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. 60/586,718 filed July 6, 2004,
the contents of which are hereby incorporated herein
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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
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bi oengi neeri ng and nanotechnol ogy relates to the
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AolEsi gy NeaPofaprue el dHy behiEe b ShatRRt viich are
herébEintofraledanabydsret¥eheds (p-TAS) or a

| @b-on-a-chip. Theése devices are becom ng

i ncreasi ngly popul ar in bionedical research, disease
di agnosi s, food pat hogen detection, environnental

anal ysis and forensics. The devices are portable,

I eQUk- I e and reagent sizes, and may be
usgﬁﬂtﬁ; C%:%ﬁgﬁﬁg@h\goi nlCﬂgf care testing. [0004] Sanple
preparation is a critical conmponent and inportant step

[0002] tThe prskypsinyepiiac edatesaeneadlydota biplogigal @aGice for

device., Front-end sanpl reparation for nol ecylar,
mariir RRlotin) SPRIDERL SXYTE PR P S latspeaschip for
sortifBBhdIYSIRE bidbgieh! Sarkblek ey didlectapRbesBURHY SBchbaRaton.
tissue’ is obtarned 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

t ypheRdoPaD YRedHe Nsiiepiigd in order to rel ease

the intracellular conponents such as DNA and RNA t hat
are to be analyzed. OQher steps in front-end sanple
[0008] epdr aovang Aesa Phisisedechpnrthe fieldsidwiegngineeringr

nan%ﬁéﬁ(ﬁ?&{él%{%@# @Iﬁ% &fégléiéb%f irﬂSBHtéd n‘ﬁrqign}rg%evices capable
of performing chemical and biochemical analysis of biological 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 -TAS device. Front-end sample
preparation for molecuiar, 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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nunbers of target nucleic acids. [0005] The use of

el ectrical nethods for performng the steps of

separating, sorting, and lysing target cells are

popul ar. Two such nethods are dielectrophoresis (DEP)

and el ectroporation (EP). [0006] D el ectrophoresis
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particle. A particle's own structural and chem cal
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particle is suspended. A particle that is nore

d'efﬁﬁﬂr'ﬁrﬂaﬂ!\%@e than its suspending medi umwil |
experience a net force toward high electric field
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son NS BT Skt PPy el 500 LRSI
expeaendml wacﬂzatrtmlexp.l mrrticleleowh Birectard emdagionsieal prosérlnss
will Slserftask is BlaleciBe properties, and thus R Haiecepnores | 2 &2
movement. For example, a biological cell's morphologies, 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 particle 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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separation and sorting nay be perforned. [0008]

Di el ectrophoresis is ordinarily perfornmed on a device
having a glass slide with an array of exposed
interdigitated and castellated mcroel ectrodes to

%gffe SriGidd ed. The microel ectrode
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of the glass plate using a technique such as
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be zero. [0010] O her general problens associated with

conventional _dielectrophoresis devices relate to the
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|ume of the flow chanmber, (several hundred
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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 technigue for
creating cell membrane permeability that may be used to perform cell lysis.
EP causes cell lysis through the use of pulsed electric fields of high intensity
thal 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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as DNA, RNA and nRNA. Enpirical evidence has shown
that cell nenbrane properties, the external nedi um
used, and el ectroporator protocols are all 3 factors
that influence effective cell lysis. [0012] Typically,
cell separation and lysing steps of sanple preparation
are perforned i ndependently using separate test
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accordance W|th an aspect of the present invention, an
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source applies a suitable voltage to separate and/or lyse cells within the fluid.

[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;



[0016] In accordance with an aspect of the present
invention, a nethod for cell sorting, includes

| oadi ng a biological sanple into a mcrofluidic
channel, formed between two conducti veel ectrodes, the
el ectrodes conprising tip portions and thus defining
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cell lysing, conprising |loading a biological sa
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conductive el ectrodes causing the target cells to
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causial lthé ¥sbeigcals ta expenghee dievirogorationpri sing | oadi ng a

bi ol ogi cal sanple into a mcrofluidic channel in the
devi ce, wherein the mcrofluidic channel walls are
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] er (_ence to the conduct I‘ ve e ect_r odes CaUS_I ng
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conductive el ectrodes__causing the tar%et cells to
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causing target cells to experience a dielectrophoretic force under an electric
field; removing unwanted cells from the microfluidic channel using an applied
fluidic pressure; applying a potential difference to 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 fo 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.



electric field noving the target cells to the tips of
the conductive el ectrodes; and applying a high pul se
potential difference to the conductive el ectrodes

clausi ng the target cells to experience i f
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of ordinary skill in the art upon review of the
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i nvention in conjunction with the acconpanyl ng
of titg gigses!t iNSeWRITEF DESCRI PTI ON OF THE DRAW NGS [ 0020] In

the figures which illustrate by way of exarrple only,
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per spective' view

exempmbaau epibaiimenbodiheentsaft ithentiphesent i nventi on;
[0022] FIG 2 is an exploded view of the biochip of

FLG 1. [0023 G,3is cross-section view of the
[003g) oclﬁﬁ' 81is gD ngjded[\@‘@)‘iﬂf%ﬁ @005'9 & élGodtit om pl an
view of the biochip of FIG 1; [0025] FIG 5 is a

[Goz%?hem' @b%%ﬁf!sé’ét;o% ¥R Rd BE)'cHﬁJ S9F1Eg; bi ochi p of
FIG 1; [0026] FIGS. 6A to 6F are enlarged Schematic

di agranms of possible geonetric configurations of

[0028haniré®. dag & Hogpn planbie bf predpiornie, of Fland, t he
electric field vector distribution generated by the
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sorting pr cess
FiG.dgraphical illustration of the cell lysing process;
[0029] FIG 9 is a cross-section view of another
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DETAI LED DESCRI PTION [0031] FIGS. 1 to 4 illustrate a
electiefiplevaciordistribaiion generatp®dhile elggirodes;

f0027]  FIG. 7 is a graphical illustration of the cell sorting process;
[6028] 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 8.

DETAILED DESCRIPTION

[0031] FIGS. 1 to 4 illusirate 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.



exenpl ary of an enbodi ment of the present invention.
As will becone apparent, biochip 100 nay be used for
di el ectrophoretic separation of biological nmateri al
and lysing. 6 [0032] Asillustratedin FIG i, biochip
udes an in an _aut m ddl e
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and fier af tHezfidw ahasibet.ps 310 320 visible in FIGS. 3 and
4, formed on the bottom of bottom | ayer 150
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board (PCB) that may supply the biochip 100 with applied voltage.

[0035] Inlet 110is 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
infet/outlets 110/120 allow the loading and untoading of biclogical 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

approximately from 20-500 um in distance between electrodes 190 and 200.

[0036] As schematically illustrated in FiG. 5, biochip 100 may be
7



inlet/outlets 110/120 all ow the | oading and unl oadi ng
of biological sanples in channels 250. Exanple
appr oxi mat e di nensi ons of biochip 100 are 12mm
(length), 4mm (w dth) and 1.1mm (height). El ectrodes
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configu
bulk %trtrocg%‘é%%@n%psnﬁ@ls%%r%de 200)e %\bﬁmrmtj@'%@@péﬁw@f the
i il
con o SRt LameRRE St a1 SfpBS st
and wil ba apppussit tethdse@! cBnapnskibf f set (FIG GB)
configurations. The radius of the sem-circle is

[oosg?pprﬁéb(*%heé#d ég]fﬁ@trdéqgﬁg}\erally semi-circular electrode tips

with opposite (FI1G. 6A) and offset (FIG. 6B} configurations. The radius of the

semi-circle is approximately 50pum-400um.

[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
50mM-400pum in width and 50um-400um in length.

{0041] FIG. 6E and 6F depict an example triangutar 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. The height of the triangle is in the approximate range of 50um

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



[0040] FIGS. 6C and 6D illustrate an interdigitated

electrode tips with opposite (FIG 6C) and offset

FIG GD configurations. The di nmensions of the

[ nterdi gitated el ectrode tips are generally

rec | ar. and a te 50m 400min w dth and
tips B %ﬁﬁ)roﬁ'm%ﬁqd?ﬁge%égﬁl %?/%f M6E and 6F depi ct an

exanpl e triangul ar el ectrode structure wth opposite

[004%F Grhélé}roﬁ@dsmlééiﬂb field &nd BEhrpaht &@n@éat@a% thE8reas
angle of the triangle formng the tips of

g
wherg|tae spaer be&vmbtdbmlqu@twoyamd @ﬁmtw eg@ctraﬂ@gztaw the

st a0l AR, 62 IRARRLPITE B

ArrovieaySsraaligvaengtiinddicoeatiord whe the digcttib SieRPRIPXS Bt e
range of 50m 200pm [0042] The strongest electric
gradi len@r@ tRAveakeshsaghastin éfﬂ% by i eeiwernttve atiaesnt e e

an ol o] R G TRE R e R P oR PR g
BA afd € m 66arico6BFainy R ATIVSF dﬁelmm fiblengtemgth & Grewsecef

er I th i ndi c ocati ons where the electric
for th%ﬁr@r&;% Peteod E’gW%ﬁJIPéL '%%r% ane Sheicbibe weuast iy tha

genertahg ré’(%ﬁ%u[ﬁr %@c‘ﬁ%@@ UE%}‘ mgcéﬁtaﬁd &5 éé@surﬁiﬂg the
el ectrode). th ree el ectrode shape
appiiaﬁbvﬁlieg@rmd distarickel heswean bdlk eledird@R 19@3anelmdanl 6C and
e electrly field strength is
e

eleotrag;%gﬁﬁgsl; %‘?‘m?ﬁ‘é" El”i FAHGY A S ect rode tips of FIGS.

CE and 6F and the weakest for the generally

[0043) ecmm@uharpt@lL@mg“m@emam@ﬂaoﬁuaﬁls%e cenAgeafibh depicted
in Fo assum n pplied vol tage and dj stan Ge begween

UGB, BRer I A AHCORE e dhict P z‘eson ! wilk e
achle\m 4 BLstéﬂde &fom e AR ]%nél%c:tr&pep b ‘El%l 51
I'ng t ri ang ar vva ape con ura epi ct ed

operatmig Ed)l%e &Zfﬁmﬂj BFeryejth Sgbe(mrfg absk tﬁalhe‘i'[ﬂldﬁﬁ HS'@’[GJ@@h
thanl. 6 x 10 achi eved at i stance of

tr fangwlabWﬁf'F'B%qf ﬁ@nlé%@?fﬁ%@ ?%@ﬂ%;DUU%@'ﬁ@“%d% ﬁrﬁmresul‘fs; in

suchf%ﬂ?éﬁ% gvol tage of 25VP.P. Very small spacing (less
han between triangular wall tips of centra
electrode 200 and bul k el ectrode 190 results in such

[0044F i ereQJa@ﬁg'ﬁm g[aeezﬁh]wrch@ ofbxaspkE bipelop-igitasay be

fabrica%{i %%Fnlﬂ)r\ﬁal%r ISVET S xc%on%mdotoloqgat%&gfﬁ?/ sealed fluidic
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 Corning 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



fabricated using wafer |evel anodic bonding to create
a fully sealed fluidic environnent as follows. O her
mat erials and fabrication techniques will be readily
apparent to those of ordinary skill. [0045] First, top

o305 0 A9 Lo U B G LA Bl g o2

pho(o?aglmgblaﬁﬁam ns@@ Tﬁé@j)eew RIE &chiniis Iﬁiﬁﬂéf’chr@fugm@e
for exanple be 11l ed using dianond bits to

S'ilC@rﬂ é’é’tf%r 140hyih angpe- ez@moarﬁlae @@ﬁﬁéﬂbﬁtﬁﬂ@ 235. The hol es

are of a dianeter of approxi mately 1. 6mm each. [0046]

0ol S RGPS e AU Bt

e sil1con
is maﬁecﬂhed@‘eﬁéﬂé},@ ﬂr@@aaﬁﬂmm simdat metiner channeksb@sdngr e
etched in Ia¥er 140 using a deep reactive ion

siepetwﬁ HNIrRNEpetEeen i glags @@fera 1390468 ra8si 156 Sitigsk may
elecpgﬁiéésfl% 'i-aﬁ)elsq%ig)rﬂeﬁ rﬁéﬁ@él@ @e%?ﬁ:ﬁr‘igﬂfrg}f'%hoftepﬁafer
SI p-etch on the glass

i con waf er wth a st
bondeubstrate [ 0048] After rermval of the photoresist
Iayer a further wafer to wafer bond is nade. The

o0 e B R B A
snmpﬁ@%onﬁ@@ncﬂngf H@eeelébﬂrdzmoﬂ‘i@@td §iad@00, 90, 1 S

performed manual | on the bondin rame of a wafer

reSP@ﬁiWQb’r that eoa $rrmeskthroyglethsoatism dayves  S@aflewet emmﬂgg

prock g 8ok % REHA DB AT A

the Iireeslpee:tﬁi\ﬂeela/deématet at@nfgmmdﬁ theosigh of ben@a@ﬁéwﬁbt‘e@yer

150. A wet etching .proces r creating a 500 pm deep
becofigpyrY B Abedpate iaey o e et auPi ek Warer

the fihhllBARbHT s gi‘gaﬁéf trAndeR/Pn)\WEbr §1iS RGP Tt%ﬁééeés%ﬁy & ze

of generated holes becones very large due to

make 6t ihegyotismm etasisi wafe( fi66. HﬁiS@mQﬂth&keM@md by et
ctchif W BATBER F RaSeiRled o h P o Tiliiob ol deds hEREr ™
(Cornls7 740)i iteps @c;eas;»or@smgo,@éﬁ@rrrrmmb}n gbton &t akiirg 4 pvan

m. zed HF q /? 3799 10/1 solution. The l\%l ass
contegggtjox:des that glves rise to insoluble products in HF (e.g.Ca0O, MgO or

Al203). These insoluble products can increase the roughness of the surface
due to their re-deposition during the wet etching process. The role of HCl 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
stow magnetic stirring until the thickness of the glass is around 100 um. The
uniformity of the process is relatively good with only 20-25 um thickness
variation after 400 um of etching (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 bottom glass wafer of
layer 150. An ACr/Au (50 nm/1 um) masking layer is used for the via-holes
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(Corning 7740) offers good bondi ng performance on
silicon as well as a low content of oxides that gives
rise to insoluble products in HF (e.g. CaO, MO or
A1203). These insol uble products can increase the

e-nod%aq"‘n";?ﬁ%’%a%%@%n“é@ Wt By st Porigs e a2 pid hick
phofoh@s@gtc#%@ﬂwdié éz@%%%%é.% gdﬁgﬁgﬁbg@@ﬂ%ﬁéms_

nto e products
Theiphetdredibernpsio dhuicdst wakeddat o %hfdr;BGrredwmes innedeetochi ng
rate. The thinning process is perforned using a Teflon

impreea ke adirpion PHNGaERRSt Q1 GieiAY |aygruRLring e eﬁ%"&ness
procBls Heepl%tgnce%iﬁt ?’a;?err 9#8‘!908150@!89% hﬁfgtﬁ 9@6@@@@6}%&0&]‘ B

process 1s ood Wt
150t mhe keresdis stredsiirduozal aaﬁmeCrmonankmg leperivandedd teecracks
process uniformty enporarily, bondi ng

in thf Wt%&ﬁh@éﬂ@hivu%’aﬁemfea Wi eliian 638 sangtaiabroudn
thes P ERARE b herRal I IBE: Ahoden SR e omRASRSRE D
HF eM%g BQjOtuam & \ﬁmrrrﬁrda pmmtt)l'&smcbmy&umagl ﬁﬁsmvmi\@rthefoverall

etCh'UEéls‘Ffé‘PC? I‘?Aqiﬁ ciats] ”Séay% [%%79 %‘?osp‘ﬁ'ﬁ{%a ﬁ?ﬁ ot

photérd8isEhbMttr B8 aREIHI oPEEksUSHA -5k én PR [B}hc%res:st increases
phot oresi st (for exanple, AZ7220) and cl assical gold

its adiesiosherositanast aihraneoval Phehplese Gsidsrrsthenssicks slunagd

e B RS B B R o TR e

etching process the photoresist |ayer reduces the
[0052]i keThdtrickneissef dokgolg lapetalso byeran ibfbriafheole énai | e

str d t h | ead t
G000 GYERG PP e SR G P ey b e BR Erares e
rougri syt an.nee@see ARk atrﬁn Uartaugihmt heré.@ec\raa@é@f athce

generate pi nhol es t hough the resistance o
rougfﬁmswilémoseasmthemwrebem@fﬁg@émnp@rmtra@rp@@ﬂts i fige

maskg{bgl%?élegﬁﬂhel e it aﬁfhle ndrEfB’éro(Yfecré&% O[ﬁf[rﬁlrr%astmﬁgethe

ng resi’s nce |ayer
ihmkrﬂﬁsﬁﬁl@@ﬂhﬂgy@r tt&epenetm&lonp:lrfdhe ee:mus;g soienem trabegh Hrml
Har d- baki the ghot oresi st Flcr ea

cracket ga%\%fﬁéé C‘?fﬁs ) Sé‘?}’}’?ra%% AFTR! %g%rm%?cepcp{r&

procefsé%nntlﬁ%véﬂ a@f&n%’ l§/I&1@@‘i d mo%beﬁbﬁﬁe(ﬂ‘% POERSS solution:
beconmes nore difficult. [’005 The thickness of the

HF/HGbI /11 aApeCréhg ongskdy sermnvedoineaame Bl @ndriaeichants.
Another wet etching process for 1.5 min (equivalent to a depth etch of 10 pm)
is performed mainly to remove the sharpness of the edges and also to 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 sieps 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 pm) layer deposited
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good etching process. After the wet thinning of the
waf er, the surface roughness (Ra) increases from1l nm
up to 10 nm A large value of surface roughness wll

i ncrease the nunber of stress concentration points in
the masking |ayer and therefore increase the nunber

usiag agrezbRaM BRPOFRIPBASIMHEK PaRitiva Rpeteresist (G QN@@TDA@
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pho%r%gﬁf‘gAﬁB érﬁ@ﬁ%@%@?ﬂﬁ@hﬁﬁﬁgmﬂ}&ﬁ% eglgbgeptrﬂ;ug

simidrgirong3s toTthet nwel fardbe CuLoéiching redgle shar pness
pl ays an inmportant role for the subsequent steps of

bri t 0 roces fl d
00345 PRk HorRL TSR Enind BErRACAhfTiedbet DR fE " "
empTByad tdrZziaé FMticatien ePBRICARET 0 SFESeRMApIcd cRItibBIfiF g Sndys
elTmnated. [0053] Metallization | eads 310, 320 are

be ysgdnwlev e elechede patefalliagataliso.  Metal | i zati on may
be perfornmed using a C/Au (50 nm1 pn) |ayer

0S92 SISy HoBhes, MIsSaRrer Suanpen] Bpps brLplefina e
biookipp 0 &t detl swetiignby tiededteophoredior Tbetfmtenllumreﬁ@nmmwn
d at .a | ow

|nn|n of the otorelst S
in el Hagguo Tty vieks B 5 ete2ditle b pihehenth e
shaﬁ!é Gépldé&?mtmt&c sEess. TheRRYPINEE DIk pACIBS reprasemasaibt
perform ng a double coating. The final thickness of
C@”& ﬁ'ed thshehihe eartipleq iapaesand dosriagdcahar Thagreaes) sfapsp4

[
ol 38 ATy o B B PG Dy e] SBENEDt R
a cetﬁlmhmlesacsmmaj therbioctgp, temeoving Aowhaieer calls, and hesbvering
simlar process to that used for the C/Au
targ%tt%ﬁﬂgng mask. [0054] Conventional mi cromachining
fabrication processes may be

[0056] As illustrated, the biological sample that is to be processed by the
device 100 is first loaded in step S600 into device 100. Many different
particles, including ‘[heAtarget 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 celi-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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enpl oyed for the fabrication of biochip 100. For
exanpl e, electroplating may be used when the

el ectrode material is nmetal. [0055] FIG 7 is a
graphical illustration of exenplary steps of operating
the biochip 100 for cell sorting by

[o057¢! e@@mm@m actudfed ihctep S610sFI@! TQTuStraf&Wﬂe dhysical
the FIG are close-up views of a mcrofluid

sepaHatier ot %@ei Gl (Hepwhas bidakrartidgrkaRdiunwariad call. oF.
(snBy 4P RhAL SIS i BIELRL £ SRLERERbY IR S5bp R ©

and ticles represent non-

Derm&rqpaﬁnesfaé sspapses thevanigds usmge:l;efeb!rm@lho'reﬁ@lfdrbeg that
tar %et cells fromunwanted cells include | oading
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oS oFRSSFRLRE] Dl AL B8 1 k8RSl Aponol 200
solgerdnense 800 pf thmbxodbml 100 mega beseléctrisaily mdmﬂ;témtcsa ep

. $9600. i nf o dev fferent
printeR P A R P g BsAlepbd e Frerer acfiaiéi to be

reStesin{Nsl e ligiod, T Rthd B
© e§t‘é§l. umg) %gébo%&?&{aagbg) Fr}g?ﬁ nbdg%g I f/ée{OP 1580 ?Ht r oduce
wavdierns &gl @ simisoid) lie geherade the ACcrdieasigedl nz BOddrytogaiyedhe
b t,he pl et 110 and fl ow chanber entrance 240. For

e, punp 1200 nay be a syringe punp used to

loGyR, FrB b | d

acconplish cell-loading step S600. O her simlar

[0058ist r Dttt phbasdis (DEP Qe;aaramr islek luskty dieldch®ppsietic
be used. These i ncl u perl staltic punps

forcgi %MBP@engﬁdh%qwew hepa Ry dlectie Rartine B1Piaged in
an Gtical PRt i€\ p AN RANAIARY | & Bickdd AMbrOR A Ko Y

automati c or manual “depending on vice user's
createq becangmthe. inhiempQesdlis Beeirral 160 inducest weiged elechioap

S610. EIG, 7. i Iust S. t he physical separation of
poiapizalion Bledieslinbrd VAL ERIHE BAHRC es) *and unwant oc
cells (shown as vvhlte particles) that results from
[cOo5G]t | VBiblogitad telidhmalyimciiogeEdtas sphcticatpadiplear EHesDEP

separates the particles using dielectrophoretic forces
forcg RGNS AP %&‘Qb@ﬂh SrieaWSHy e RN B%ﬂetetrnwgedp ¥hiag dhe &llowdng

equifiéh:9enerated through the application of a
non-uniformelectric field across the mcrofluidic

channel 250. sol der bunps 300 of the biochip 100 may
be Iek@at iei, RH P EZonnected to a
whereg,, is the absolute permittivity of the suspending medium, VE is the
local electric field (rms) intensity, and R, [K] is the real part of the polarization
factor (Clausius-Mossotti factor). The polarization factor is defined as:

K _ 8}') ugﬂl

g, + 2¢g,,

wheree, and g, 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



printed circuit board (PCB), thus allow ng the
non-uniformelectric field to be created by a voltage
source 1500. The function generator 1500 outputs a
waveform (e.g. a sinusoid) to generate the AC drive
signal in order to drive the biochip 100. [0058]

Di el ectrophoresis (DEP) separates particles using

di ef ecttroptioretic force, a phenonenon that occurs
when a neufral dielectric particle is placed in an
electrical field that is spatially non-uniform A

[ooaoﬁl eTheepoobeiguetibes d@mﬁstr@tfeetataﬁmeb[eﬁﬁ’lmﬁ:etﬂhet is
onogenous el ectrical field induces unequa

experigpeed BYR PHEIa dapPerfediqa BYMbR! okt rTehat is, the
DEeggecﬁﬁéhgczmzﬁa ibThe WIFH o The raphgante,  eYchfic

perpﬂgvgyo@ @nrﬂ%dlughrtﬂlgyhigﬁ thq;paﬁlg%iisfoa@% %ﬁ%&% nlf_fzsegls%ssle%

that\eeti6es will bél téi@eﬁ@ﬁ@é atmzp%@btvbhéﬁ tne @kclidgield is non-
suspendlngmemm VE is the Ilocal electric field

uniformendi thakihe fpyce adoriReftidependidietheqzlaaraf the etegdric field,

al arizat i.0n. tor ausi us- Mossotti factor). The
(a”cg%'f]gl‘%égf(#'g%]ﬂo{' Sfeglgdefi ned as: K= EP " E, + 2s,,,
where s;, and sarethe conplex permttivity of the

[oowqr t i Felogn #Cmaiugosssttidatdtionl the DES mmmlses}hown to
ermttivity for a dielectric materi

depRRd SnitBR A 106 S iEh 6 11 SaLba ! dima oG Ryjazation
fact&'l“ﬁr il Pmﬁ eﬁﬁdﬁ%lﬁtﬁé %ﬁ@l %ﬂ%n&f OHPI% %%ﬁi'eb%’lematmg

ectrica E =E-J he abové
currequm(ﬂ)onm -deifens eleatrie fidtdawvilt thleetmyFaffemt thee d isdactiophoretic

eri.enc b rti,cle.is, depen n. a nunber, of
forof ARPRHE T OPhaY S Far e A TpsEib s T P ORbed B GIRRCR.
propdifey @hiLaTEo affebiies giafdcotied gropaeticsnand thikeitd drliegtopheretic
movement. For example, a biological cell’s morphologies, structural
architectures, compaosition, phenotype, cytoplasmic conductance, cell

membrane resistance, 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 partid!e and the suspending medium has on the DEP force is

described by the Clausius-Mossotti function. If Rg[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 Re[K] is a negative value and:
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permttivity of the mediumin which the particle is
suspended. It is also seen that particles wll only
experience a DEP force when the electric field is non-
uni form and that the force does not depend on the
polgrlty of the electric field, (allowi ng AC

excit afiron to be used). [0061] Fromthe

Cl ausi us- Mossotti function, the DEP force is shown to
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within which the particle is suspended. The effect
the sheap egaes pbihe eloplsorias ared where elestraries et bppesing polarity
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electigs increases. iR f%@moz%w&% fynddion pf penmhege L is a
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toward el ectric regl ons 0O an in
the agiopsitec saaemd Sﬂap@rﬁcelwttdﬁeﬁﬁeﬂwpmi tbd dpipied elextric field.
phenonenon known as positive diel ectrophoresis. Wen a

[0068F" * Af AP 1o AR Bk %grbétat%%érb Wreb' SoRHEREASLPE |

negative va ue'an

partidie cpﬁquelchdeaxmmmﬂe mm@nbegbelwmgeélisvw different types
the particle

e ectro horesis is t
or d'fg%(ﬁafrr?@ﬁ S EE oD el Rp b LeeetprE whpa
devideQ8iaeftedtstbp $8Y0. By selecting appropriate parameters, the
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 mave toward high
electric field regions is desired, then Re[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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i nduced di pol e nonent aligned opposite to the applied
field. The theoretical bounds for the real part of K
are: -0.5<Re[K]<+1.0 [0065] As noted, the nature of
the electric field created across mcrofluidic
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frequency of the applied electri
the ¢ellso be sel ected, since the AC frequency of the 15
applied field al so directly affects the polarity of
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into microchannel 250, the DEP charactenstlcs of the cell sample of interest in
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 S610 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 celis (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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frequency is required in order to induce positive DEP
Based on the positive and negative DEP forces, the
cells in the biological sanple can be separated or
concentrated. [0068] For exanple, the operation of

pay defpls hehoer e ACBRESHIA BExBben TP PR BBRERRILARE
whele tie BRCHILCHNS eontshtkiiBividend reast suspension fluid.
The conductivity of the fluid may be adjusted to

23- with a phosphate buffered saline (PBS)
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choose an appropriate conductivity suspendi ng nmedi um
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shown in S610 of FIG 7,
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electric flield across the m crof di ¢ channe
bay rag*anSéaflqmﬂ@ theydegirtt eglls todwsl fpgcadqowthﬁ th chaiyhel 250 and

the oot o Jilfer ARY BLERL p RERRICLLARAL, HRr heg S (8062

phospumteeaup‘aretd sdilﬁffe) (FIBB yasotugigu mapibetlmed ali @ restisppimget i
orces act i ells. In this particular

n
fuid, e R Pt B eCRIes Ofke moved to ¢ he
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[007330NGREG eaé ecmapﬁmbhmuéwnﬁﬁéf ar\BldrBpiRepdRekEed cells
opera?l?wg thD\t/)%chlp 100 for cell lysing 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 180 and

200, by way of voltage source 1500.

[0074]  The two illusirations shown in the FIG. 8 are close up views of a

microfiuidic channel 250 that is defined by a central electrode 200 and a bulk
electrode 180. The white patticles 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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16 bay regi ons between the neighboring el ectrode 190,
200 castellation tips where the electric field
concentration is the lowest. [0071] In step S620,
unwanted cells are renoved fromthe mcrofluidic
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vol tage applied to el ectrodes 190 and 200, by way of

art. yol tage source 1500. [0074] The two illustrations
shown in the FIG 8 are close up views of a

[007721' c ?;3?1% h S%ibscwﬁé%@l@gnéd?@& at thelAbLPSSE B0 2ddid &
high pulse voltage is applied in order to lyse or disrupt the cells causing an
irreversible 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.

j0078]  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:

VP =1.5¢F cos8
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el ectrode 190. The white particles represent cells
that are selectively lysed in this process. The
general steps involved in lysing cells include |oading
a cell sanple, actuating the biochip, and capturing
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mermbtaneduce the sanple into the mcrofluidic channel 250
by way of the inlet 110 and fl ow chanber entrance
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separation butfer, which was a mixture of phosphate buffered saline (PBS)
and DIl water. The conductivity of the separation buffer was adjusted to about
50 uS cm-1 using NaOH. The final concentration of the cells was 1 x 107 cell

ml-1.

[0081]  Prior to injecting the cell suspension into the device 100, the
protocol was to assure that the voliage source 1500 and associated amplifier
were powered on but their ouipuis were set to the minimum. This was o
prevent the generation of bubbles inside the channel 250 by electrolysis. 1
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 fo 100 kHz. When the actuation signal
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protocols are all factors that influence effective
cell lysis. [0078] For biological cells that may be
nodel ed as spherical particles, a time-independent
expression of the trans-nmenbrane potential V4 induced
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approximately 700 nm in thickness. The thick bulk electrode is approximately

100um in thickness.

[00841 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. Microfiuidic
channels 250 are defined by the walls of the thick bulk electrode 200 and

numerous thin electrodes 800 may be patierned 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 50-200um and a height of 0.1-1um spaced very closely {less than
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50 pS cm 1 using NaOH The final concentration of the
cells was 1 x 107 cell M-1. [0081] Prior to
injecting the cell suspension into the device 100, the
protocol was to assure that the voltage source 1500
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electrolysis. 1 | of the cell mxture suSpension was
volfgfeect ed i nto the biochip 100. The drive signal was
increased fromO to 25 VP_P gradually. The signa
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[00BGD wheceursbethel sivel destribed egibadiraohtsyase intgritesitto bAs
. the.actwatign vol tage ..increased, the cells noved
llugteativeronty-gpd in 28 W@y, Wnitigg: 4, descabad pakagimentsratum
0
car B e BT SRR By B EfcRodd o fum
arrmmemtaﬂlpadteadetads amdorddihe opemgifion. t Vhefnvendoc ghltser, is
., \were concentrate n_the rongest. electric fie
B4 PSR BB R rRB5 T 5b SEb e S
theG®lilng. are concentrated together in the highest
electric field area, they can also be easily lysed. In
a typical device, particles directly above the 2D
el ectrodes do not experience a useful DEP force and
cannot be mani pul ated. Conveni ently, device 100 may
also be free fromfluidic dead volunes. This was
verified by primng the device 100 wth cells and
counting to confirmthat all the cells were
i mredi ately flushed out when no DEP voltage was
applied. [0083] A second exenplary biochip device 100
is illustrated in FIGS. 9 and 10. In this enbodi nent
a DEP device 100" with a variable force in the Z-
direction is presented. A strong and even electric
fieldin Z-axis is created using an el ectrode
configuration including a thick bulk el ectrode 900,
shown in FIG 10, and thin circul ar el ectrodes 800,
shown in FIG 9. The thin circular electrodes 800 are
created using doped anorphous silicon and are
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approximately 700 nmin thickness. The thick bul k
el ectrode is approximately 100min thickness. [0084]
Due to the large difference in thickness between the
thin el ectrodes 800 and the thick bulk el ectrode 900,
V@Héﬁ7§§%9§@@#ﬁgﬁ in the Z-direction is assured in
force gradient in the XY plane.
Mcrofluidic channels 250 are defined by the walls of
t u : rode 900 and nunerous thin
1 P%c%réﬁé%EB ﬁ”ﬁ%gﬁ@é patterned on the bottom gl ass
wafer 150 within these channels. [0085] The specific
physi cal ration and structure of thick bulk
elediFﬁH@Sggﬁnﬁ &hin el ectrodes 800 affect the
nature and strength of the electric field. For
exanpl e, using circular shaped thin el ectrodes 800
haviabodomdnsutetiey layer;50- 200m and a hei ght of 0.1-1 m
spaced very closely (less than 20 100m to a thick
bul k el ectrode 900 having a height of 100-50011m
achi L¥&sducive 14 RIIbSMREN ded tdhed E@ﬁ@ﬁﬁln%lﬁflﬁ% éé)e‘i'é Gaid
channel s 250 using a | ow operating voltage
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in no way limting. The described enbodi nents of

carrying out the invention, are susceptible to many
modivIerain s teg, boiom nsylgtiangasesandsctivalavers aea a@m%ed
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i nten 0 enconpass all suc rcation wt
scofflew @sardeén;ned by the clainms. 21 WHAT | S CLAI MED
IS: 1. An apparatus, conprising, a top insulating

| ayer; a bottominsulating |ayer; a conductive |ayer,

bet BRIt fluii Y nARdnRatid SMvith SBlPldW ShbARY Sandai d
an outlet in fluid communications with said flow chamber.

2. The apparatus of claim 1, further comprising metalized vias through said

bottom insulating wafer, interconnected to said electrodes.

3. The apparatus of claim 2, further comprising solder bumps on said bottom

insulating layer connected with said metalized vias.

4. The apparatus of claim 1, wherein said top insulating layer and said

bottom insutating layer are formed of glass.

5. The apparatus of claim 1, wherein said conducting layer is formed of

doped silicon.
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conductive | ayer etched to formfirst and second
el ectrodes separated by at |east one mcrofluidic
channel ; wherein said top, bottominsulating and
conductive | ayers are bonded together and said at
st one m crofl udic channel fornms a fullg seal ed
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apiifeerehos aofosslsaidrelbctrbdes had saa@micreflunidionazadnet ed
vias through said bottominsul ating wafer,

i nterconnected to said el ectrodes. 3. The apparatus of
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6. The apparatus of claim1, further conprising a

vol tage source interconnected with said el ectrodes,

o o 1§ Birbudeb pTEEIR MTBH &8V Pliad bOUREIRERAICR

corppRtaildusotehtisllcifereAce WaeeRirm sapdt inesetdhdsmiode to lyse
vol tage source is operable to control said potenti al

celisfim epiEielogisabfleem out put in a first node for
appl ying a di el ectrophoretic force to cells within
said fluid to sort cells wthin said fluid. 8. The
9.apparappasatad oa':bﬁiﬁﬂSZ,fUM@Tdm:pm"hgiamlm;agefhﬁdur ce is

cRBDLR B RP BB PP KIS RONe! BeprPyte g Brssuy witin

saddfiSwlinghdrcal fluid. 9. The appar atus of claim8§,
further conprising a punp in fluid comunications

wth said !nl et and_ said outlet to create fluid
10PTRa% rp%ré’i"ug I?)% EIairﬁaI', %ompg?%n%hgmﬁ ¢lectrode disposed in said

channe! between said first and second electrodes, wherein said first electrode

comprises a bulk electrode and said third electrode is thinner than said bulk

electrode.

11.The apparatus of any one of claims 1 to 10, wherein said first and second
electrodes include generally rectangular tips with dimensions of between 50 to

400um by 50 to 400um.

12. The apparatus of any one of claims 1 to 10, wherein said first and second

electrodes include generally semi-circular tips.

13. The apparatus of claim 12, wherein each of said semi-circular tips has a

radius of between about 50 and 400um.

14. The apparatus of claim 11, wherein said tips of said first electrode are

interdigitated with said tips of said second electrode.
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10. The apparatus of claim1, conprising a third

el ectrode disposed in said channel between said first
and second el ectrodes, wherein said first el ectrode
conprises a bulk electrode and said third electrode is
thinner than said bulk electrode. 11. The apparatus
of any one of clains 1 to 10, wherein said first and
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generally semi-circular tips. 13. The apparatus of

1sl Ah&apparathie beLIRIR AC Iheteinahs wa@fl of Gald 4 [BBstos has
radi us of between about 50 and 400pm 14. The

rrafm@ﬂu@nm@hmneé betweemsaidiiestand seqondielpetreste isdiciwepn gbout
25”&&&&9@& ggayggg%géﬂe%ed with said tips of said
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