titbonol unmat ed
detector ribbon includes a fiber hole extending fromthe second end and a
columating hole extending fromthe first end and intersecting the fiber

hol e, wheg.ei NThdwhtiesll detdctian sy3Enhof BaitnSl 7¢ ORERIH the Gecohd Bolamdadias a snal | er
di ameter than the fiber _
detection ribbon includes at array of apertures extending at an angle about 90 degrees

relative to a vector defined by the path of the light beam.

19.  An optical detection system for observing microfluidic systems that contain
channels that convey particles or molecules, comprising:

a light source for producing a light beam;

a set of beam shaping optics for focusing the light beam; an array of pinholes
matched to the microfluidic channels, wherein said set of beam shaping optics passes the
light beam through said array of pinholes;

at least one columnated detector ribbon for receiving and conveying one of optical
extinction, forward scatter or side scatter produced after the light beam passes through
one of said channels via one of said pinholes; and

a high numerical aperture fluorescence detector for simultaneous interrogation of
a plurality of channels in the microfluidic system and simultaneous detection of three

fluorescence wavelength bands.
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hol e. 17. The optical detection systemof claim1l, further conprising a
second columating detection ribbon positioned at an angle relative to the
first columating detection ribbon. 18. The optical detection system of
claim17, wherein the second columating detection ribbon includes at array
of apertures extending at an angl e about 90 degrees relative to a vector
defined by the path of the light beam 19. An optical detection systemfor
observing mcrofluidic systems that contain channels that convey particles

or nol ec s, Lonpr.ising: .a |ight ur f or producing. a.light beam a set
of beam sftapi n‘g‘e%flfége%fi?onf %’E%E’i ?1%??’??35! Wﬁﬂf%gﬁﬁ?&ya%pé?}i'oé% f pi nhol es
mat ched td@sgdied barwedf datld lline seheiill the adyestehanneRitd diedt (e 1ideseans hapi ng
optics passes the |ight beamthrough said array of pinholes; at |east one
col ummat e dgexefidenidhbon for recei ving and conveying one of opti cal
extinction, forward scatter or side scatter produced after the |ight beam
passes through one of said channels via one of said pinholes; and a high
nuner i cal 2laperTheraptitdl detces@esysendatobdmd9, wberemi theitdlamaaed detadteritbgat i on of
a plurality of channels in the mcrofluidic.s ﬁ%pnlan si ymul t aneous

gethroy

det ect i oniS8fmachinieal compeyeathayineAn ARERVIE SEeRIB BEludingan 9pET cal

det ect i on;8YSHIe8? REeiting 1ighdPom W 858 LAl RRarREr A4 AfopBh §BhEEnd Br di Sposed

bet ween said |'ight source and the array of channels to direct the |ight beam
into thereggiviag adtbecionrmseiving ad comiryingshe rativerblight to adetestet em of cl ai m 19,
wherein the columated detector ribbon is a nechanical conponent having an
aperture extending therethrough including an open first end for receiving
|ight fromm.an Bespttaldedetdtsprn dMbhian1pRBirehaRofstrordetailingthoagyi ng a
fiber for receiving and conveying the received |light to a detector. 22. The
optical dé¢ E@P%ﬁtegsi%tﬁ"éﬁ# boginglpdes ¢ fibgranle prendieg Aparhgsesordendiaidg t hr ough

the col Umal g WERQlenbirh IR hTHHTRS i HlREEGHONE B AL i t e

second e col ummat e extendl ng o) rst end an
i nt er sect ¢ahgnaduaghbleds cdrokwric whthraat hag hemallzo Biamesd idrag thofikerihsleconcent ri ¢
with and has a smaller dianeter than the fiber hole.

23.  The optical detection system of claim 22, wherein the columnating hole is greater

in diameter than said one of said pinholes for an associated channel.

24.  The optical detection system of claim 21, wherein the aperture extends at an angle

of about 45 degrees relative to the channels and the microfluidic system.

25.  The optical detection system of claim 19, wherein the columnated detection
ribbon is a mechanical component comprising an array of apertures extending
therethrough, each aperture aligned with and associated with a channel in the

microfluidic system.

26.  The optical detection system of claim 25, further comprising an array of fibers,
each fiber placed into an associated aperture in the columnated detection ribbon to form
an array of fibers, with each fiber associated with a channel for conveying an optical

signal from the channel and received in the associated aperture to a detector.

27.  The optical detection system of claim 19, further comprising a second
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23. The optical detection systemof claim22, wherein the columating hole
is greater in dianmeter than said one of said pinholes for an associ at ed
channel . 24. The optical detection systemof claim2l, wherein the aperture
extends at an angle of about 45 degrees relative to the channels and the
mcrofluidic system 25. The optical detection systemof claim 19, wherein
the columated detection ribbon is a nechanical conponent conprising an
array of apertures extending therethrough, each aperture aligned with and

associated,with a.channel,.in th icrofl uidic. syste 26, The opti cal

et oct | onc2ufad gpaRR el rortfondial “Ranalt fdiE e Brv Sghomrdfndlr s 7 each
fiber pl adggttibniibbafonseeivimticd ofpgidaliéinctiod, fiewaal scanataad sideteiet on ri bbon
to form an_array of fibers, with each fiber associated with a channel for
conveyi ngpraﬂlcsf%@?{%réhe lightbsam pessghibrongh opa ahwid divanelevigiopedt said t he associ at ed
aperture ﬁiﬁhcﬂes‘?‘et ector. 27. The optical detection systemof claim19,

further conprising a second -18 columating detection ribbon positioned at
an angle relative to the first columating detection ribbon for receiving

one of optd calexti.nction, forwar catter,and side sgatter roduced after
The 11 ght PhearTpABLES RGN ERE s o biaimits B Felaneins et ¢

pi nhol es. rikRn cihiBred Borwar scaRdrakicn@at &al £43-8écred Aigh £dm N\ @aRhd), thhe first
columating detection ribbon captures forward scatter extend at about a

45- degr eeseaenyl w@limmting deteetirarmihblon capferes side spatfecaxtendingtabaat Wedegeses on ri bbon
captures gi e | e omfor akter, and
t he high %ﬁlgng?ﬁ%%gtf g‘%{%%rr ﬁdftggb {égélﬁglg}é‘téar%c%gergg?gg?%?ce&%s aecgoé'\#gg %? én%r?gc hani cal
f r eedom bekskagivalt ffeedbmbetween thefiret dohgnrteing déteativnrritbbn andithd stdvadsecond
columating detection, ribbon qf about 90 degrees, 29. The optical detection
syst em of Codyranating getegiinny ehbenof abayt §R dpdiessr i cal aperture fluorescence
detector conprises at |east one lens for collecting and directing photons
emtted froman associ ated channel, an inmage plane for reconstructing the
phot ons i2fto dkhe appitilclatecsormsyatenr dfplamd9t whérem thé high pamericdl epértura channel

and a fibgr array extending.fro he | e ane for.conveying the optical
o gnal t o HRTEBIEG ABLEF B cormeiags Fukashie It Bpe A et FEBHE il T o
obser vi Ngeritted Bbmlintssocf¥dt @aBndl hatimaghpiahd¥or reconstructing the photons into an

optical signal representative of a particle in a channel, and a fiber array extending from

the image plane for conveying the optical signal to detectors for analysis.

30.  An optical detection system for observing microfluidic systems that contain
channels that convey particles or molecules, comprising:

a light source for producing a light beam;

a set of beam shaping optics for focusing the light beam;

pinhole in communication with a channel of the microfluidic system; and

a high numerical aperture fluorescence detector for simultaneous interrogation of
a plurality of channels in the microfluidic system and using an image intensifier as an
optical amplification element, wherein the image intensifier includes an input window for
an image signal, a light-sensitive electron emitter for transforming light emitted from a
channel to photoelectrons, an electron multiplier for electron multiplication, a phosphor
screen for converting the electrons to light and an output window for outputting an

amplified image signal.
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channel s that convey particles or nolecules, conprising: a |light source for
producing a light beam a set of beam shaping optics for focusing the |ight
beam pinhole in communication with a channel of the mcrofluidic system
and a high nunerical aperture fluorescence detector for simnultaneous
interrogation of a plurality of channels in the mcrofluidic system and
using an inmage intensifier as an optical anplification elenment, wherein the
i mge intensifier i ncl udes an input window for an inage signal, a

| i ght-sen el ectron emtter for transform light emtt froma
channel 13-l photISPBER! 8 rstion sysiemy el b FBI (B pinbpicds Sapqsebetveen

mul ti pl i calid Rght sGurBhARIAAO Ehanf 6116 8ltedt e li?g(h%@diﬁ {nR@thkRRarleECt rons to |ight and
an out put w ndow for outputting an anplif i mge signal. -19 31. The

optical detection systeniof cl ai m 30, mherein t he pinhole is disposed

b d h d, t h he .| h
channel . 2. - ThsyeR el Bain SR b Ay ek & hRRe output
w ndow i somicfpidier optic plate. -20
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