Bl OCHI P FOR SORTI NG AND LYSI NG Bl OLOG CAL SAMPLES
CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] This
application clains benefits fromU. S. Provisiona
Patent Application No. 60/586,018 filed July 6, 2004,
the contents of which are hereby incorporated herein
by rBIGCHIRFORSORTING AMD LYGING BIOLOGICALTSAMPLES
present invention relates generally to a biologica
device for manipul ati ng bi ol ogi cal sanples and nore
particularly to a | ab-on-a-chip for sorting and

| ysi ng bi ol ogi cal sanples by diel ectrophoresis and

el ecteROTRREFERENCECROREL AFEDHPPNGATIONS [ 0003] A
growing area of research in the fields of

bi oengi neeri ng and = nanot echnol ogé relates to th
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| ab-on-a-chip. These devices are becom ng

i ncreasi ngly popul ar in bionedical research, - di sease

di agnosi s, food pat hogen detection, environnental

anal ysis and forensics. The devices are portable,

r eqUIFIELDIP T8YE RAVENTIORD reagent sizes, and may be

used to conduct point of care testing. [0004] Sanple
aration is a critical conponent and |nportant step
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tissue is obtained for testing, separation and
sorting of target cells fromthe original sanple are
generally perforned. Desired cells that have been
isolated fromthe original 1 sanple nust also

typi gdHGROUNPEOFOTHEIIVERNTRON N order to rel ease
“the intracellular conmponents such as DNA and RNA t hat

are to be analyzed. QOher steps in front-end sanple

[P9QHar ahg(s@]wmyareﬁaf GieReOR i tf@aﬂel@ﬁ%lﬁwﬁﬁ@ne@ﬂua énd
RSPl SERN Gl SRRt Wi dgypas capabl
ofipedserming chemical and biochemical analysis of biclogical matter. Such
devices are known as micro-total analysis systems (u-TAS) or a lab-on-a-chip.
These devices are becoming increasingly popular in biomedical research,
disease diagnosis, food pathogen detection, environmental analysis and
forensics. The devices are portable, require reduced sample and reagent

sizes, and may be used to conduct point of care testing.

[0004] Sample preparation is a critical component and important step in
the analysis process carried out by a u-TAS device. Front-end sample
preparation for molecular, biological and immuno-assays generally consists of
many steps. After a biological sample such as blood or tissue is obtained for
testing, separation and sorting of target cells from the original sample are
generally performed. Desired cells that have been isolated from the original
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[ 0005] The use of electrical nmethods for perform ng
the steps of separating, sorting, and |ysing target
cells are popular. Two such nmethods are

di el ectrophoresi s (DEP) and el ectroporation (EP).
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particle. A particle's own structural and chem cal
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dieééfit pakicke.t han its suspending medi um wil |
experience a net force toward high electric field

while a particle that is |ess

ions_(positive DEP),
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performed. [O l'ectrophoresis is ordinari
mewefrante oo axamgey iackiologidah gellis gharpbologies, structural

architectures, composition, phenotype, cytoplasmic conductance, cell
membrane resistance, capacitance and permittivity, will all affect a cell's
polarizability. Also affecting the dielectrophoretic force experienced by a
particle are the dielectric properties of the surrounding medium within which
the pariicle is suspended. A particle that is more polarizable than its
suspending medium will experience a net force toward high electric field
regions (positive DEP), while a particle that is less polarizable than its
suspending medium will experience a net force toward low electric field
regions (negative DEP). All of these factors affecting the dielectrophoretic
force experienced by a particle can be used to exploit the differences between

cells of different types or different physiological states such that cell
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slide with an array of exposed interdigitated and
castell ated mcroel ectrodes to which an AC voltage is
applied. The mcroel ectrode arrays are typically
fabricated on the inner surface of the glass plate
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of the flow chamber, (several hundred microliters), is so large that thermal

convection exerts unwanted forces on cells.

[0011] Electroporation (EP) is another cell preparation technique for
creating cell membrane permeability that may be used to perform cell lysis.
EP causes cell lysis thrgugh the use of pulsed electric fields of high intehsity
that result in an irreversible breakdown of the cell membrane. This disruption
of the bi-layer cell membrane is useful for obtaining intracellular material such
as DNA, RNA and mRNA. Empirical evidence has shown that cell membrane

properties, the external medium used, and electroporator protocols are all
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factors that influence effective cell lysis. [0012]
Typically, cell separation and |ysing steps of sanple
preparation are perfornmed i ndependently using
separate test devices. Such stand alone units require
sonme type of human intervention between the cell
separation and |ysing steps, |leading to increased
factors thad indhieane iefiectiee calhlypise cont ami nati on and ot her
operator introduced errors. [0013] In view of the
foregoing, a general aimin the devel opnment of p-TAS
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accordance wth an aspect of the present invention, an
seppeatian sortinge bod dysing ebpiologinal aelisg | ayer; a bot t om
insulating |ayer; a conductive |ayer, between the top

and teégﬁliﬂgml?‘p%& ﬁéﬂﬁq\g%%ﬂéhl The conductive | ayer

et che ormfirs second el ectrodes separat ed
by at | east one mcrofluidic channel; wherein the

[00D4] boEkemplarry of ttd prgsantiingemntibry ta lmechipynays bamused for
bonded %gﬁt her nd | east, ongqrm cr.of | udi,c cha

I
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comuni cations with the fl ow chanber. [0016]
fomm anamr—elm eleatricHiedth ongpe chaonelith @epeeate leqtr daldi gradient

BifiR alots afites RBRAE Ratnl PHRGR hERERBeR Avoltags
FRBIRESPD (I8 SGITEBIE VONAR RCdd dpyiél%, aridier Bkeckliodéthin the flwd.

conprising tip portions an hus defining a center

regi on and bay regions in the channel;
[0015] In accordance with an aspect of the present invention, an apparatus

includes a top insulating layer; a bottom insulating layer; a conductive layer,
between the top and bottom insulating layers. The conductive layer etched to
form first and second electrodes separated by at least one microfluidic
channel; wherein the top, bottom insulating and conductive layers are bonded
together and at least one microfludic channel forms a fully sealed flow
chamber; an inlet in fluid communications with the flow chamber; and an
outlet in fluid communications with the flow chamber.

[0016] In accordance with an aspect of the present invention, a method for
cell sorting, includes loading a biological sample into a microfluidic channel,
formed between two conductiveelectrodes, the electrodes comprising tip

portions and thus defining a center region and bay regions in the channel;
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4 applying a potential difference to the conductive

el ectrodes causing target cells to experience a

di el ectrophoretic force under an electric field and
thus nove into the bay regions, and keepi ng unwant ed
cells in the center region; renoving the unwanted
applyirg & motentiat difiecendd i thiecondaotive elehirodeshcaring target
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force under an electric field noving the target cells
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the mcrofluidic channel using an applied fl UI dic

ressure; applying a potenti al dlffere ce to
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cafisingdarget gelikid éxpatiense aaduele@tr@nh@@&lpéwt?@fund% an electric

fle%, Iremov%g unwanted cells from the microfluidic channel using an applied
fluidic pressure; applying a potential difference fo the conductive electrodes
causing the target cells to experience a dielectrophoretic force under an
electric field moving the target cells to the tips of the conductive electrodes;
and applying a high pulse potential difference to the conductive electrodes

causing the target cells to experience electroporation.

[0019] Other aspects and features of the present invention will become
apparent to those of ordinary skill in the art upon review of the following

description of specific embodiments of the invention in conjunction with the

accompanying figures.



description of specific enbodinents of the invention
in conjunction with the acconpanying figures. 5 BRIEF
DESCRI PTI ON OF THE DRAW NGS [0020] In the figures
which illustrate by way of exanple only, enbodi nents
of tIBRIEFESESCRIPTEONI OR THEOBRAWNGSs 1 is a
perspective view of a dielectrophoretic biochip

exenpl ary of an enbodi ment of the present i nvention;

[06200>] lmitee figuras - WhicB il siiadel by ivay Sfexameplpionéhigmbsadiments
IG 3 is a cross-section view of the

gl oc '.Je'SeSW'g% H1: [0024] FIG 4 is a bottom pl an

view of the biochip of FIG 1; [0025] FIG 5 is a

[6e2matFIG. di iagrperspécta;eswetv@ﬁd dielegtioploretie bipabdpi p of
to re e Iarged schemati c

FIG 1: [f0026

SEPIRIAHLT BF 'meefo F??'& 'E‘é‘?ﬁ I%r ati ons of
channel walls of the biochip of FIG 1 and the
[ed2qt r iFIG, 295 GnvegiTediish dfiHE bitngeperFrg.ed by the

el ectrodes; [0027] FIG 7 is a graphical I I l'ustration
of the cel I sorting process; f[0028 FI G is a
[23dni FG-3iip @SQI‘P§$'IS@ﬁt'Qj’I vieweoTdle Ibigcfip ﬁ@FI& dkess;

[0029] FIG 9 is a cross-section view of another

di I exenpl ary
B 4t aot pRE SRR IR biochli B, 410 005
FIG 10 is a bottom plan view of the biochip of FIG 9.

[GO26) L HIGDEICRI dehetnticaladinbiGs systetroindiudingititer Bibehip of

Fgﬁ.btce in the formof a biochip 100 exenplary of an
di ment of the present invention. As will becone

apparent, biochip 100 may be used for

[ob26] ectmosw GAC0I BF Eﬁi@rﬁlatqetﬂs@feméﬂcodhﬁgr‘ah@é ofpé&yiblal
and |y 6 [0032] As illustrated in bi ochi p

gq@netrmm Isgraéwnﬁmf @ham@ walls @fiihe diochipof FIQ> 1 angd the e
cRBAicHRd IR AURIDUIRE gehtPaRAbyRE eld QRbdedY e 130 and

[0027] FIG. 7 is a graphical illustration of the cell sorting process;
[0028] FIG. 8 is a graphical illustration of the cell lysing process;

[0029] FIG. 9 is a cross-section view of another embodiment of a
dielectrophoretic biochip, exemplary of an embodiment of the present

invention; and

[0030] FIG. 10 is a bottom plan view of the biochip of FIG 9.

DETAILED DESCRIPTION

[0031] FIGS. 1 to 4 illustrate a device in the form of a biochip 100
exemplary of an embodiment of the present invention. As will become .
apparent, biochip 100 may be used for dielectrophoretic separation of

biological material and lysing.



bottom | ayer 150 are each fornmed as insul ating wafers,
formed for exanple conposed of a material such as
glass. Mddle |layer 140 is formed of a conductive
mat eri al, such as for exanpl e silicon or nmetal. [0033]
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mfeldaffc eﬁ@ﬁwé@@so 418p yRr a0 Enidi satdry @@a A80t8fN alceiling
sol der bunps 300 (FI'G "3). Pads 430, i nt er connect

aptfiops oftt® fidgohamber.as 210, 220. Sol der bunps 300
provi de external electrical connections to the

(. GBS  BEEId 280® on trouon
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3 I's simlarl Yy connect ed n exit
cohnedtaenéiatcRsbode Rnoug rvoliag@ped d18cre 23R electiade 1&!}3‘(0

f f I I
8856 p8 4BPo. R s . 18 apm iy Sseee s sqicer
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di mensi ons of " bi ochip 100 are 12mm (len th) 4mm -
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t.h ~ f ~i
ol 168 c200 e PRIIL I 00 S Bl 8B cut
bbﬁrdj(F&BBﬁm%lt befyvagphetechiookipst 009itaadpliaDvoltdde036] As
scherratl cally illustrated in FIG 5, biochip 100 may

[0035] Inlet 110 is in flow communication with entrance 240 to channels
250 through inlet hole 230 that is drilled on the top of glass wafer forming top
layer 130. Outlet 120 is similarly connected to an exit 260 of channels 250
through a second hole 235 in the top glass wafer forming layer 130. The
inlet/outlets 110/120 allow the loading and unloading of biological samples in
channels 250. Example approximate dimensions of biochip 100 are 12mm
(length), 4mm (width) and 1.1mm (height). Electrodes 190, 200 range in
thickness of approximately 50-700 um. The size of microchannels 250 ranges

approximatély from 20-500 pm in distance between electrodes 190 and 200.

[0036] As schematically illustrated in FIG. 5, biochip 100 may be
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i nterconnected with a punp 1200 and a vol tage source
1500. Exenplary voltage source 1500 is an AC function
generator. Punp 1200 is in flow comunication with
inlet 110 to urge a biological or simlar fluid into
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lectiede 190 andicential elﬁﬁtr@ﬁ@r‘zepi aElegtng é‘%’@' glors P

oA B e e

aht&ill 6E appeirét tdehose ofamrdmamakié. triangul ar el ectrode
structure W th opposite (FIG 6E) and offset (FIG

017§ e ' e e (1SS tens R ip B St oY
app&%osﬁs YERES6A) A Bﬁééﬂ’(Fl@fSBﬁ@oﬁfrgu@étﬂirﬁs Fl’ﬁelradmbe)fthe

Xi mate range of
semi-circle is apprommately 50pm—400pm

[0040] FIGS. 6C and 6D illustrate an interdigitated electrode tips with
opposite (FIG. 6C) and offset FIG. 6D configurations. The dimensions of the
interdigitated electrode tips are generally rectangular and approximately

50um-400um in width and 50um-400pum in fength.

[0041] FIG. 6E and 6F depict an example triangular electrode structure
with opposite (FIG. 6E) and offset (FIG. 6F) configurations. The angle of the
triangle forming the tips of the electrode ranges approximately from 30-90
degrees. Thé height of the-'triangle'is in the approximate range of 50um

200um and the diameter of the arc forming the bays between two adjacent
8



200pm and the dianmeter of the arc form ng the bays
between two adjacent 8 tips is in the approxinate
range of 50pm 200pm [0042] The strongest electric
field and its gradient are |located in the areas where
t he space between bul k el ectrodS 190 and centr al
tip$ @c'f‘rtbﬁélp@!fﬂ“métq F9eQf0MB 200 Rese are indicated in
FIGS. 6A to 6F by arrows of |onger |ength. Arrows of

]! erTHdeeé‘t%r{bés'P@ [ CRidIAGRN iRNGraditet ard RRaRdERithbGreas

Its I ent are the Wweakest ﬂsuch as in
\Mhbee theeyspace hzﬂtmearbl.dw\eleatrpde 480 andpeendfal elgetrode 200 is the

Sialssty st hicallin FIGs, BABEE BY 8us pfenoertensih
A%%as Fignbifer tﬁ Fnduéél% IG&@cfbtnfs' whéreahd efddteagsla argl its

greatest . for e triangular electrode tips of FIGS.
geEiemdre IT—'hamalkBet (suak @stin the bayrein bgtween|twp adjacent tips of

r%i%ﬁm%#é S#l ﬁlfﬁg EZ%ét(pngtsj{ga@@ %ﬁg %tg)ﬁg distrated in FIGS.

6AWMd felaerst::r,afmljes13?é>nciaeEtmmrr he (?é&aéﬂ(t Eeldest%v@m & gﬂeatest
sane or a contiguratl on or exa

farghe @rlamlarrelgﬁgqﬂegmp%f Fl G&%afﬂ% aaéﬁ}F i the \Hgg‘&% ifer tbg

obflelat ectBigBF cféCiroll ik FIGSTRE Sid EDRkISuingAe

apbllélcﬁmlfargaﬁmmdlstdrmtbew/eeh ibutk dlectisded9a asweddntral

operat| vol t age of 2 smal | spacing (less
elecird is fHag ﬁg@ﬁfof? Sa@fﬂtg?t"%\%i) tips of central
electrode 200 and bul k electrode 190 results in such

[604’3{]0' S1*c¥r Ple. sﬁn%ﬂ]e t-Ffé‘thIa@Wall%Hdp@berﬂ afdtion deplcted

str cture e biochip 100 nay be fabr $cate1
iruEIGS; @afaed eFee&ctmb@ld@tr@@gm&fygh@r ibepatex 40F Mim
seal e nt, as fﬁj l,0

asiousd 2t & Uistarea B YO T td Biechious s i o psmall
g%hﬁ%tﬁlge%@ 9 Of Wb)l‘?]%mépé&hE'(lesEQﬂéﬁ}lOﬁpﬁﬁ‘bet\ké@n

ass vva i nl et/ outl et holes
tr2dgular vedbtipssoff ca:bmat atewoda 200and bdlk ejgcinsed@kresults in
Cornl ng 7740) with a thickness of 700 m
Sé‘&ﬁ'@@eﬁ%{ﬂ "gNSmy be drilled using dianond bits to .
create inl et hol e 230 and outl et hole 235. The hol es
[gg44]of ﬁ&?|@mﬂrcoﬁfq|M§MtW@ﬁex Jﬁmmmmo@@db%e

Next, op glass Tayer 130 is anodical l fjé
fal:hr@agﬂd ugjng wafer level anodlc bonding to create a fully sealed fluidic

will be

environment as follows. Other materials and fabrication techniques will be

readily apparent to those of ordinary skill.

[0045]  First, top glass wafer forming layer 130 with inlet/outlet holes 230 /
235 is fabricated. A four-inch glass wafer (Pyrex glass Coming 7740) with a -
thickness of 700 um, for example, may be drilled using diamond bits to create
inlet hole 230 and outlet hole 235. The holes are of a diameter of

approximately 1.6mm each.

[0046] Next, the top glass layer 130 is anodically bonded to the silicon

wafer defining layer 140.

[0047] Thirdly, electrodes 200, 190 and microfluidic channels 250 are
9



waf er defining |ayer 140. [0047] Thirdly, electrodes
200, 190 and mcrofluidic channels 250 are 9 etched
in layer 140 using a deep reactive ion etching (R E).
For this step, a photoresist mask may be used. The

AGFN Ve g&gH&Q 65 ot el RIES  Popihug step.

p%ttc%srsﬁwlm bé éﬁeahqtl"@@éépsRIE e¥Ping B doe ifdugh the

waf er to wafer I's made he wafers are prepared
siligon veafat 1490 withrensiopteichion theglassosubsitiate st ep. The
al i gnnment between the gl ass wafers 130 150 and the

DA R DA B s Phorb s . Rorits ek yichone

|@n~tatd@mn+@wafee@faeé pfeparedoh hayailarkhBnhér folthamiest ohding
order to inmplify connection of the el ectrodes 200,

S]}em lle ﬁ@gwsgt bafweeptbhe glassowalers $30,15Q aad the silicon
l&t?&%@stﬁo‘)‘igﬁ id pgﬁgﬁé&g%r@éﬁ% 8@39 2k elﬁﬁb ARG, wafer

process crea om one si
bosdent yet reported in the literature. After a deep

wet et ching process the size of generated hol es

nmes ver ar ge eto he isotro f etchin
(GO0 ntintha B DS eter s by 50,1 e g}ordrerto
strﬁﬁlﬁy %oﬂ‘ﬁ%ctlocrpéf thBictedtRARR 00 Hsbiﬁﬂ?gcﬁ%%h 9o, make

the bottom gl ass waf er rocess was

r@mefod,wahydﬂ'@y amfornadcmrm{gh meatmtbm Iayuez 480 HA wabetching
379 10/ 1 d
plese o0 Eat B A Al umidkeshdls '3 e SdR s Hdlgef fHetteg in

tife liteyatufed ARt dée@%bﬂ@ﬁzhtd@%ﬁro@eé@me" $i2€ of ﬁehé}%@é&h&@s
products in HF (e. ese

berewrses larer dee §0 & lwﬁ@péﬁé etahing Gf@t@ PR 4 dhick M\@fer

R S a4 1§ rdel hab L AEACFpl i et iy B

n’cakegthmtﬁmfedmg%ﬂg glasssmfab i 80 P @Mcsesislr\ﬂasl. peﬁmﬂnfé@d ?y wet
efedirean PR A USITBE (87 1y Selibor s gkes g
(SRR P70 GRS LBBbHRI DA dERIARE ealiesn 38 ol seiiow

ICc stirri unt 1 | ness of t e glass 1s
canteahdf o)ﬁde@thatmees N ﬁoonamluplequodhetspn btre6sgiGa0, MgO or

@ﬁ;{ rﬁ%%aﬁgﬁlﬂb %quqcn caéntqé%ri%ﬁge (tlfn% IEgLFﬂqﬁls‘?3§ of the surface
dusitd et fexdéposHichiadriyihe wet etching process. The role of HCI in

the solution is to transform the insoluble products into soluble products.

[0050] The presence of insoluble products can drastically reduce the
etching rate. The thinning process is performed using a Teflon beaker and
slow magnetic stirring until the thickness of the glass is around 100 ym. The
uniformity of the process is relatively good with only 20—25 um thickness
variation after 400 um of efching (the process uniformity is around 5%).
Temporarily bonding a protective silicon wafer with wax assures the protection

of the other front side of the processed wafer, during the wet etching.

[0051])  Next, via-holes 210, 220 are formed in the boftom glass wafer of
layer 150. An ACr/Au (50 nm/1 um) masking layer is used for the via-holes
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Tenporarily bonding a protective silicon wafer with
wax assures the protection of the other front side of
the processed wafer, during the wet etching. [0051]
Next , V|a holes 210, 220 are formed in the bottom

ﬁ&??ﬁﬂ & pitteranGiing A a8 PafREed UsHs 325 shigk
pmrﬁéts't Erbn bﬁ@mgfe tAyer 2804 AHd WP&%SR:%'I t_}@!armﬂ SHoRIuR &cﬁﬁﬁlts

t hi ck t or esi st (for examp 220) and cl assi cal
T mtﬁotesafﬂ mads kuisn hard baked at 135 éCp’boBﬁ mlslu’as imegden to

hard baked, at 135 3
PR D S SIL, RS sin s Pe Alciaver “DHERad s sipbing

p%ééé’égthbf]ﬁﬁo?é r%@ls[‘ BayeP Pédiﬁ)%% thé eﬁké’lh‘fl)to‘éircﬂ‘sdr%knH@)ﬁS’f’tom layer

reduces the hood of cracking bottom | ayer
TH9e Thenteinsile §tress mdunad dethd Gr/Anenasking laygsican geadagtmracks

i Bk R QR iy obResifaR Bt NiidLEaf pfiaiate theaugh
teEAC KB cREENE Qjéﬁ@?ét@ [ﬁ’r‘lﬁm@é eﬁlthﬂqmm&@sﬁfﬁ'@é«‘@ﬂ [ﬂ"@@l‘é‘%lst in

of photoresist in HF etchin ution i s poor, the
Hhe #f&$@vtl¢@5ﬁe¢0@a’fhes@hqufﬁsiﬁ§ fanes cﬁﬁestlﬂvr@pm\{e the overall

SRS PR BB S Ao R S Bl s e

photdresiet petetratels add il ichackishHartdiakires thet phatoresistdscreases
its, adhesi on on surfaces and. renpval, of photore ISJ .
cﬁ 5rBrtbe egacks during

ite asthesion @t sluiiacesanthiemeval ofpholoresis
t@%ﬁ%ﬁgﬁcm rotebs P%Hbr‘i‘les[nqgr%%]lfﬁmﬁ thickness of the

ayer- al so plays an Inportant role in a good
etching process. After the wet thinning of the wafer,
[0062]s ur The thickresglai dss goRdpyémalse atays g iompariantrolp ina

SR ATy PR BT R B e ol REVART Snéistitace 1

ré&ghne%aqnamc}eas@e fromel 1titeupfter® hmcAdasR vdige bEBDEaCe
cracks. By increasi ng the thickness of the Au
¢

rtplés}messwwlé incéerse te wmber efrdrass apinggnisalien peints Wrtbagh
n%éebﬁnoﬂrgskané p%{}gfo‘%g fﬂﬂﬁsﬁé tHeSnL%B(\QP{)f &Qckg‘ esgy%!rééémg the

process
tlﬁthmssg)f\thaﬂuzwer ﬂ@peﬁetpard?mﬂt’nd etcrhm@ eomama through the

CTHRES SBARO-NERIS H RUPEIR 10 OVGTEN REROVBENG gﬁ%ﬁgna&mg
pﬂfr%é%gsfé |rﬁ;9|rovéd5 ﬂg@ﬁfﬁf 20,920 ik eﬁoﬂﬁ@ﬁrh ﬁ“e?@ar% s@aﬂjt]on

perforne to rennv the shar pness
HiFAe Cé di@és TardCrdAg mmask is eamored irhthersame mﬁm@mm

AnEather we\lfeettc Flé: %Iré]cges%rfglg § %Sm‘ndférqluﬂr%lenﬁo a c?epqg efch of 10 Hm)

is performed mainly to remove the sharpness of the edges and also fo remove
the non-uniform effects of the wet etching process (during the via-holes
etching the etch-stop process cannot be realized due to the small size of the
mask and the large depth of etching). The modification of the edge sharpness
plays an important role for the subsequent steps of the fabrication process:
the photoresist flow during the spincoating is more uniform, and the risk of

metallization stepcoverage issues over a sharp edge is eliminated.

[0053] Metallization leads 310, 320 are formed on the bottom of layer 150.
Metallization may be performed using a Cr/Au (50 nm/1 um) layer deposited
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etching the etch-stop process cannot be realized due
to the snmall size of the mask and the | arge depth of
etching). The nodification of the edge sharpness
plays an inportant roIe for the subsequent steps of

A A PrRA FNGPPiataro i FOHVE FLRIORR (10E BXgFbe,

AR ST BB e Tes, TRl A e °

mlmob’tlnet etbresishis performyest atimmw speec(1500amnon Ty
d 0, nm 1 |
QBRSE TIACOVPIogR PRg o Be Rt o alato R may e
iYehédd By Bﬁﬁbﬂh?@' éHoﬁ[ﬁl@rco%iﬁﬁQp TRe find fHENesBR tHhe

enpl oyed to define the |ayer. For better uniformty,
pthhéoreSIpt (measpred ontaplenar sHdacedtis 24 Hyar flbereaskis a | ow

YBEEPoBAL Y alTke coter RTIFAT ARy A a ¥erRbidd .
dhmt@éﬁ'@;@rnﬂ@rgplﬁotdmﬁiét@mmn@ ahe Al Iawlr i4 sichkdeshod
the photoresist (neasured on a BI anar surface) is 24

Sﬁmlanm@c%%t@ that usgabfathe &ed\y BtcBingdnasls cover t he

non-uni formties of the deposited photoresist. After

or eébﬁ@erﬁ L rBthachind TdbMidaticy %Fode%s@é Hb%ﬁbe
P 4

u3| simlar process to used for the Cr/
empduyecgfdrm falricatidn oebmmhrn 1@¢haFonexaropies Ialamitmglatlng may

oo Rer AR oI R OR M Pl o)

el ectroplating may be used when the el ectrode

[0885]" | FIG.T 88l GlaphiddPMaktrhiida of exdimplagy %bs@ﬁbperatmg the

illustration of exenplary steps of gperating

bisichéim 190 iwcellgorting by gaﬁlecptrfg:we%is el @tfia@rplﬂwté%tms sheavn
|rf ﬂ'llér FIG, lfjgllerc%éé) %9 ﬁan h@lﬁ&@%&%ﬂné}%ochgﬁﬁg e

of a™m cro aving t hape
sHape depittedinfFIG. MEF Thehdepdetpd blak ferticlles peprisisehitarget

pr esent arget cells and the white patcticle
CP@?J?‘@@&'?FE WhER PeRickes rerspsent npRetagzstaed g éﬁ’@&?neral steps

Id\BY@dVrﬁgsélélit@éfyfébtr‘ngﬂ épéél!srfﬂarﬁ %fn%hus&bén% ihERE loading

unwant e ncl ude oa Ing a cell sanple,

aae]lsaniplg, adtatngtite hipchipnemering mnzanam&d eells, and aeepvering
treCfJ |ng target cells. [0056] As illustrated, the

ol Sl %@ cal sanple that is to be processed by the

device 100 is first | oaded in step S600 into device

[00BB] Voawilldsiréaetie biological sample that is to be processed by the
device 100 is first loaded in step $600 into device 100. Many different
particles, including the target cells of interest, will be suspended in the fluid
that is loaded into biochip 100. Pump 1200 (FIG. 5) may be employed to
introduce the sample into the microfluidic channel 250 by way of the inlet 110
and flow chamber entrance 240. For example, pump 1200 may be a syringe
pump used to accomplish cell-loading step $600. Other similar instruments
familiar to a person skilled in the art may be used. These might include
peristaltic pumps, pipettors, and Hamilton syringes. The loading of the cell
sample in the biochip device 100 can be entirely automatic or manual |

depending on the device user's requirements.
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particles, including the target cells of interest,

W Il be suspended in the fluid that is |oaded into

bi ochi p 100. Punp 1200 (FIG 5) may be enployed to

i ntroduce the sanple into the mcrofluidic channel 250

R S R A
sESfhtbA @Q&@@Pbblﬁ“(s%%\dn éé’@i@bk‘?a&kﬁ’s)%@n@%nv@ﬁté& é:ells

simlar Instrunents [1ar erson skil

(showraas while mtlueemharmﬁsﬁr@mactlmlmﬁ the diachipn 09 c
o5 op e 85 B LS os el SR e

a?élbk;ﬁéﬁého%@lt el parcleSRMHake f@lﬁé@ afd genomtéd thrdeyh e
user's requirements. 12 [0057] Device 100 is actuat

ed
applicatiop daLoon-mpniforny ejadtipstieideesossibegnigerfisgic channel 250.

Sl A R R I Rl L e
pfiatd dicuiirbparacPCBat thas aﬂﬁwu'fgethblmhulmfotﬁﬂelectnc field to be
Di el ectrophoresi s separates the particles using

ceﬁaéeéévraom{tag@tw%ﬁé% Thafuncler 9@5@5@1%11%%0550%%
m%@[efdrm fflﬁgmﬁzgdfgm «?\'Ea?e #RNEE 3 RE sﬁﬁmeﬁgﬁﬂrdé’r% dnve the

I ca ormelectric acr oss
bmohrmwml d| c channel 250. sol der bunps 300 of the
bi ochip 100 may be el ectrically connected to a

i nt CB | t
iGHiael el DphoftRrL (b R Srasaiis ot Wit Mresppngreti
fo?r@élr&9héﬁ&9en6h%éttﬁ&hrmhsﬁ@em@1t@1 didEtrie phpidlé isplaced in
wavef orm (e. a sinusoid) to generate the AC drive

apiejerirical fiekt that is @pairallwonﬂéﬂlfomooﬂqﬁ@lq@mprpo@wjorce is

RS B RSB BREALSL R At gecca

poleiratom dipoled! indheinectral dieatid particles pl aced in an
el ectri cal f| eI d that is spatially non-uniform A

di.el ectro force is reate bec

[943%8 o iR gived pells eyHe Fodelyd cghe !E'&es The DEP

f&b@ %E‘fn'@ 8h a 89 \ﬁfth é%ﬂ% d?'rPé‘ér? Be 'd@térﬁﬁ‘néﬂde Ukinglthe following
dielecttic particle. [0 Bi ol ogi cal cells may be

equalidred as spheri cal partl cI es. The DEP force acting
on a cell with a radius of r, can be determ ned using

t he foIIovg n% [Ke]%@tion: F = 2)zr3sn, Re[ K] DEZ

m e

where ¢ is the absolute permittivity of the suspending medium, VE is the
local electric field (rms) intensity, and R [X] is the real part of the polarization

factor (Clausius-Mossotti factor). The polarization factor is defined as:

* *
£, &y

* *
&, +2¢,

where ¢, and &, are the complex permittivity of the particle and medium
respectively. The complex permittivity for a dielectric material can be
described by its permittivity & and conductivity o, wherew is the angle

frequency of the applied electrical field E:
13



where s., is the absolute permttivity of the
suspending nedium DE is the local electric field
(rnme) intensity, and Re[K] is the real part of the
pol ari zation factor (C ausius-Mssotti factor). The
pol ari zation factor is defined as: Ep -Em K sp+2sm
wherere . a @ s;, are the conplex pernmittivity of the
partlcle a @Jnedlun1 respectively. The conpl ex
pern1tt|V|ty for a dielectric material can be

U, 5 Bl B s W GRERE
eﬁﬂ)@r?érfdeﬂ% 4 'r[?ghﬂslé:—rs de?per@ienféné fursel &G86lord hehabieythe

equat | ons de nstrate that the DEP force that is
DERpfarce feopopbyticnap tr thectaduns of épe padicte and g, ribedsigleeific
factors. That is, the DEP force is proportional to
péhﬁlm@ﬂytﬂfﬁh@fnddilﬁnnﬂwmdi maml'ﬂele is stubperticsl. dtisralso seen

permtt|V|t of the nedium t
wmw"ﬁ%nlv&xaewgee@ﬁ)é@me &qugﬁe‘ié%&lg P"g%'ﬁyon-
uﬁ?F LAG%a ﬁp%@?’m&%‘e EHS ofl thet I&lt{/ b?lrﬂa él@cﬁ@rﬁe[d
uniform an he orce oes not depend
(allowamg A excitztiondd betusied)fi el d, (al | owi ng AC
excitati on to be used) [0061] Fromt he

DEPR. f '
I o e aymiE b a FtiinRoine REPTgl® gy 8
de@n@Bﬁ e8é rﬁ/a?rmahéranaaéug@ Bf tHeaaP pattof Thusffedtivehpditvzation
litude and frequency of the applied alternating

fac}ht?n &nfl hyadyothdhe @mn!@udﬁ anefeavensy ef T@evannheauaﬂf@mqwg
a
cbggm @]de)rhe% Blglk ﬂ%gf\ﬁéhlﬂ g\/tlllr é c%&slam Jﬁ&ﬁ%ﬁﬁé@bh@reﬂc

faree I@&Eénmce& thyy aqdam:laf Peparticles alvestrattural grdogheniicak,
and thus_its diel e_ctroreacgrretl c Jove

. ._For,. I .
PEORITREWillalpo GEPP ks HBIAHN BIGIPESIOS, s & Cicearaphoretic
c c
o ok SR R B bl B rgRGlookes, SRLERAY
asciiteperes, taanwpctgvuon/,\mhlenatypeacyteplasm|@ sbhdgctance, cell
nP ?rllgrralnzea}'glsm{ar%e capacitance and permittivity, will all affect a cell’'s

polarizability.

[0062] Also affecting the dielectrophoretic force experienced by a particle
are the dielectric properties of the surrounding medium within which the
particle is suspended. The effect that the relationship between the dielectric
properties of the particle and the suspending medium has on the DEP force is

described by the Clausius-Mossotti function. If Re[K] is a positive value, then:

£, > &,

[0063] This means that a particle is more polarizable than its suspending
medium and as a result will experience a net force toward high electric field
regions due to an induced dipole moment aligned with the applied field, a
phenomenon known as positive dielectrophoresis. When a particle is less

polarizable than its suspending medium, then R¢[K] is a negative value and:
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[0062] Also affecting the dielectrophoretic force
experienced by a particle are the dielectric
properties of the surroundi ng medi umw thin which the
particle is suspended. The effect that the
relationship between the dielectric properties of the
'partﬁbrégand t he suspendi ng nedi um has on the DEP
force is described by the O ausius-Mssotti function.

i8os 41" intSs HeRS FohitBns e vkuidegpshoreShiis g vult, and

thé Eaﬁléf@é%ﬁ&ceﬁ%dhét%ﬂﬁqoﬂ%r@ldv@élé'ctnd’\l"[élb r@gﬁﬁﬁé | ARE® an
a net force toward high electric f regi ons due to

lr:eduqeddim@le raom@ntaahmmmpmaltgrtedhevapnlledw&eldp plhectheoretical

B to PR B AR e part el c i 1 ess

pol ari zabl e than its suspendi ng medium then Re[K] is

‘a nega@_r,\tqrgygl_]ua.lapd 14 EP < En [0064] Under these

condi tions, negative dielectrophoresis is the result,

and the particle experiences a net force toward Iow

[@065]t r | &s hotd] thregiatnms of theeelectriariield obated] adiogsineicrofluidic
to the applied fie

Cgoﬁ%gtaﬁ%ctg Tseqojl h‘[ac’qeﬁléayr 815PS5Hic Q;ws;@agp%JP geuration and
SQP%PQQNh%+ée&ro$é@ 6I5<1)r é?arﬂﬂbeﬁeldtd&fncgﬁfgﬁﬂé cﬁ1s°:§1 dr;lﬁﬁtest at

ectric field created across mcro
tissharp edgss oftthe ﬁa@oyroafes endevhdrg alésradascdffapposingspalality

ofS BlosPa Bl e ebfivsitatf 1S BALTBE, A1E DERFbrce wil
eIl redges erboridrRizfly eetihe desamddirvmeahe strfaet roww@ of

opposi ng pol arit are closest to each other
elaqtrggerlmr@aseﬁ E@‘or@alsg dscaygRe adenction ebLi; where Lisa

cb%@'oﬁ s |s1l\t1¥ Iér‘?@ﬁ %f af ﬁl C{HGI a’i‘IJlé/sealselétl?J%smp%ég}ﬁgngtFﬂg‘that

ace rode increase

tkegeymetis sizd andtshape@ﬂ’ elechodeb érfruehce shaapplied electric field.
characteristic length of an electrode. These

ddRed et BEse Saders el Sitsidhe HE stEe aypenicada & 8"
pﬁi‘t%\edcan beRREY télekpRit th@ %%réﬁ@é@ﬁétvﬂééﬁtceﬂﬂﬁfo? Qﬁffér@ﬁt types

force experienced by particle can be used
oedqﬁlem.nt nhyelo@:pgmairSéaiess;unbttlvﬁéhe cells wlbsenarafee\wbﬂm the

dgglﬁg s aﬁhpges elfggsrtg{)] §6\‘meﬁé){ %eggétﬁ'?d asér%bﬁgtesﬁ’acrgmel?&%, Mbe
target cell DEP characteristics can be used to physically separate the target

cells from other unwanted cells.

[0067] The selection of appropriate parameters will depend on both the
characteristics of the particular cells to be sorted and the geometry of the
electrodes on the device, but will be apparent to a person skilled in the art.
For example, if a positive DEP causing target cells to move toward high
electric field regions is desired, then R.[K] should be a positive value. This
means that a suitable suspending medium is selected such that its relative
permittivity is lower than that of the target cells. A suitable frequency of the

-applied electric field must also be selected, since the AC frequency of the
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device is actuated in step 5610. By sel ecting
appropriate paraneters, the target cell DEP
characteristics can be used to physically separate the
target «cells fromother unwanted cells. [0067] The
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the biological sample are typically studied so as to choose an appropriate
conductivity suspending medium and an appropriate actuation frequency of

the voltage source 1500.

[0070] As shown in step $610 of FIG. 7, when the device is actuated an
AC current is applied to the electrodes 190, 200 creating a non-uniform
electric field across the microfluidic channel 250, in a first mode to separate
cells in the biological fluid. The physical separation of target cells (shown as
black particles) and unwanted cells (shown as white particles) is a result of the
dielectrophoretic forces acting on the cells. In this particular example, the
unwanted cells are moved to the electrode 190, 200 edges or tips where

electric field concentration is the highest, while the desired cells are moved to
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[0069] As will be appreciated, prior to introduction
of the biological sanple into mcrochannel 250, the
DEP characteristics of the cell sanple of interest in
the biol ogical sanple are typically studied so as to
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e device is actuated an AC current is applied
to the electrodes 190, 200 creating a non-uniform
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flnids fdrdbe pocgmsecrfaggmmyindhibedargat éellyput sanpl e, the
target cells may be obtained by turning off the

BRI S8, 87 2 HERr RS Pefaotier SoPllarngpldc s ohC
opbitatitl the dicthinned f@Sselldpsing by electroporation. Optionally, DEP
and electroporation may be performed on the sample in sequence.
Alternatively, biochip 100 may be used to perform either DEP or
electroporation, on individual samples. As will become apparent, the mode of
operation of biochip 100 varies with the voltage applied to electrodes 190 and

200, by way of voltage source 1500.

[0074] The two illustrations shown in the FIG. 8 are close up views of a
microfluidic channel 250 that is defined by a central electrode 200 and a bulk
electrode 190. The white particles represent cells that are selectively lysed in
this process. The general steps involved in lysing cells.include loading a cell

sample, actuating the biochip, and capturing desired intracellular material.
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the outlet 120 under the fluidic pressure created by
the syringe punp 1200. A phosphate buffered saline

(PBS) solution may be used as a re-suspension fluid,
for the purpose of renDV|ng the target cells. [0073]
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applied to create
Jirreversible breakdown of the cell membrane. For many types of cells, lysis
will occur when the trans-membrane potential (TMP) that is induced across
the cell membrane is raised to about 1V. Empirical evidence has shown that
cell membrane properties, the external medium used and electroporator

protocols are all factors that influence effective cell lysis.

[0078] For biological cells that may be modeled as spherical particles, a
time-independent expression of the trans-membrane potential V¢ induced by

an external electric field is:

V® =1.5rE cosl
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a DEP force, so that the cells nove to the tips of the
el ectrodes 190, 200. This portion of step S710 is

simlar to step S610 in the cell sorting process and
the selection of appropriate system paraneters needed
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renove the desired intracellular nmaterial
ml of DI water into the tube. The centrifugation and washmg process was
repeated three times before the cells were collected and resuspended in the.
separation buffer, which was a mixture of phosphate buffered saline (PBS)
and DI water. The conductivity of the separation buffer was adjusted to about
50 puS cm—1 using NaOH. The final concentration of the cells was 1 x 107 cell .

mi-1.

[0081]  Prior to injecting the cell suspension into the device 100, the
protocol was to assure that the voltage source 1500 and associated amplifier
were powered on but their outputs were set to the minimum. This was to
prevent the generation of bubbles inside the channel 250 by electrolysis. 1 pl
of the cell mixture suspension was injected into the biochip 100, The drive
signal was increased from 0 to 25 V., gradually. The signal frequency was

anywhere in the range of 20 kHz to 100 kHz. When the actuation signal
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fromthe mcrofluidic channel 250. [0080] The biochip
device 100 has been successfully applied to the DEP
mani pul ation of yeast cells. 100 ng of yeast, 100 ngy
of sugar and 2 nl DI water were incubated in an
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[0084] Due to the large difference in thickness between the thin electrodes
800 and the thick bulk electrode 900, a force gradient in the Z-direction is
assured in addition to the force gradient in the XY plane. Microfluidic
channels 250 are defined by the walls of the thick bulk electrode 900 and
numerous thin electrodes 800 may be patterned on the bottom glass wafer

150 within these channels.

[0085] The specific physical configuration and structure of thick bulk
electrode 900 and thin electrodes 800 affect the nature and strength of the
electric field. For example, using circular shaped thin electrodes 800 having a

diameter of 50-200pm and a height of 0.1-1um spaced very closely (less than
20



free fromfluidic dead volunmes. This was verified by
primng the device 100 wth cells and counting to

confirmthat all the cells were imediately fl ushed
out when no DEP vol tage was applied [ 0083] A second
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lﬁ%ﬂ ‘The specific physical configuration and
structure of thick bulk electrode 900 and thin

el ectrodes 800 affect the nature and strength of the
electric field. For exanple, using circular shaped
thin el ectrodes 800 having a dianeter of 50-200m and
a height of 0.1-1 mspaced very closely (less than 20
100m to a thick bulk el ectrode 900 having a hei ght of
100-500m achieves a strong electric field across

m crof l ui dic channel s 250 using a | ow operating

vol tage. [0086] Biochip 100" may be fabricated in a
manner simlar to biochip 100. [0087] O course, the
above descri bed enbodi nents, are intended to be
illustrative only and in no way limting. The

descri bed enbodi nents of carrying out the invention,
are susceptible to many nodifications of form
arrangenent of parts, details and order of operation.
The invention, rather, is
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i ntended to enconpass all such nodification within its
scope, as defined by the clains. 21 WHAT IS CLAI MED
IS 1. Anethod for cell sorting, conprising: |oading
a biological sanple into a mcrofluidic channel,
formed between two conductive el ectrodes, said
V¥¢HAdt I5ddkeAIMBEEEB: sing tip portions and thus defining
a center region and bay regions in said channe
| yi ng a otential difference to said conducti ve
negpskfo ESS&ﬁHGmBaPQ@P”SWQiIS to experience a
d|eIectrophoret|c force under an electric field and
thus nove into said bay regions, and keepi ng unwant ed
cebhdingra bislatical satgie indgiaomicrofluidiciahgnael, roredipeten

cells fr crofl ui,di c.channel  t hrou sal d
Moot eﬂ%qtrﬁgeansaag SeeuGIpP apmreyRLER gpdions and
I 90¥ ehiAGgSRL tb?‘F dn aRH Ibayfre§ing 3h dafdl cHaMnkeHi di ¢
channel throug sal center ‘region by renoving said

electric field and using an applied f|UId pressure.
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ceﬁsristebtpdné@ée 5 elidledtyspHigetic RS LAIOCAN BRedidTeld and
bi ol ogi ca le into a mcrofluidic channel, wherein

sdhys rmﬁ\@rlatq aalduhaydﬁammét ang Kespigpainvwsitied eelle in said

.applying a potential difference to said
congﬁ%&éﬁo "l ectrodes causi ng target cells to

experience a dielectrophoretic force under an electrlc

field rmV|n sald ceII to the.ti ps of
Cdﬁ&lﬂﬂﬂ@%ﬁl eé, ﬁlsa{qg Wﬁr@ |qu1ﬁ,6 rmﬁlgyough said
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causli ng ald ta s to experieénce
eIectroporatlon 22. 4. The nmethod of claim3, further

t | |.ul t I .
TPRovEGEedif et (R oineSiE misreRliE PR gl spic
S%érﬁéﬁeglon by removing said electric field and using an applied fluid

pressure.

2. The method of claim 1, wherein said dielectrophoretic force exists in three

dimensions.
3. A method for cell lysing, comprising:

loading a biological sample into a microfluidic channel, wherein said

microfluidic channel walls are conductive electrodes;

applying a potential difference to said conductive electrodes causing target
cells to experience a dielectrophoretic force under an electric field moving

said target cells to the tips of said conductive electrodes; and

applying a high pulse potential difference to said conductive electrodes

causing said target cells to experience electroporation.
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5. The nmethod of claim4, wherein said

di el ectrophoretic force exists in three dinensions.
6. A nethod for performng cell sorting and cel

| ysing on a single device, conprising: loading a

bi ol ogi cal sanple into a mcrofluidic channel in said
device, wherein said mcrofluidic channel walls are

capduct i ve. el ectrades ng. a pote

4q; T s 8158k & Elines 2BMRpsRfa BePSHAY [fiaceliyer matorial
floft 851 taRJelt %eﬂ@u@ih@@féa@@%afbdjw% GhagRewy Qlrfacd, or ce
under an electric field; renoving unwanted cells from

said mcrofluidic channel usi ng an applied flui d| c
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deneesibegice a di el ectrophoretic force under an
electric field noving said target cells to the tips of
sai d conductive electrodes; and applying a high pul se

6p°A Sieth8d f dﬁérﬂrmcélf?éﬁbg a%ﬂ'@%l‘lqgéiﬁg ofl £6hpRAGSvice,

causi ng Said target” ce experi
ceimpeisingpor ati on. 7. The net hod of claim6, further
conprising recovering intracellular material from
said target cells using beads coated with a magnetic

sur f ﬂfé%m% TJIS Bl &eApifing é‘hﬁér&flu%r eéér?éd?]e‘l;ﬁi &hid device,

di el ectr ret c force exists In di nensi ons.
23 wherein said m]Ci"OﬂUIdIC channel walls are conductive electrodes;

applying a potential difference to said conductive electrodes causing
target cells to experience a dielectrophoretic force under an electric
field;

removing unwanted cells from said microfluidic channel using an

applied fluidic pressure;

applying a potential difference to said conductive electrodes causing
said target cells to experience a dielectrophoretic force under an
electric field moving said target cells to the tips of said conductive

“electrodes; and

applying a high pulse potential difference to said conductive electrodes

causing said target cells to experience electroporation.

7. The method of claim 6, further comprising recovering intracellular material

from said target cells using beads coated with a magnetic surface.

8. The method of claim 7, wherein said dielectrophoretic force exists in three

dimensions.
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