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are ref er r egthod fergmpleneanging maiaredluidic fupstiqng in Amictedidiesystam.onedi cal ,
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desirable to perform|arge nunbers of chem cal operations, such as
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systems allow for the performance of multi-step, multi-species chemical operations in

chip-based micro chemical analysis systems. Chip-based microfluidic systems generally
comprise conventional ‘microfluidic’ elements, particularly capable of handling and

20  analyzing chemical and biological specimens. Typically, the term microfiuidic in the art
tefers to systems or devices having a network of processing nodes, chambers and
reservoirs connected by channels, in which the channels have typical cross-sectional
dimensions in the range between about 1.0 pm and about 500 pm. In the art, channels

‘having these cross-sectional dimensions are referred to as ‘microchannels’.

In the chemical, biomedical, bioscience and pharmaceutical industries, it has
become increasingly desirable to perform large numbers of chemical operations, such as
reactions, separations and subsequent detection steps, in a highly parailel fashion. The
high throughput synthesis, screening and analysis of (bio)chemical compounds, enables

30 the economic discovery of new drugs and drug candidates, and the implementation of
sophisticated medical diagnostic equipment. Of key importance for the improvement of
the chemical operations required in these applications are an increased speed, enhanced
reproducibility, decreased consumption of expensive samples and reagents, and the

reduction of waste materials.



the chem cal operations required in these applications are an increased
speed, enhanced reproducibility, decreased consunption of expensz YléEBaWBI es
and r eagwot2eo4/20e83t he reduction of waste materials. - PCIUS2MBR23007 WO
2004/ 022983 PCTI US2003/ 028514 In the fields of biotechnol ogy, and especially
cytol ogy and drug screening, there 1is a need for high throughput filtration
of particles. Exanples of particles that require filtration are various
types of cell s, Isthe ficlds obbotathpblage) atlespasklly e yillagychndadrig screening, these 5

Il's, enmb i N d.the.like. Th ] . ially of
Chterest i AT e eEREhRCRBS of paRcisd Expurbls oL PrtichR RS i ecu ar
speci es sUghradn RfeNafibiiStyp8HEHdaR, sudhds Bﬁ,ba?mwét@g?mﬁoo&' BB, fdiBrbus Of

particles is of particular interest in the field o screeni ng during

i -t € € ) 9. :
t he deviel opstisnembifyonie wellly angsthe liBe.Sihessmpprtisiestaneespaciaily pOmterest ipthedteirt
I nvention ovides Syst and thqQd for.integrati m cr.of | ui di c
conmponent s%?}“&“ﬁ%’@é@f{ﬂ?’ﬁ? e E’?{Oﬁdlll%lﬁ%qrép?ﬁﬁﬁs %cﬁg%ﬂ(ﬁ?]ﬁ?’&%?sgm to
performa asep@GinaelesidesOThis famelyfofPatticRR is JiifrtidaienterdstiHaRs FieM dfldnd zes a
cappi ng nodul e "includi ng@a mcrofluidic element for performng a
m crof | ui deaednipgdyring thergevelapppinigf névdoiisi e i s stacked on a mcrofluidic
substrate having mcrofluidic plunbing to incorporate the mcrofluidic
function into the system According to one aspect, the invention provides a
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substance flow ng through a first flow path by size discrimnation.
Reservoirs are

According to one aspect, the invention provides a microfiltration system in a

microfluidic chip for separating a substance, such as a compound, moving through a

20 closed channel system of capiltary size into different components. The filtration system
of the invention provides a filtration module that can be assembled at low cost while
providing an accurate means of filtering a large amount of compounds per unit of time.
The microfiliration system integrates conventional membrane filter technology into a
microfluidic system formed of glass, plastic or other suitable material. The

25  microfabricated filiration system may comprise a sub-system designed to be inserted
info a standard mi¢rofluidic system to provide on-chip filtration. An illustrative
filtration system includes two flow paths separated by a membrane, which separatés a
substance flowing through a first fiow path by size discrimination. Reservoirs are
formed on either side of the membrane in communication with the flow paths. A

30  microfabricated cap is affixed to the membrane to define the reservoir on the top side of

the membrane.
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Fi gur es2 ishbsisite aidem atidicagmesibly foricontodllitig the ositibp of thetradrhleraf@r i ncl udi ng a
mcrofiltration systemaccording to an illustrative enbodi nent of the

I nvention. Figure 3 is a perspective, cross-sectional view of the

m crofiltrgkl . ER, L .chip of Figure 2 according to an illustrative
errbodimanﬁlIl SEHBUiEHT ﬂle. ﬁge4is a detailed view of the nenbrane on
the mcrofiltr digwna 19}edhatesafmicidluidig syster® inchiding cdpping stactuad f8 t he

m crof abricated cap .of the mcrofiltration _systemof Figure 3. Figure 6 is

a top-vi eAtsErafing aprictofipidig Pnetionudq be aicrofluidiciysle™s. Figure 7 is a top view

of thepdi agnpstﬁigme BiiPuRfatdsialiis o_@ti@ﬁi&&&ﬁ&é%ﬁ‘ﬁhﬁaﬁfe S Rcludile a _
mcrofiltration System Figure Is a top view of the di agnosgl c chip of

Figure 2 aficerfiltratsemdystpmofccertdeg tniapilbistiativeemtmdingnttod the Evenfioa. 9a is a top
URNREE A U e QIR R R KRN R
vi ew of t h@igbfpighde!2t dcabrdaly t6 ¥ iRiBnafive &hBidi8eldf the invention.
Figure 4 is a detailed view of the membrane on the microfiltration system of
15  Figure 3.
Figure 5 illustrates the microfabricated cap of the microfiltration system of
Figure 3.
Figure 6 is a top view of the microfiltration system of Figure 3.
Figure 7 is a top view of the diagnostic chip of Figure 2 before assembly of the
20  microfiltration system.
Figure 8 is a top view of the diagnostic chip of Figure 2 after assembly of the
‘microfiltration system.
Figure 9a is a top view of a two port direct microfiltration system according to an
alternate embodiment of the invention.
25 Figure 9b is a perspeetive cross-sectional view of the microfiltration system of
Figure 9a.
Figure 10a is a top view of a three port direct microfiltration system according to
an altemate embodiment of the invention. '
Figure 10b is a perspective cross-sectional view of the microfiltration system of
30  Figure 10a, with the microfabricated cap removed.
Figure 11 illustrates an electromagnetic valve incorporated into a microfluidic

system according to an embodiment of the invention.
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i npl emented in a nunber of different applications and enbodi nents and i s not

1o speci f i embodimiehiyi Thost skilléd ip theppit milhaproeciate thah thepaesentinventiembayberent s
depicted herein. ., As used her.ei the term"m.crofl.uidic" refers to a system
or device W?mﬁgﬁ%H%W%Bfgkfgeﬁf&,@@fc ?%dfﬂﬁpgp%%lﬂé‘lsﬁﬁga f1uid

sanpl ejd nckpedimaliplimite@ Bl itsOplicfvato the pratduld RibodRS&GAd Sepibto® ASGERANS. 15 The
terms "channel” and "flow channel"” as used herein refers to a pat hway

formed in or through a nediumthat allows for novenent of fluids, such as

[iquids and _gasgss T hGasn NG, kiichdifudlb 4Lt W Lo, Sy 8f anar glerabl y have

cross-secti onal I mensit ohs he range b m and about 500
pm pref er Aiddlinggireessing @jerkiag tndbr anlaiig AflwidisaApl} ifitladieg A0kastphef er abl y
bet ween about 50 pm and abqut., 150 m One of ordinary skill in the art wll
be abl e tockromghhavig migroseAls digustoBsyvol ume  and | ength of the flow channel .
The rapges are intended to include the above-recited values as upper or
lower Mmts: The fl ow channel can have any sel ected shape or

The terms “channel” and “flow 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 channel in the microfluidic system preferably have cross-sectional
dimensions in the range between about 1.0 pm and about 500 pum, preferably between
20  about 25 pm and about 250 pm and most preferably between about 50 pm and about
150 um. One of ordinary skill in the art will be able to determine an appropriate volume
and length of the flow channel. The ranges are intended to include the above-recited
values as upper or lower limits. The flow channel can have any selected shape or
arrangement, examples of which include a linear or non-linear configuration and a U-

25  shaped configuriation.

The term “microfluidic element” as used herein refers to a componentina
microfluidic system for petforming a microfluidic function, including, but not limited to:
passive check valves, active valves, pressure sensors, connecting channels, membrane

30  filtration units, threaded taps for extemnal connecting tubes, compression chambers,
pumps, and others that may be known to those of ordinary skill in the art.



arrangenent, exanples of which include a linear or non-linear confi igr ation
and a U- 25 shaped configuration. The term  mnmicrofluidic elenent” L7
herei n rebeweyd2098a conponent in a mcrofluidic systempPoaUes/oessed ng a

m crofluidic function, including, but not limted to: passive check val ves,
active val ves, ke « e i féﬁ-g@@& O filtration
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"filter" oZCISIP PO RAYET s to0 a material of any suitable conposition
and size which may used to separate or filter substances by size exclusion
or other nmeasures. 5 The term "substrate"” as used herein refers to a support
struct ur e havi nfhetean feibstratt’d asmestd thiesaim rafers do a suppodstmgtuze Kdvirngehhaifinds t er ns
"cap" or 5921%8‘1!18% rm?ul e" as usgd. herein refer to a structure, which is the
sane size HE fECOTY &R €8st rat e, having any sel ected size or shape
and 10 forned of any selected material, and having a mcrofluidic el enent.
The capping nodule is confi gure_d to stack on or communicate with the
substrate to fuFhsteons {xapt puldappingangdule’ casased hirginpafen to ataichue.whiclulsst ance"
as used hegein refers to any.materjal used in a merofluidic 15 process,
"ol udi ng. BEGEmRSEE RS ot e GRRnanb Siae I Tpa dnd st e pebieq R Do, ool 15,
parti ches, fdp@edsr abiieldied mAeriaAdhdHRelg ImiesMibiceferbntNThe Gappidef | Ui di C
process. The term"mcrofluidic function” as used herein refers to any

oper at i on, mpdwlets epnfiguredie sleeksan peegrompnigatsrwithibe sshsirgtedn flly orpagtiablly sanpl e

inamcro g 20 including, but not Iimted to: filtration,
di al ysi s, %Au @%&ﬁ?g?@flow regul ation, controlling fluid flow and the

like. The term"port" refers to a structure for providing fluid
communi cati on bgfween  two el ementé 25 As used hereiar], "C{)_urrp", refers to a
E used in a mic

devi ce suit abl e Thelermnsuhstange”-Asdised beteay igfgtsto any materi rofluidic

15  process, including, but not limited to chemical compounds, molecules, viruses, cells,

particles, beads, buffers, or any other material used in a microfluidic process.

The term “microfluidic function” as used herein refers to any operation, function
or .procéss performed or expressed on a fluid or sample in a microfluidic system,
20 including, but not limited to: }ﬁltration, dialysis, pumping, fluid flow regulation,
controlling fluid flow and the like.

The term “port” refers to a structure for providing fluid communication between

two elements.
25
As used herein, “pump” refers to a device suitable for intaking and discharging
fluids and can have different sizes, including microscale dimensions, herein referred to
as “micropump.”
30 The present invention allows implementation of different microfluidic functions

into a microfluidic chip using a capping module having a microfluidic element for
performing a microfluidic function. As shown in Figure 1, a microfluidic chip 10

suitable for implementing an embodiment of the invention comprises a substrate 11

-5.



fluids and can have different sizes, including mcroscale dinmensions, herein
referred to as "nlicropunp.” 30 The present invention allows inplegentgt jpn
of diffememiooaioezoss | ui dic functions into a mcrofluidigepbsiosieised a

cappi ng nodul e having a mcrofluidic element for ‘performng a mcrofluidic
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3, illustrated as a micro channel, disposed therein. The flow channels
transport Hangling,tandien geriemmanghey sfitablediperatign pe mligpidfsarpls: dbe micnefnidic

handl i ng, [0 f ): < SUl e rati on Liguid s | e. The .
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for transp@fdighghd hidrofuidf siktemug) the nicrofluidic system 10. As shown in
Figure 1, the flow channel 3 is forned in a substrate 11, and may connect

to the surface of the substrate via one or nore conmunication ports 13a and

13b. A capping RRgle, hukieh R Pobof bl ich SERke, 15060y 85 @
ilter, one or tT0 nore varPves, pressure SensSors or other conponent- for

per f or m ngcanBttas chd surdteof thel Baistrate, vid Sneiran&d cometinicados phisd 1xMd1ll to form
a closed fluid path Accaording to_an alternate enbodi nent, the capping
modul e mayl3thch @png medwedd sncluding 4 ancofdigelemgnttiSpgnohy agadilier.®Re ORr ough

the m g ocpapnal, & ARRLAE L 81}1%1;%%%(3 t%xe%érfolnlﬂﬁ{g P fEauigitost rate 11

i ncl udes two conmmuht cation ports each connéecting unconnected 15
segnent s 3funcitn,af plabel dvepthechbstragd 1 Btotfornt helmebAtidpath. Shicchating taddmough one

skilled in the ar i1l recognjze that variatjons may be ma in the size,
urber andstsRe GbatisH: B PR L ERC B O P ML P HP B e Rnncl s The
il lustrati i’cﬁxtiﬁéﬁl&ic[‘ﬂo&‘_&%ﬁﬁi the TR¥rob eI ORo&RNIRHP inRAkd S The (ItdsRh@fef aci ng
20 with the comruni cation ports of the substrate, and/or a chanber 12 or

channel t osubstreteild dneludds e compaunication pertt ah 34, pachtcoopeptimguorompeeted and t he

d t . illed in the art will i ze.that .th
cappi b moMES A A £ B anndS oed Ae G sifs ST AR W "Co ¢ ne
enbodi Ment a§RAWRedoRnizE B4t CaribtioRD mds b tnadk EtheRR) MEnbeagd benfiratdh @Fof | ui di c

functions, such as fi|tration, dialysis,
the communication ports and flow channels.

The illustrative capping modulel5 may include connector ports for interfacing
20  with the communication ports of the substrate, and/or a chamber 12 or channel to
provide a fluidic path between the first connector port and the second connector port.
‘One skilled in the art will recognize that the capping module may have alternate
configurations and is not limited to the embodiment shown in Figure 1.

25 Using the capping module 15, microfluidic functions, such as filtration, dialysis,

pumping, flow control and so on, may be integrated into the microfiuidic system 10

without requiring significant modification of the substrate 11. A shbstrate including any

number and arrangement of conduits or channels 3 for conveying fluids can be

transformed into a functional fluidic circuit by selecting and placing one or more g
30  capping modules 15 with a functional microfluidic element 18 on the substrate, i.e. chip.

According to an illustrative embodiment, the same automated “pick and place™ surface

mount equipment technology used to make integrated circuits may be used to form

fluidic circuits on a substrate having microchannels using various capping structures.

-6-



punpi ng, flow control and so on, maybe integrated into the mcrofluidic
system 10 without requiring significant nodification of the subst r &¥ & EB12007A
subst r atwa wod/oxdpssg any nunber and arrangenent of conddirtuszans/oessannel s 3
for conveying fluids can be transforned into a functional fluidic circuit
by sel ecti gg; ' oelg SRR e | functi onal
m cr of | ui d?gl%il]g Rir%t%c& g%eg e %dggiltﬁ?%%g, . 'é’wgﬁ?‘g% %%@%4%‘1% an

i |l ustrati Velleni®)i aeartg othdre sane aut omat ed "pi ck and pl ace" surface nount
equi pnment technol ogy used to nmake integrated circuits may be used to form
fluidic circuits on a substrate having m crochannel s using various cappi ng
structures. -6 FokalricheR fROQE cirdt 2004{03299 3 RETHSBA00B! ARGBI4_ Sui tabl e

pi ck and pl ace equi pnent is manufactured by Manncorp, Inc. {Huntingdon

Val | ey,5 PAmanufas ismicTefabrgatiovalbe shdnnalswir plumbinginay be febrichtedrigl s 3 in

the substrate. 1 be, 5 facture chip m.crof gbrication. The
channel s of cﬁ.}x@#@ﬁ%m 9%%%“5%%%%012%6%9 "ﬂﬁlgﬁgﬁ‘?{rémlﬁﬁté?%og% a first
substrat e, sénkiQuBtraieYo BRcHeBe ROA(IRMnkR MoRins Anitfochanfe® CPOREabRk ate to
encl ose the hal f-channels, form ng a mcrochannel. The substrate nay be

formed of oy herformdofiony e motelayars ppntginaesiched chanmglsliEmore ¢pprplex onpl ex

fluidic netywol.k requir.ed. ~The comuni.cati on ports th .b
fabr + cat oa TR ReRpafiidiine, ThSoRRmREERpoR mRE e R BT o, o
sur f aceo of stbtrasosbibithe fli¢rbetidinge! th QA RRicHbLSurfat¢ of thb kissttateN Eulitable !

communi cation ports include drilling, |aser etchi n(gﬂ_ powder bl asting or
ot her t echigfoiiesfosiayricaingihe soramunication payts inglpde dralipgdassr eichive, substrat e

and conmmuni ' Mol Flapte TR i | ed: jonality is
bonded to tp &%&ﬁ@g@g%@?@ ?%‘iz}gm cr o%l‘l? Eﬁggli&ér}g%e?rpﬁ%ﬁéh{l&?lﬁgté Egﬁe{ ar ger

m cr of | ui disabstfatecindeumtnunidatian petsy a oippiapmodgle indng a desinddefinativhalityZies may be
bonded to the substrate to inpart. varigus mcrof luidic functions to forma
m crof | ui di Engifjgtf)é]i’ﬁs tecfggjaﬁgmlﬁ@%{wtﬁgcmgovggt lpéﬁﬁ)@éﬁﬂrém&rﬁh bl aceabl e
so thaysa gybsirate my be re-used. 20 According to the illustrative

enbodi ment, the cappi ng nodul e has a cross- sectional dinension of between
about 1 mllineter and about 5 centinmeters, though

A variety of capping module number and sizes may be bonded to the substrate to
impart various microfluidic functions to form a microfluidic system. The capping
modules may be removable and replaceable so that a substrate may be re-used.

20

According to the illustrative embodiment, the capping module has a cross-
sectional dimension of between about 1 millimeter and about 5 centimeters, though
those skilled in the art will recognize that the invention is not limited to this range. The
capping module may be formed of any suitable material, including, but not limited to

25  plastic, glass, silicon and other materials known in the art.

Figure 2 illustrates the architecture of-an illustrative microfluidic diagnostic chip
that may be fabricated according to the teachings of the invention. The diagnostic chip
20 may include one or more microfluidic components, alone or in combination,
30  configured to facilitate processing of a sample. For example, as shown, the diagnostic
chip 20 includes a microfiltration system 100 for separating substances in solution, such
as separating selected particles from cells or other particles in a suspension. The

diagnostic chip 20 may further include one or more reservoirs 90 for storing and

-7-



those skilled in the art will recognize that the invention is not |imted to
this range. The capping nodul e naybe forned of any suitable materital! B 2007

i ncl udi ngio Jbde2Asds limted to 25 plastic, glass, silicacrsioenesismaterials
known in the art. Figure 2 iIIustrates the architecture of an illustrative

Ceachi ngs. SPPORBPARAL Folbfr oot b B S80S QN BN bR "0, v

ni cr of | ui divaste esspooandb fora;bnmmgrsamplmm NElid diignosfic ehipfthgufuetier o
facilitate, processing of _a sanple., For exanple, as shown, hhe di agnostic
chip 20 i nwwdsgnaf’hlinemhqp@% PERIng 7ad ERRUDAPT GAMRASAISATICH @S BB CHRCes i n
sol ution, &ﬁﬁh t Al O I er .
particles 1n-a suspen [ 81?11 f#ﬂvﬁ&%ﬁﬁ%ﬁg@n? éu%h%?B%{f ghrﬂtjQi [ n{'l ude one
or nor es r eseeifi ansoudOof ampéd aid reggeandFot e&a&p&i&e&ﬂﬁﬂm&ﬁ@siﬂﬁﬂm&%a

PCT/ US2003/ 028514 suppl vi ng, sanpl e,. reagent_ or_ ot her conpounds to the
system as™peps coupejicat éqaqﬂﬁﬂe!mwgr%'é%%o%%dwmw q@b‘F‘F]é‘é??ng sanpl e

waste. Theqgig ng%fdrgnﬁ?i H8¥tedet ctﬁ:bﬂl%é’ﬁﬁcx‘a ’Eﬁ%t‘ém%?bq‘i%' ng,
m xi ng and I ncubation conrp nents, “'such as an on- c ilution
system f odetpetoc@dmian gtlhzesmy}sbiéabls detiactam peddlivy, nmigdmgnbutmnt Emoéd & 5
specific a unt of s and.r e For exanpl e, I Iustratlve system
hel udes aTOREREe B DRTERR A BT P FTOIBAET Brr U B BETATFOMHED  may
al so i agl ugeprd), rAfI-REGRAC %Jrﬂ%l ﬁi’éﬁs‘ifszdnﬂg:oﬁnbfnﬁétﬁ)ﬁé ﬂﬁréHfO‘i‘HSEhlf) rl@'HuN‘e
mcroflltratlon syst em 100. detector 70 may utilize any suitable

det ecti on rogklyiwaves lfqt(sblaennm@f Cd:mntollmgthb ifloint efcfhuti thrbiiglothe shamels,and one

(SR adPbEPre ey s L AT o rdanm P SRt FERBAIESE "ch p
10 may e”ﬂi&ﬁaﬁﬁdle\/}‘&fﬁebh@e'@fétskﬂﬁh}{n e @11l tebEpdinetiht @wnaérotiidigl t hr ough
t he channel s and one nore drive units, |ocated on or off the chip, for

driving t héyammﬂmwdm thedliagpsirgthip efBigureahend thabvasfationgindhe p. One
skille e t r

lim tegsto é‘? {tt?fg Skhorn’ ﬁ%ﬁ d |%&’Faﬂgn%gl t hakg hgg'??rgﬁﬁg{r?s I?%P %Ré 15
confi gur at my,bepﬁalehnmﬁma@wtﬂlmpmmm@n of the various mcrofluidic
conponents nay be made in accordance with the present invention. The
filtration system 100 of the present invention integrates conventional

rTrﬁgbr ane filter 7heeRumoR dstéd 180 3f Wi QchtindbficathR gtfitd GndekiBRR N9 Modul €.

membrane filter technology into a microfluidic chip using a capping module. The
20 filtration system can be inserted into an existing microfluidic chip to enable filtration of
particles, cells or other substances in suspension without requiring significant or

expensive modification of the chip structure.

Figures 3, 4 and 6 illustrate a microfabricated filtration subsystem 100 suitable

25 for implementation in the microfluidic system of Figure 2 according to one embodiment
of the invention. Figure 5 illustrates the capping module 15 used to fabricate the
filtration system 100 according to one embodiment of the invention. The filtration
subsystem is utilized to separate a substance, such as a sample comprising a mixture of
particles and fluid, through 2 membrane 110 and subsequently collect the separated

30 components. According to an illustrative embodiment, the filtration subsystem is used
to separate blood cells from plasma, though one skilled in the art will recognize that
other applications are included in the invention. According to other applications, the

filtration system may be used to separate viruses from cells, beads from cells, chemical
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20 filtration systemcan be inserted into an existing mcrofluidic zgiEg h[ﬁ
enable filtration of particles, cells or other substances in susp% [ n2

wi t hout wequegd2pg3si gni ficant or expensive nodificati earefs2debe2s2d p
structure. Figures 3, 4 and 6 illustrate a mcrofabricated filtration
subsystem 100 suitahle., 25 for implenentation.in the mcrofluidi¢c system of
Figure 2 SEERPMORGEREWREOToBaARERTCSS Bt metimns ROR 1Seil a0 j %S |1 st r at es
the cappi pg sheRu iR flFatiEeshtspsténnDeafoembd diredtlyl dnfthé intdtofiidicasmipldGdaccor di ng
to one enbodi ment of the invention. The filtration subsystemis utilized to

separ at e Altsatiogcaprbdity & the ip withangreudagpenidicanf mediisation o1 g¥penpar t i cl es
and fluid, through a nenbrane 110 and subsequently collect the separated 30
conponents. According to an illustrative enbodinent, the filtration

subsyss em i s ugwd filttios epbs@tetn DO®atlizee hlcenfentiond) needitRanet fileszghoone skill ed
in the art will recognize that other applications are included in the

i nvent i on SepgEdmEdwa flopapathsythe sehsirate: il provideesmall yolyge peypradlpbleem may be
2007 v SIRSRET SRS e SRRERR AR £ S o SNSRIy 2 7 FE8
subst anceswtiétaincdeenfivsafieidniow pathu20dort smpplypay adubstancddo slivofiitcatiee fil trati on
e T
R

strate 11 to provide snall
vol une corhedirstdhlidflow iphthr K0 wnludés afisshophmunithteon pdry dlustreied @s fificdtr at i on

o ot el Qe g BRSSP AP B e Bl .
m xture Ofﬂd?)gﬁatth b ®mcRads § kétotld caRGnRicasR ekt fillkdtehtdd 8 Matduiibdhabaa 10

receiving and conveying a filtered product (i.e., a filtrate) fromthe
filtrati orl28yraleding amgalet L1222 frpm fhel fltragign shamber for repeiving @sd gorveying a
comruni.catj on. por, i rate fir [ I 1 .t hat )

i nter rs1 ct &° Htg%qul N %%ﬁ\éeség?lg?ngé%&go? Ffsg?m'i m‘%@"%@ﬂ‘gﬁ ﬂl%%p#lr st fluid

f1 ow pat h igclddsnalinleehatng 430 iGteodtingH fitte@hambérthelow theshémbrate a0 a4 fir st
outl et channel 122 including an outlet 122a fromthe filtration chanber for
r ecei vi ng &ifeondoplebndasesond optlstshanpeh 1 34 for fransfergag thecdaltarediprodye from ¢ r at i on

it er sect g PR piskath CThe QoRR chia AR PR30 IR ORHBRLi K
conveying the filtered product. A flow source drives the flow of the mixture through the
20 filtration system to effect separation of the components through the membrane. The flow
source may comprise an off-chip syringe pump, a microfabricated peristaltic pump, a
microfabricated syringe, or any suitable flow source known in the art, such as those
described in U.S Provisional Patent Application Serial No. 60/391,868 entitled
“Microfluidic System and Components”, (Attorney Docket Number CVZ-019-2), the

25  contents of which are herein incorporated by reference.

The illustrative microfabricated filtration system 100 has a relatively small
footprint (less than about one mm?), resulting in a compact structure, low cost and
relatively simple fabrication. The particle separator further provides relatively low

30  strain rates with reduced or no blockage. The amount of fluid retained can be
significant, if desired, and the design is scalable and repeatable for additional parsing
steps, if desired.



a second inlet and a second outlet channel 132 for transferring the fil tered
product from the filtration system The second fluid flow path 230 kil
include a carrier fluid for conveying the filtered product. A flow source
drives the flow of the m xture through the 20 filtration systemto effect
separation of the conponents through the menbrane. The flow source may
conpri se an of FhecHirptien subsysen whhe ricsentingention razit eaifosaed by aravidinganp, ™ a

m crof abr i, I n rt, such
st hose EARAAE LG RE A BeSUIAN O or R hRONRS RN S Ty

601391, 8&83&&1ﬂi:ﬁ1y§31'c&:dss ihddgeatesf dimplti batchyfabrévatealnaniponposentds reldtAelysimple Docket
Nunber 19-2 contents, of which are herej.n i ncor or ted by
refer encémd ¥ CP%tl%g’cgﬁatﬂ? e A e P Ea AT ?l&@?‘%we%é}t hds a

rel atisvel Xc&E@4d in édﬁ%&ﬁlhﬁion(»kr the sQ@d?lda}WEhaﬂﬂa I50%) the’ 1ﬁ§ﬁ'§eﬁ:ﬁ&91

conpact structure, low cost and relatively sinple fabrication. (Le particle
separ at orTHelﬁrBﬂ*ﬁmw phannet £20) lsellnaail)vmpyralt@l\/frcﬁﬁ asd ldamdedrl:azt the rmesshMOed\Jced or no
bl ockage. h@ nt o fl utfd r.et ned ni ficant, cﬂ_@m red, and
the desi ghiipdle emibrgc hEY Bysede Tsraicy SRREGipr an dproiigte adhégie |

desired. or%tl?erguﬂ’_éﬁe Fn@@ﬁm Th&hhhikh! i%tdo‘?@r B R¥sL ﬁ{&&; - deBRidy £38&Moit Nventi on

may be formed by provi |ng a mcrofluidic chip including anm intersection 101
of the tvhrIGWﬁwmd:mbmae forreeivingche filteged msém‘tbh@'trpnmm thefibgrprodsctsi npl e

bat ch fab d co ent rel at veI and low cost at high
vol un¥. ﬁﬁa 0W|Cﬁ%}g}epg}q SEh ﬁiay CER‘@"EWIB’ Sr“b'iai% a 5 recess
140 in comwmgqﬁm&anyq(ﬁmmhggﬁpnd fl ow channel 130 at the intersection

101. The first flow channel 120 is initially separated from and divi ded by

the recess 140. A suitable nmenbrane 110 is affixed to the m'croflui dic

Co Cover the rIROBetRErEpPRITRNER sfind bOBs 38, SRt e BRTRR Tor

recei Vi nabohée tHeithérebrafe PTEEUI ind AdiliritaihsdhainbeN D6 1t i@ ofinhdre¢atioh @dthothe 10
t hrough the second f| ow channel 130. The nenbrane may conprise any suitable

filtels ngfinsefew shannghbith The cand Sanay, berafixed vsing araepprepriate pditesiye Ot at ed
ot | mo-a Tityfidite (3R PerbRH. gl b Fibng ARG 18 MBI ST oy, *°
channel 1i3f¥t 1§hend@poukfet 16y il@nahhnixaibnusitnge dittrafiprdambat © cddhesihee or

first flow channel 120 with the filtration chamber 161 and enable flow of a composition

to be filtered through the filtration chamber over the membrane. Alternatively, the

20  membrane 110 is affixed directly to the capping module 15 and the capping module is
affixed to the substrate to integrate the filtration system onto the substrate. One skilled
in the art will recognize that the capping module is not limited to the illustrative

embodiment and that variations may be made in accordance with the teachings of the

invention.
25
Figure 7 illustrates the microfluidic system 10 including channels 3 prior formed
therein prior to assembly of the capping module 15 including the membrane 110. Figure
8 is a top view of the capped microfluidic system 10 incorporating filtering capability.
30 The composition to be filtered is introduced to the filtration subsystem from the

inlet channel and passes into the filtration chamber and over the membrane 110. The
components of the substance are fractionated by the membrane 110, with the smaller

components, such as plasma, passing through the membrane, into the reservoir 140 and
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ot her suitable fastening nechanism The illustrative capping nodule 15
includes an inlet 162 and an outlet 163 in comunication with the 27 FEB 2007
filtrati omoctoamsbme3to connect the first flow channel 1POT/usioh3/028814 . .
filtration chanber 161 and enable flow of a conposition to be filtered

t hrough th ' ' t . ti 0
menbr ane 1?8‘10}1@2?%}3% I rect gyﬁr{))'t gréggppl %%Fgé%ﬂéﬁ‘%éﬁsé&’%%ﬁ% ng
modul e i s thiohghthe filtratidreclanibet tcathe ottiet ofithedirst ffow blearfoiel 1208t i on system ont o
the substrate. One skilled in the art will recognize that the capping
nmodule is not limted to the illustrative enbodinent and that variations
may be made In aGeerdanRAnMIinkie dARABhGASHE SulNate JIINERIGOMidR XY Ure 7
illustrates the mcroffTuidic system 10 i1 ncluding channels 3 prior r med

t her ei n 5pr i may heoforsedabglysspplastin sitiapmiquartzycdringcsidr anyothatiswidpbidmmatesalbr ane
110. Figur 8 is a.top .view af the_capped mcrofluidic system10

i ncor por at ﬁﬁél?lﬁﬁﬁf@}‘f‘ﬁgme F"Fff‘? frop g%r?é’ tg%) Suef WQ%%B'@O?%W{S&&F]% i's

i ntroduced dngh 4daghd Edp afEkbP the LRYIS fidetRETiltRRion isibSktea ARNGhicAIidasses
into the filtration chanber and over the nmenbrane 110. The conponents of

t he subst andhip fermsed oEplpstisn theagnippnetiemarht stamped irdo tvi plasticisubstvatd. | er
conponents, such as plasm, passing through the nenbrane, into the reservoir
140 and -10 2 7 FEB 2007 WD 2004/022983 PCT/ US2003/ 028514 t hrough the
second fd ow chamiRbrdig®io abitchen@bmibstHmBRl sHoWh inFuglressa M tieel | s, passes
through the filtration chanber to the outlet of the first flow channel 120.
Accor di ng t®icrafdtration sibpystany may PeBRrathtwo-pore des Stltenl 0 egrpmsngd cr of | ui di ¢
chip 5 may . -aSS | ' 4 1,60 uar ceran r any
thor sut ¢ appaoisl TR inper % RGN G P A Bon i B ot ABLORG)20
the chi p maglcompiikaea flwd floaypdth 181 fiemed hi prdardfitidéc abptratt fwhieklistdividbd® chi p
to define the fiItratiog su%s st!elm In,a mcrofl ié%g chi p, fornmed of
plastic, thBHRsesRansdSlayiohe. i aﬁﬁeweﬁwe%@% pesHbiranddhe 10

Accor di N ! BediBral | A RHuReRAB0G! HHE Mooss 3 @hnd LB iR fR Uberine 4 N
mcrofiltration subsystem nay conprise a two-port direct filter I

conpri si ng flterekpiodecte Alibicrofabacdteticapritbandudingiadedeso W pdefiningd filtdsos hown,

e L0 DO et LS ot B SR oo R LM Lo IR AR SR 1 2

substance to be filtered is conveyed through the fluid flow path 181 into the filtration |

chamber 186 and passes through the membrane 110. The membrane 110 separates the

20  substance by trapping larger molecules and the filtered product, comprising the
remaining molecules, passes through the membrane along the fluid flow path 181 into
the recess 182 and out of the microfiltration system for further analysis, processing

collection, efc.

25 According to yet another embodiment, shown in Figures 10a and 10b, the
microfiliration system may comprise a three port direct filter 190. The three pori direct
ﬁlter 190 includes two inlet flow chanuells 191, 192 for inputting two samplestoa
filtration chamber 195 and a single outlet channel 193 for conveying a filtered product
from the filter 190. The three-port direct filter includes a microfabricated cap 15

30 defining the filtration chamber and a membrane 110 separating the filtration chamber
from the outlet channel 193. In operation, two samples may be provided through the
inlet channels 191, 192. The samples mix together in the filtration chamber 195 and the
sample mixture is filtered through the membrane, which separates the components of the
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into two sections 181a, 181b. The second section 181b defines a rec 182
and the 15 nmenmbrane 110 is adhered over the recess to define a f||2§§%§ ]
chanmber Worogsmemisyi ng a filtered product. A m crof abr pcatusehosarssis
including a recess 186 defining a filtration chanber is attached to

e 1111 er o pleimbitere AT A o RTIAF basyfin| S dehBbith s Wiy S Pt on
| chanber mﬁﬁlghrlitbqnﬁﬂdmﬁnbkfou@ﬂlﬁhaonmﬂgam&ﬂ@ooﬂ%omtmrane 110

separates the 20 substance by trapping | arger nolecules and the filtered
product, conprising the remaining nolecules, passes through the nenbrane

al ong the fluidpfd gmmmhéﬁ& ofmeﬁlbréda%ag&f&ﬁ&aﬁé& &ﬁﬂreebgm thithRe

mcrofiltration systemfor further analysis, processing tollection, etc. 25
Accordifg ﬁl‘braslm syshem Hescribed bete wembe u@ﬂdmmphnﬁngm—empﬁeparaimhs 00dl t he

m'crofiltr em np a,.three. ort d rect  fi .190. The .
three port @Ef‘% nergp yai‘@?)gg}ﬁb? g’d‘é‘é W&Hi‘f%ﬁésﬁ’@ﬁr 192 for

i nput ting beds ﬁ@iﬂ}hﬁﬁcﬁl@s&srﬁdﬂ %drﬁélbé)ﬁ'oﬁhﬁﬁb hfﬂe%é ARfuSes MDAt | et
channel 193 for conveying ered product fromthe filter 190. The

t hr ee- portOmﬁnséparaﬂﬂnﬁlelﬂwglth@@§bﬁemthefaabr| cated cap 15 30 defining the
filtration chanber and a nenbrane 110 separating the filtration chanber
fromthe outlet channel 193. In operation, two sanples may be provided

throughpthe i nhedor8ihans ahéthdiEknbolifident b theSAVEIRS, (HeXapGLibedleiln nidye
filtration chanber 195 and the sanple mxture is filtered through the

nmenbrane, WhbseH taHsamerads an gleckompangtinvalve intp jpanicroflupdiy systpn. Ao example
2004/ 022983, %]Q[éﬁ@%%@%@g@§}4 leﬁ't I{Uﬁé% ca }E&ﬁ s\t#u&t%ﬁefea{pr oduct that

passes throu rane i1s c nveye rou channel for
further pr ﬁﬁlﬁsméﬁtguomﬂfd mmrﬁﬂmdﬁhbﬂ&hlaﬁdibr&img to Gretesdhiigdsed theintdigionis of

menbr ane based separatio recognl ze that t , filtration system
descri bed %&"@ izp ey 1 &srel‘é SWB m%%ﬁi“ﬁ’@&p@%%ﬁ“@lh types
for. whig G 2R clifim 4PV FRAEEURS ekl Z€ O
beads rom ecul es or csrraF artilngﬁbyﬂfep%mlarge pafticles or VII‘ Ses from
cells or onﬁmrboﬁepﬁﬂ:atcbmnmmmmnpom inltbs sutskiatel apd annctuher agsemblyd 68door di ng

Lo | noor pof SR B ReRbaHa bt NERiPele BREnSaPRE FPhosr, DR an

exanpl e assembly comprises a coil 162 and a magnet 164. One skilled in the art will recognize

that other suitable means for deflecting the membrane may be used, including
20  piezoelectric actuators.

The electromagnetic capping module 110 may be stacked on the substrate 11
such that the membrane, when deflected, blocks one or more of the communication ports
13aand 13b. The electromagnetic capping module 110 thus integrates a valve for

25 - selectively blocking flow through the channel 3 into the microfluidic flow path. As
. described above, the electromagnetic capping module may be placed on the substrate
using automated “pick and place” equipment or through any suitable means known in
_the art.

30 One skilled in the art will recognize that the capping module is not limited to the

illustrative embodiment and that other elements may be implemented to add other
microfluidic functions, in addition to or in place of, filtration and flow control. .
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of an el ectromagneti c val ve conponent housed in a capping structure for

i mpl ementation in a nicrofluidic systemaccording to the teachi ngs? @FEBH@)7
i nventi owQ zo4/812080n in Figure 11. As shown, the el ectr pgagnridmésngul e 150
conprises a cap 15 15 defining an interior chanber 151, a nenbrane 154 for

sel ectively bl I A [ - Of ] | i orts in
the substrate gﬁg hggmtg?:‘?%&ftgc}& &glg'rsb g g%@es%gbgggéh&cfg&ﬂg%%%@? h%%rr{ggr;glregne 154.
Accor di ngpbwer 41 scbpeist caiventtorahiadbmme techhdlogpeith shiesmal bestand dynagiopr i ses a
coil 162 and a ma]({g_net 164. One Skiﬁ';'éfd inthe arf will recognize that other

sui t abl e Hewrfontgl inhgrepbiny micoiphricaledimprasEUcHTe misrflugic sysieamsydisy 20

pi ezoel ect ] : g&% i i O aRyiiipe

st acked o#%ﬁ%%%@@??’?%wg%%gﬂu%ﬁ&g% t 6%%1 Eg%ﬂg?gp%g%} glec%'l%ect edlflpbl ocks
one or snoaeniofoflufdic aetonki einmorofiliration s§8emansimpBhandihexpehswd tocdddaet i ¢
capping nodule 110 thus integrates a valve for 25 selectiyely bl ocking flow
hrough 1 RESEIRHHGP SEctH, B RECHERGH ot af e Praipe B el ibsviERd. above,
the el ect "iﬁ%&%ﬁhﬂi&ﬁﬁ?'ié‘&ldﬁéﬂ'l&w ABovife e&s%?ﬁw%cwfﬁuﬁgg%wnﬁ@emum ng
automated "pick and pl ace' equi pnent or through any suitable neans known in

the art. 30 One skilled in the art wll recognize that the capping nodule is

t limted to th Lllustrati nbadi t d that oth l t b
ol emrent ed_t o ABEFTBIHGE SR SFpilinge by enon HRYFRRISEESSE i n pl ace

of , fijot r 3dre0f BRALIVOQMeRABED Bdmponerdtd, sdonk dr i cE&nBRBtfon Wih 3834/ 022983

PCT/ US2003/ 028514 The mcrofiltrati on system of the present invention
advant agesosipgngdsbi nes the power and scope of conventional nenbrane
technology with the small volune dynamc flow control inherent in

m crof abricated/ m crostructure mcrofluidic systens. The present invention
provi des cost dftlegeéserintentionthad beenri¢s@ibieti aélhevdolay ilfisaH vbemab&livieh) 5 a

m crofluidic network. The mcrofiltration systemis sinple and i nexpensive

to add to Speperagighanggsaaybs Bade intheghove penstpehinng withoyt dpartmediam| i ng t he
m crof j t raf i j P i di ' .Iﬁaig i | ow above the
cost o tr@#ﬁ%@(ﬁ%ﬁl&?]ﬁ?ﬁ%}&t gﬁﬂ%ﬁgﬁﬁrﬁﬁ%lreg ul ?c!:ﬁltstg/létﬁéar@neaccor ding to

t he pr esendesdriptiontor siiowm in the afucoinpenyong dawingshenntespretbd i Hlustrdive-add oot | bed

conponents, alaqne or in conbination with other
P Sma%.nzl(.)l‘un,g’,sense.

It is also to be understood that the following claims are to cover all generic and
20  specific features of the invention described herein, and all statements of the scope of the
invention which, as a matter of language, might be said to fali therebetween.
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conponents. The present invention has been described relative to an
Illustrative enbodi nent. Since certain changes nay be made in the above
constructions without departing from 15 the scope of the inventilbhfEB@0ls
i ntended that all matter contained in the above description or shown in the
acconpanyi ng drawi ngs be interpreted as illustrative and not in a limting
sense. | t&& so to be understood that the followng clains are to cover

al | genenjic ar)’f'mfi&?ﬂﬁiﬁﬁ:cégfs{eﬁld%S’I,?lh%iﬁg: of the invention described herein, and
0 e e n

all statenents e scop vention which, as a matter of
| anguage, m ghtfirblemsadchate] fahiedtiheselsettoeen. -13 2 7 f E B 2007 CLAIMS 1.

A mcrofluidic stem conprising: first m.crochanpel fogrnmed.in a
substrate: a fiirscomshmisAtionnoshopBliae s dpstmigrochignnel fot Surface StiEnnel to a
surface Qfpdfa, substrate; a second microchannel formed in the substrate; a
third mcrochannel fornmed in the substrate; and a capping nodul e having a
recess f or nmed atsheondi miceovthatveel forqred is éwisupdrateabl e nenbrane for separating
substances by s recess to forma chanber, the

| ze excl usion, coveri t he
menbr ane for m'aﬁb"‘i%PFha&Pe]szFIHe@r%H%é‘Fb,Strﬁtﬁ'ea ppi ng nmodul e including an
inlet to the a@ﬂ?ﬁmgﬁncﬁiﬁlﬁ 1B fe8dss fOmiddah&miRAhal R BEmi pefedaBle Wher ei n
e

the capping nodule I's adapted " to be stacked on the substrate, such that the
i nl et t o menebrahefob eeparaing substanden by sirraxdlusion oovering the nepess ¢ fagm a chamber,

m cr ochannel he qutl.et to.t hanber i,s placed in,co ni cat.i,0 i th the
Cocong ot embifetoiifs « Wi ISaIATREE. I BBBE hadi R SRR pthe " |0

third m chagbéumalan oatléto thdéhatibet frined BRSSih "WhérbinQh€ Capplify MBAklE aNRlagBd er s

the third mcrochannel thereby introducing a mcrofluidic filtration

funct i on 9 e stagked oxjthe shstraigi suckyhat &hn infet torthe chymbarrs placed igi commurtigationer
conprisin | cat | 0, >t Lngd. 5 ' annel
fo 5 sur raubm A CERTTARL R St BB FERRE T Aok b REmRRERAAF With3e'3
subst r at gedvadintigrazhiniel, ahd ¥id ehenibraficis piatee irbcdnom tBidatidiewith the thli@r ei n each
microchannel, such that filtrate passing through the membrane enters the third microchannel

thereby introducing a microfluidic filtration function into the microfluidic system.

2. The system of claim 1, further comprising a second communication port connecting

the second microchannel to a surface of the substrate.

3. A microfluidic system, comprising:

a substrate having a plurality of microchannels formed therein, wherein each
microchannel includes one or more communication ports for connecting the microchannel to
a surface of the substrate; and

a plurality of microfluidic capping modules, each having associated therewith a semi-
permeable membrane for performing a microfluidic filtering function disposed over a recess
to form a chamber in the associated capping module, an inlet to the chamber, and an outlet to
the chamber, and

wherein a first of said microfluidic capping modules is stacked on the substrate to
place one of the inlet and the outlet of the first microfluidic capping module in fluid
communication with one or more of the microchannels via a communication port associated
with said one or more microchannels to incorporate a first microfluidic filtering function into
the system and a second of said microfluidic capping modules is stacked on the substrate to

place one of the inlet and the outlet of the second microfluidic capping module in fluid
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i eystem wherein the capping nodule intersects the first flow

m cr of | ui %bﬁi S
pat h whed "PHE tapping nodul e is stacked on a substrate; a first reservoir

fornmed in the JCaRPlRGvEP dthRdah heappiag AtlcAbova i hédbrafe @it hdvingein i N
comuni cation with the first flow path for receiving the substance and

havi ng arinlebipdommunicatiomith badfirgdloxi path foraeqaiving thel sobstpaeerand davisgaveyi ng
the first,, ?ﬁﬂo%@.{mﬁ{aﬂr@n%ﬂ&[tﬁé R flobSa F&ﬁve&ir?%ﬁ?ﬁfi%t%%@%%(e% Frofiehkned in
e chI’ en (% e SupsS

13 .
t he substra recel ving e second conpon ance; a second
f1 ow pat Hirktrededritifl communi cation with the second reservoir for receiving the

second component of the substance; and .

a second reservoir defined in the substrate for receiving the second component of the
substance;

a second flow path in fluid communication with the second reservoir for receiving the
second component of the substance; and

a first flow source in communication with the first fluid path for inducing a flow in
the substance, wherein the capping module is stacked on the substrate such that the first
reservoir is in communication with the second reservoir and separated from the second
reservoir by the membrane, and a substance conveyed along the first flow path is separated
into a first component, which passes through the first reservoir and along the first flow path,
and a second component, which passes through the membrane and along the second flow

path.

5. A microfabricated filtration system, comprising:

a substrate;

a first flow path in the substrate for conveying a substance;

a second flow path formed in the substrate for receiving and conveying a filtered
component of the substance;

a recess formed in the substrate in communication with the second flow path;

a cap defining a retentate chamber, the cap stacked on the substrate such that the

retentate chamber is placed in communication with the first flow path;

-15-



a first flow source in conmunication with the first fluid path for inducing
a flowin the substance, wherein the capping nodule is stacked zn? ftﬁge@
substrate such that the first reservoir is in conmunication with't gcond
reservoir and separated fromthe second reservoir by the nenbrane, and a
subst ance conveyed al onfq the first flow path is separated into a first
conmponent , whiddhepbrse sitpge doigie cando eovies thereigataiethambrel velleenin theeembrasg £ | ow
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second flow path forned in the substrate for receiving and conveying a
Filtered chay thermembrageyiherghy. placiae thcwsand pvwwath adjacrat B84t rate i n
comuni cat.j i E}E&\p I F C defining a retentate chanber,
the cap g%g%%g%%%hﬁgi@u st?%;[%é)?\sﬁﬁégﬁkﬁl%@et e retentate chanber is placed
i n comuni cat iaothirdiflfolv patle fdried tin fHeawbgiitdrin codbmihicationbvith (A6 Gdtentate whakbane

af fi xed tto the cap to cover the retentate chanmber, wherein tRélhe menbrane is
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retai ned gompenent and is disposed above the recess when the cap is stacked
on the substrate to define a filtrate chanber bel ow the nenbrane, thereby
pl aci ng the second flow path adjacent to and separated fromthe first flow
path by the nenbrane; and a third flow path forned in the substrate in
communi cation with the retentate chanber for receiving and conveying the
retai ned conponent of the substance fromthe retentate chanber. -16
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