, €3edqBdnT6TB(* Speci fication as at 15 09 2003 _1_ Individually Addressable
M cro-El ectromagnetl c Unit Array Chips s The present applicati on i s based
on People's Republic of China Application No. Speaiticatipn as &t 5iQY 403
"Individual |l y Addressable M cro-El ectromagnetic Unit Array Chips )

El ect ronagneti c Bi ochi ps and Their Applications ) " filed on March 15, 1999
and on an anended version of that application filed on Septenber 1999
and clainms 10 priority fromthese applications which are in wmnmmmﬁwu“m
herein by reference. 1. Field of the I+lvention The present

concerns m cromachi ned or mcrofabricated devices known as "bi ochisps” and
nore particularly biochips enploying magnetic forces and net hods of
utilizing such biochips for perform ng chem cal, biological ”ﬂjmum cal
is reactions and assays. 2. Description of Related Art As a mmmm’m{
energi ng technology in life science and bionedical research durigg.l.ast
several years, biochip technology can be applied to many areas of |ology
bi ot echnol ogy and bi onmedi ci ne i ncludi ng point-nutation detection, DNA
sequenci ng, 20 gene expression) drug screening and clinical diagnosis.

Bi ochips refer to mniaturi zemdlvﬂqmllyilﬂg@dﬂe@ga]ﬂ@ at 15 09 2003 -2 devices
havi ng characteristic nens in the.. ter mllimeter range that
can be used for perforﬂfI Frg?ﬁﬁ{ g@ﬁ%ﬂ@’éﬁ%tl ons. Biochips are
produced using mcroelectronic and mcr of abrication techniques as . used in
sem conductor industry or other simlar techniques) and can be used to
integrate_and shrink the 5 currentl di screte cheni cal or biochemn cal

anal ytica? processes and dBAGEROUND OF THEINVENEKIN.J apparat us. Recent
scientific literature shows a pI et hora of uses for these devices. The
reader's attentlon is drawn to the following articles for an appreciation
of the breadth of kﬁmba 6"510“"?5‘}5?’4108&6 ors Mepybdis of {Chinaypnlicasion o

m smatch nutations 10 in DNA hybrids direct electric field control™ by
Sosnowski, RNocP9194113.5 Cnﬁlm%clﬂdmwly A«émsablsddxcro,—Elgmmmq Uniy Armey3 (
1997)) and " Large-scale identification, mappi ng and genotypi ng of

si ngl e- nucl e&hipdeElecttommagnesici Biochips and Mhein wpplicagensgiréiled lop MdmlyI5DI1993, et al .
(Science) 280: 1077-1082 (1998)) show current biochip use in detection of

poi nt mut ati efbon ar\@fictided versioifiofetiatiaplicRtion HIET orfiSepRinibein16, 1999 [t claings
di agnostics and individual genomics. " by Drmanac, S. et al. (Nature

Bi ot echnqb. Pfori4ropdthbst % ﬂon§ Qﬂﬁﬂﬁetlﬂédﬁb?atmﬁféﬁﬂﬂeferéw@ ysis of yeast
deletion mutants’using a highly parallel nolecular bar-coding strategy" by
Shoemeker) D. D. et al. (Nature Cenet., 14:450-456 (1996)), and "Accessing
genetic inf orlnEinisl@ﬁlhnMﬁdngh density DNA arrays . " by Chee, Met al.
(Science, 274:b 10-614 ( -1996)) show biochip :

The present application concerns micromachined or microfabricated devices

known as “biochips” and more particularly biochips employing magnetic forces and
methods of utilizing such biochips for performing chemical, biological and biochemical

15 reactions and assays.

2. Description of Related Art

As a novel and emerging technology in life science and biomedical research
during last several years, biochip technology can be applied to many areas of biology,
biotechnology and biomedicine including point-mutation detection, DNA sequencing,

20  gene expression, drug screening and clinical diagnosis. Biochips refer to miniaturized



20 technol ogy used for DNA sequencing. The use of biochip technology to
moni tor gene expression is shown in "Genome-w de expression nODnit ring in
Saccharomyces  Specification as at 15 09 2003pecificaipp@satda. .9'20(@% Wodi cka)
L. et al. (Nature Biotechnol. 15:1359-1367 (199'n)) "Genom cs and human

di sease - variations on variation. " by Brown, P. O and Hartwell) L. and
"Towar ds Arabi dopsi s genone anal ysis: nonitoring expression profiles of
1400 genes using cDNA microarrays. " by Ruan) Y. et al. (The Plant 5
Journal 15:821-833 (1998)). The use of H-ochips in drug screening is
illustrated in "Selecting effective anti sense reagents on conbi natori al

ol i gonucl eot ade arrays. " by MIner) N et al. (Nature Biotechnol .,
15:537-541 (1997)), and "Drug target validation and identification of
secondary drug target effects using DNA mcroarray. " by Marton, M J. et

al. (Nature Medicine, 4:1293-13QL (1998)). Exanples of clinical 10

di agnosti ¢ usdevides havinghuhpracteristic idinlensionsdh ¢ microm&ystointillimeter empsthanchmt | on
detection by hybridization to |ight-generated DNA probe arrays. " by
Cronin, M T.beusall for peMsiiingMtieiicalind HiochémhicaPreadtibfis) Bidohipd ik pid@actdyr ol e
DNA chip on a silicon device: Exanple of hepatitis C virus genotyping. " by
Li vache, T. elsidd ‘mi i 205 5 998 Ih ences
are intended ?%lﬁéginyéége%ugflﬁoﬁ?ﬁ?ﬁé%géﬁrt%cﬁlgg"%g%(j%gegi%cl%lﬁgcol%@{ec@ A

vari ety of bi ' L | . Q. )0l L gon [ . and
ant i bodi es) i%Tﬁ?g%)tf}ls?gg'é&o1"%?;'(’?&%]%?%%@5& e‘fsggg? gﬁéﬁ% er%mo Ffferent
approaches.to _make such chips. For_ example, the Jight-directed chem cal
synt hesi s Broeginﬁﬁe%ﬁi)é: 1Pt 9%@(%&%"%"“5&% EW 180445 934
and 5, 856) |7§¥"(Hi s.a nethod 20 of s%nt,he_si zi ng bi onol ecul es on chip
surfaces by cHHEPFhIRBRsed pRRITaYHa Receph snicotifie desatyre $howsa plethogy efuses for

phot ol i t hographi c fabrication techniques. The chem cal deposition

Speci fi cat i onth§se davices 09 2003 -4 approach devel oped by Incyte

Phar maceuti cal uses pre-synthesi zed cDNA probe s for directed deposition
onto chip surfacesnq(s e.q .. U. S Patent .5, 87 4). The. .
contact-print net hzée ﬁ%ﬁ&%&‘&‘%;}s %?%%00 8f%?”§%ra§?“?'§‘7%'s%‘sapme&ﬂg%‘ged )

hi gh-precision robot-arns.to nove and confrol a |iquid-djspensing head for
direct ed cDNARfHESH plbodhup,psgs. oy H%&W‘@“&fisﬂ’g?mégm‘fgé@?%@fhena, M
et al. Science 270:4b7-70 (1995)). The University of Washington at Seattle
has devel dfed it D3VAn fytridy by | dirget; electripr fisld cenrol hby iSesnowskioB. Gsiehg!- (Buoe.

pi ezoel ectric deposition heads) which are | oaded separately with four types
of nucl eoti de Natll eAcalesSct.p @A 84:4119e]03 r @69 pndi ¢ Large-wble nidedtificdtiodes and
si mul t aneous synthesis on chip surfaces (see, Blanchard, A P. et al. 10

Bi osensors &- Mnapping ahd gedotypinkloftsihgletfiicledtiié ho)ymokphishs) in ItheChuniaagenene! oped
passi ve nmenbrane devi ces for sequenci ng genones (see, U S. Patent No.

5,202,231). ThyrWarg, ®.CG\er RRISdercy,220: 177009 (1998) sHowCourrefkdicthipus@id
active. Passive biochips refer to those on which chem cal or biochem cal

reactions are RBRAIeN o in¥.© “Blodurats | RueRling hﬁrﬂgh ukgSpNan active

bi ochi ps reactants are actively noved or 1 concentrate y externally

applied f €Sy : I ' e o o] i ol j ffusion
2PPI e 1 o5 Sl FAPAE T, 5P BIBNL 0% rhin PR 1 VS

bi ochi ps. £ om Tty N biha; dmaaiccalelotyef are o Yoy GuBer sBl BT er o ar e
t t | sim.lariti bet t] d | ' bi ochi ps. Both t f
bi ochi s enpl 0yE Paiel polsralag baxgoping SwFey i Shacmaker, B drfl<al oM and

nol ecul es. Herein, "I iégands or ligand nol ecul es" refers to biochen cal

nol ecul es wi t Ho&R8S. c 430436 (HOP®) LAnd s” Acgessing genetic infopmation jwitht high demsityt 15 09
2003
DNA arrays.” by Chee, M et al., (Science, 274:610-614 (1996)) show biochip

p—

20 technology used for DNA sequencing. The use of biochip technology to monitor gene

expression is shown in “Genome-wide expression monitoring in Saccharomyces



-5 For instance, a ligand may be a single strand of DNA to which a

conpl ementary nucl eic acid strand can hybridize. A |jgand nay be an

anti body nol ecul e to which the correspondi ng SReFifeationas atd L €83 bi nd. A
ligand may al so include a particle on whose surface are a plurality of

nol ecul es to which other nolecules may react. By 5 using various narkets
and indicator nolecules (e.g.: fluorescent dye nol ecul es), the reaction
bet ween |igands and ot her nol ecul es can be nonitored and quantified. Thus,
an array of different ligands inmobilizel on a biochip enables the reaction
and nonitoring of nultiple analyte nolecul es. Many current passive biochip
designs do not take full advantage of 10 m crofabrication and

m croel ectronic technol ogi es. Passive biochi ps cannot be readily used to
achieve fully integration and mniaturization of the entire bioanal ytical
systemfromthe front-end sanple preparation to final nolecul ar

guanti fi cati onéredsiex? i iyn Wodickaddi.t éroml) (@iamsd \Biotéchnslhil535061367 ot1bem),

di sadvant ages including | ow anal ytical sensitivity, a long reaction tine)

and di ffi cul t“Gencaies end h@flanVdis€as€ O Vafiftlond fon AR WyEBroRhePS @, Eand 15 and
el ectrical fields at individual sites (called units) on the chip surfaces.

as wel |l as di Hapthel,! Lo%nd Wmdsoﬁagﬁgfsgzﬁng@(i %lgﬁﬁcﬁxﬁﬁi{oﬁ% K esdfon.

m): ecu: es. On the o’jt her hand) activ ni | I'"'ow versati unctions of
ol ecul ar_Tanihaldfion | hEr A Aiya BRI boRabERE! Lo, 3L, pRger 2t on
o1 ecul oo, Stod B Isigdiisss (Rel ke Sorsiorni n dniecesetipe S B RlE gn *

t hr oughput appl,ications.,K The el ectronic biochips Speci ficati on as at 15
09 2003 -6 devafiEping effectys Aptiense Sspechta on fomRinatorial oligamcleptideaaraps. & by

bi onol ecules with electrical field generated by mcroel ectrodes, leading to
si gni ficant i AbinsheRener ph MNatuse i Biotechelod 15:A37-3Ht €19970n ankn'Prug vtanggt over
passi ve biochips (see, U S. Patent Nos. 5,605, b62) 5,632,957) and

5, 849, 486) . Howkidatien anddidentification wf $epondaryealiniyy target efteuts aising BNAmicroagay. ”
suspension/solutions with electrical fields) the electrical conductivity of
sol uti ons has bydMdreony M.\, kol (Nahire Medigine § 4:120311391 (1998)).Exammples bfadliaiealof

buffer solutions used for biochem cal assays because enzynes and ot her

bi onol ecul s WiapnekED AUbsd! O BiodMPE AreCilidstialell AN S (Fhtid ABFOkI® Hnftatidh dRidEHR BN/ Or
serious non-specific binding occurs to chip surfaces. 10 The present

invention provg&siz A i I i PS8, } i j orces
are generat ed\hgy I nﬁogﬁgﬁgﬁle%%gﬁééﬁbg% oht%F&gmjg'%??g?g{rl%ged in
an array. The ti e e usegb to cont and mani pyl ate .
magnetical |y nl\gw |%é '%f%?iesguﬁgg»anad’ﬁpg?oﬁwgfrgg’ Qﬁ& £ pp?‘br?o%)"{éjooﬁ'o%&?ﬁ'l ar
i nteractions d/or reactions on the surface_of the, chip. etic forces
have been wi d?W(‘?p?@VBﬁ‘qs&?m SgoRRIng. 18331'15‘{%2%‘?5&9' g«%glg{hl i cal
appl i cations. Fgr gxg l e, magnetic-activated cel| sorti n? . o

255:188-1 4n8998)). These references are intended to give a notion of the wide range

15  of biochip uses.

A variety of biochips have biomolecules (e.g., oligonucleotides, cDNA and
antibodies) immobilized on their surfaces. There are a number of different approaches
to make such chips. For example, the light-directed chemical synthesis process
developed by Affymetrix (see, U.S, Patent Nos. 5,445 ,934 and 5,856,174) is a method

20 of synthesizing biomolecules on chip surfaces by combining sdlid-phase photochemical

synthesis with photolithographic fabrication techniques. The chemical deposition



is a common technique based on sel ectively binding magnetic particles that
has been nodified with anti bodies to specific cel_g_ types wi.thin m Xt ure.
After binding) the cellmagnetic particle conpPes&icationasaldSa 4003 xt ure
are selectively renmoved using a nagnet. (See, for exanple) Mltenyi, S, et
al. "Hi gh gradient magnetic cell-separation 20 with MACS." Cytonetry 11;
231-236 (1990)). O her exanples were given in U S. Patent No. 5,439, 586
describing a three-di nensional magnetic filter for separating

Specification as at 15 09 2003 magnetigal ly | abel ed particles from

non- magnetic particles in a flow streamand in'U S. Patent No. 5, 655,665

di scl osing a m cromachi ned magnetic particle separator for mcrofluidic
magneti c separations. 5 The present invention discloses el ectromagnetic

bi ochi ps that conprise individually addressable mcro-electromagnetic units
arranged in arrays. An array refers to a plurality of mcro-el ectromagnetic

units. An el i i j j sz DN Al peobes fi
%%&W%I&P%wgéym%cﬁmﬁd e sentiesiz peobes for

m cro- el ectronag s. Each unit 1s capable of inducing
magnetic field the applicat i f.glectri w(gﬁem_, gnds3as ARl ectively
10 addr essabldgeégpaﬂ’ﬁ?ﬁ?%gﬁ?rﬁéﬁeﬁuﬁéw? i(fegﬁg'gén%r%éte tby t?fe uni? can be
turned on or off and/or, ca e dyl ated.in terns ) il flediginensi ty
and field di P@E‘P‘i‘@ﬁmt‘ﬁ?%?fg‘{}?éﬂ%&ﬁ%#r‘gp"{vﬂél e‘fsgsc@pil%‘ cu rﬂgérf? applied to
the unit. Magnetic fields on the chip's surface are.then to.qani pul ate
magneti c par trPkatagmsie mayeAnd canipl 3/l ‘Fﬂegﬂ')ﬂa\% g’ﬂ %B"%%DCID«}@E ﬁeé’sﬁmﬁe
magnetic particles or nolecules are actual Q/segui ded to 16‘2 ghzﬁéﬁrm ned
| ocat i ons Son anf eriotwigoonto chip fsuifaces (e Scheng: M. o ak Selencead/OpE7 ily
modi fied to forma functional |ayer for immobilizing |igand nolecules so
that affinityTenUsiversity ofi Washingten | at iScattitidws denelaped: @t sieglesnuyeleptidsc BI9PE pet ween
the ligand nol ecul es and the nagnetically guided particles or nol ecul es.
Magnet i ¢ gui CiyhfiesiGneélidi Rsthgt foorn pitzoghetrici dépesition headsecwitids actarloddedr ease
the | ocal concentration of these materials so as to 20 increase the rate of
bi ochemi cal Oiep&%?im{ fdh?%é@f‘ﬁu&d&dd& hBleEBR D tathiéveyreqfired alepasition of

a

Speci fication as 15 09 g_ assays. Because ionic strength and other

buf fer charac}eri sid bt ] bipfabes Qhee T BGIAEHAFd; A.iTeletlal.
bi ochemi cal | yﬁ‘%%éfﬁ%%g%% g?‘ssc%ﬁtcli]ﬁw‘i %}ﬁ%ﬁ%an begqsgf ected. Furthernore) no

o1 cot Pochifh PPt i HlecPefoll” IR 0B K68, Tul 1 BE Aol ol sty at o

el ectroch rorragnet nit's are fabricated on substrate

e appl i cd.  THEPERE I B SR e, ) EarbAR"aBOERAN, 7, O e S

conductor wrapped around a ferromagnetic body or core and connected to an

el'ectric current Sﬁ&&&e%%&%ﬁk%ﬁﬁi&&ﬁﬂspiéy\ﬁa&ﬁm aSivehpasivosipchisy be a
circle, ellipse, spiral, square) triangle or other shapes so long as a fl ow

of 10 el ect 1l feflior il iAMBEcefifilal bf BloBMlnALPHAG oY Sref RhGRERIAYabebODY. 1 f
the loop is single, 1t should be conplete or substantially conplete. The

| oop may be in.4he formaof a raklty. of . e etic
body (either plrﬁug'r% oglsﬁﬁgleo?dg‘lfu&ékg%taéggibﬁécg{pgzl i E.tg%blg%ta?(ﬁvff sfnpray e
f.abricatedqwthin a single |ayer of the mgcrostructur ternatively,
each turn ‘fay °Pr§:ﬁ?t&%’nl?yga‘%§?g&r plied, ftﬁ&‘igsr sootﬁattrﬁqgﬁgr-{srqﬁ%?ﬂ)lpgc;ahtrﬁéé og{yec ric )1/5
put ter od or GBSO B s 08 T PRREIIPESS. SHe FRETB A RSB or red
W thin a sem condu%&ﬁegﬂ&gﬁg%e&%ﬂi ve doping. A rg;iler@r egi
arrangenent ofé.&no e- ichips dromAffymtesix cand 16WPt s has a
colum and row structure of.the formcommon in mcroel ectronics. That is,

t he col ums arfrbm dneytenPhanmatensitdly; {eiongerdi thellpassivel typaudher2Oare hstrucwiairms  and
rows can readily be offset at different angles (e.g., 80 degrees).

Speci fi cati on sgfilatities! BetW8en2ftdive aiti padsivé Bidchips] BYth Wipey 6f Bioctdps emplanef i C
units in a single chip my be of a single shape and di nension or there may
be a vari ey Qfralbtai Gﬁlﬁfeﬁil'ﬁ‘n?HMfi i o [REul &) Hereil * R A1 6f lighhd C

di mensi ons of araﬁﬂ?fidﬁ?;%?@%pm _eslg t_rs1an %he mﬁcr onet reer 'togas Iargéjﬂie1 as one
centimeter. TEERALAGLEL! S WdafliEl HoRBulCh R Sald)orke mAEATRIE rded
dianeter for acircle Toop unit or a sitde length Tor a square Toop unit. It
will be apparent to one of ordinary skill in the art that where it is
desired to react a | arge nunber of ligand nolecules a |arger unit size can
be used. The units may be arranged in a regular, repetitive pattern (e.g.)
a rectangular grid) or they may be arranged in an "irregular” or "randonf
pattern. _




10 I ndividual mcro-electromagnetic units may be selectively addressable so
that at any instant there may be only a single energized unit generating a
| ocal magnetic field or there may be nul ti pl eSeemdfication@sati16d ating
nore or | ess conplex magnetic fields. Addressing a m cro-el ectronagnetic
unit means applying electric current to energize the unit and to generate
magnetic field inits vicinity. Electric current 15 anplitudes and
directions are selected so that energized units produce fields of-
sufficient intensity to attract and nov® magnetic particles or nagnetically
nodi fied nolecules. Units that are not selectively energized may be -
conpletely "off (i.e., zero magnetic field) or such units nmay produce
magnetic fields of insufficient intensity to attract or otherw se nove the
magnetic particles. 20 Sel ective addressing of individual units can be
achieved in a nunber of ways. For exanple) where each unit contains a

singl e | oop dfor dlstante;, iacligandichagthera single estrahdodf DN&pte cwhiclc atcomplementay 15 09
2003 -10 the | oop can be connected to an electric current source (through

el ectrical swutleibiatig sttdaan hydtidize. A higad i8/ bendntody APldcAIe RS which fet ached to
an electric current sink so that a current will flow through the loop. In

anot her exa ; 3l : I Syd : an be
sel ectivel y%ﬁﬁﬁﬁﬁ#@lg{"ﬁg I %S&%P Ak bt ﬂnag%sUniHélﬁ&V‘é 51%1@1)! o

rough” sw tTthi ng nmeans a row to)

for exanpl e, .an hr itchin S) to a
current si nk\%PﬁéljEslm\f'i\n&lt féceaﬁ%@gﬂh@e ttﬁ%&%ﬁg?pé@}c?ﬁgﬁ?nozggésc{}%%gwo %phe col um
and mw. T present invention further discloses, nethods for i pul ati ng
magneti ¢ partr o8 B néqregcgs: ﬂ%ﬂéﬁﬁ‘?ﬁ @°@ﬂ§%&~hﬁ%‘°’ﬁé‘?‘f‘ﬁ °é§°lﬁg‘§5b§‘esuspended
ina fluid (either aqueous or non aqueous liquid or & gas) or .even in a
vacuum When TS2HPR %@P’&’ét%ﬁﬁ‘@h&%ﬂﬁmb?gmw?&dg@géﬂ?“%nm’c
particles in the vicinity of that unit will experience magnetic forces and
are attract et yrayhef diffefen tigapds rimmobitizadypry acbieghin enablegtthe geactighoprd o
suspensi on of magnetic particles covers the entire chip array, energizing a
si ngl e el ect rroenigrieg ofnultiple analykd molfdudast only particles in the i mediate
vicinity of the energized unit. However, by sequentially energizing units
it is possible to nove _and 15 concentrate al] of the tic partjcles
suspended over the ent%&%.%ﬁf@*l@&mg@% e ﬂﬁb@g&gﬂfaﬂ‘?ﬂ’g& red to

as "mani pul ation" and such nani pul ati on can be controlled by swtching

units on hd Wicrofabgicatiop and) miapelecienic dechunlogies. Passive bioshinsi capnabbe meadibet i ¢
particles also refers to the change and control of particle position)
vel ocity and wsedterachieyeefully integnasion and sinigtunimationl ofttheentied bioanalyticat gysteant s
applied to mcro 20 el ectromagnetic units and accordingly altering nmagnetic
field distribinomdire fion-chdsanple prepmraton tocfatal moleadaraquadtificasonAlz@8tionl In act i ng
on particles. Depending on the application) all units or sonme of the units
may be ener gi aidilios, pasHiviedsicehips have ofet Gisdiviritaged Mdluding lot diBlytidaBsepsigvigi zed
one-at-a-tune. Magnetic particles or materials used with the present -
invention naya fag @dactiin{ ik, ARd diffichfties bRABGABOWH IRMrOPSIABRpRAE] PR&EIONS 10
m crometer or even mllineter 5 dinmensions. Magnetic particles nmay be of a
variety o rd : : r 1 Ta) PN | rocesses
LS P B AP RElg, At G ol WITRE e iy B A of

as long as the magnetic pro e pr esent

The present | eRaHEE ol inEioto FRRBRN Bt RBLFUE D ot im0

bi onol ecul es/ bi oparticles, chem cal -reagent nol ecul es, .drug nol ecul es or

any other nolecul egn @ic Bért hanlde active! Blo@iipsCAIRG VRN Rinttiond i dTCHbIoulaF hese
bi ochi ps can generally be used to mani pul ate any kind of magnetic particle.

For controlli ﬂﬂniﬁ!ﬂﬁtiopa'ﬁﬂérk&ﬂnnﬁiﬁw f?oaﬁfaf‘iué‘gl_sg@é%q/@&h%op@kwl es)

these materials are first maghetically r exanpl e) the nol ecul es

xéngs i ﬁOEZ'r t ?aﬁlégﬂteffﬁtg%&gﬁéh @Eﬁ {ggr%{n'g °%23’§°F“§$3P%§5 E’g‘g‘g%é "3‘%{0.5@@12. gfs

anti gens d receptors), pucleic acjds .Q.,.singl e strande .or RNA)
or other Al e‘WB@at?&&)‘?d 5@“““3?’8@‘?8 '%6@8%%‘}%1 ggv_vevmemg}yesgf etic

bi ochip surface may be nodified for immobilizing |igand nol ecul es that are
capabl e of i nP‘E\nﬂcg‘? AeAdily tusedrdn dugh Exoughpyt happlicahiense elhef eleqionicabipshinsat ed
magnetic particles. Such interactions are 20 facilitated because the
magnetic particles are concentrated at specific |ocations on which the
appropriate ligand nol ecul es are already i mobilized. Specification as at
15 09 2003




-12 In solutions, binding or reaction between nol ecules (e.g.) anybody +
antigen; specific DNA probe and its conpl ementary_singl e-stranded target
DNA) occur as the nol ecul es col lide during di PpesifieationaseatdfQ%?@ky and
speed of the reactions depend on the |ocal concentration of the reacting
nol ecul es and the kinetic energy of their 5 collisions. In many

bi ochi p- based systens one type of nolecule is irmmobilized at the chip
surface while another type of noblecule is present in a solution on the chip
surface. Reactions occur when nol ecul es-6passively diffusing in the solution
collide with the imobilized nolecules. Only a small percentage of the

nol ecules in the solution actually diffuse and collide in a reasonable
anount of tine. Thus, the reactions are 10 slow and inefficient, severely
limting the speed, efficiency and the sensitivity of biochem cal assays
performed on these biochips. In the electromgnetic biochips of the present

i nventi on t hedevelopedbly Manogen o thanipilatd bl @mirblemple Bioflolbiled WilDelé@aRCt Wi th
the i mobilized nol ecules on the chip surface by nmeans of nmagnetic forces .
The resul ti NORA@ LA b ficroBBidod&y, Yead bifert Gh GactiRdi Ng tO
or oved Spoel %@ ¥ nficr | Meadfip! 8 SihnititadtBigpfdvemerdt ctibif

5> efficiency and sensitrvity. For a“typical nmagnetic

Phe. par ti ol o el il BeBERH S G I bicBive bRTRINE| U, Pyl afos s kb5 pe 00 L
- X~~~ - VP Ao ificati . 15 09.2003 -13 Vp i
t he pam i cl ev%/’jg?it(]?rsg) %@aﬁﬁ@ﬁfg BVIV?C"%&I &QF@?‘FB%Q)U%%B?‘ q?‘?’{”s dPVYFﬁfrae Pe

particle apd its surroundi ng nediu umis the magnetic perneabjlity of
nmedi um H, 5 i s SUSPROSIGH ‘510%‘"%? %‘F‘ﬂ“%‘ﬂ"%l%t‘h?.elwlﬁﬁﬂ?@‘w of splutioni-has et i ¢
acting on the particle is determ ned by the magnetic 'di pole nonent and the
magnetic fi el B JERdio¥¢t This significandy- limits othe oppicq def phufferc-solutipns usednfor ( 2)
where the synbols " " and " O" refer to dot-product and gradient
operations  biochemical assays because enzymes and other biomolecules are denatured under

conditions of low ionic strength and/or serious non-specific binding occurs to chip

surfaces.

10 The present invention provides a new type of active biochips in which magnetic
forces are generated by individually addressable (controllable) units arranged in an
array. The magnetic forces are used to control and manipulate magnetically modified
molecules and particles and to promote molecular hxteracﬁons and/or reactions on the
surface of the chip. Magnetic forces have been widely employed in biological,

15  biochemical and biomedical applications. For example, magnetic-activated cell sorting
is a common technique based on selectively binding magnetic particles that has been
modified with antibodies to specific cell types within a mixture. After binding, the cell-
magnetic particle complexes from the cell mixture are selectively removed using a
magnet. (See, for example, Miltenyi, S. et al. “High gradient magnetic cell-separation

20  with MACS.” Cytometry 11:231-236 (1990)). Other examples were given in U.S.

Patent No. 5,439,586 describing a three-dimensional magnetic filter for separating



respectively. The particle velocity vparticle under the bal ance between
magnetic force and viscous drag is given by: FinagnaNe via = b~~~ 10
where r is the particle radius and rimis theSRedificadinpsat 1619 oundi ng
medi um Thus to achieve sufficiently |arge magnetic mani pul ation force, the
follow ng factors should be considered: (1) Particle susceptibility should
be maxi m zed; (2) Magnetic field strength should be naxi m zed; and 15 (3)
Magnetic field strength gradi ent should be maxi m zed. Speci fication as at
15 09 2003 -14 W will now describe sevkral illustrative enbodi ments of the
present invention. According to one enbodi nent of the present invention) an
I ndi vi dual addressable m cro-el ectronmagnetic unit colum-row array chip
conprises: a substrate; 5 an array of cavities on the substrate; ' a
ferromagnetic core in each cavity; a first layer of conductive traces on
the substrate runni ng between the colums of ferromagnetic cores; a first

i nsul ati on | Eagnetieally tlsheled pagticieatfeons mor-magnetie particlesv iy & floWestdearm 2ind limyer of 10
conductive traces; a second |layer of conductive traces on the surface of

the first in¥L8.RatenrNG.L5)655/6565 AREISRNa mi&orﬁ&nﬁe@ﬁaéneﬁaﬁmﬁd:ﬁomf es)

perpendi cular to the first conductive traces; a second insulation [ayer on
the chip surﬁgg@mﬁ&@hm@ﬁﬁg§5mgmﬁmferronagnetic core array and the second

| ayer of conductive traces. 15 In another enbodi nent of the present

i nvention, an el ectromagnetic biochip conprises an individually addressabl e
m cro-el ectromagnetic unit alUNMARY OFTHE

5 The present invention discloses electromagnetic biochips that comprise
individually addressable micro-electromagnetic units arranged in arrays. An array
refers to a plurality of micro-electromagnetic units. An electromagnetic biochip may
have single or multiple micro-electromagnetic unit arrays. Each unit is capable of
inducing magnetic field upon the application of electric current, and is selectively

10 addressable so that the magnetic filed generated by the unit can be turned on or off
and/or can be modulated in terms of the ﬁeld intensity and field direction through
alteration of the electric current applied t6 the unit. Magnetic fields on the cﬁip's
surface are then used to manipulate magnetic particles or magnetically-modified/loaded
biomolecules. The magnetic particles or molecules are actually guided to

15 predetermined locations on the chip’s surface. The chip's surface may be chemically
modified to form a functional layer for immobilizing 1i§and_ molecules so that affinity
interaction or specific chemical reactions may occur between the ligand molecules and
the magnetically guided particles or molecules. Magnetic guiding and manipulation of
particles or molecules can increase the local concentration of these materials so as to

20  increase the rate of biochemical or chemical reactions and the sensitivity of various



conprises a substrate: Specification as at 15 09 2003 -15 an array of
cavities on the substrate; an magnetic-core |n each cavity; a first |layer
of conductive traces on the substrate running B%@'U\@é‘ﬁ“é\?étﬂ 5Q9 2005 of
magnetic-cores; 5 a first insulation |ayer on the substrate surface that
covers the first | ayer of conductive traces; a second |ayer of conductive
traces on the surface of the first insulation [ayer running between each
rows of magnetic-cores perpendicular the first |layer conductive traces; 10
a second insulation layer on the chip s8drface that covers the nmagnetic-core
array and the second | ayer of conductive traces; a thin binding |ayer
(i.e., a functional layer) that covers the second insulation |ayer and is
used to inmobilize ligand nol ecul es thereon; and |igand nol ecul es that are
directed and i mmobilized onto the thin functional 15 | ayer using magnetic
forces or other methods. The functional layer is used for immobilizing

| i gand nol ecassays. Bécaaseyibms strehgth ahdiothes buffer chaytearisiios Ghavedittle btiho effset not
limted to, a nolecular nonol ayer) a nenbrane, a gel, and a porous or

non- por ous neA Ghdgaktid YRS, bibkiRmidlf tdphftdded | BUffRF CORMLARS @B ﬁéﬂdén&diéanal | ayer
adhered to the biochip surface (in the above exanple, to the second

Funct i onal FS‘;‘Z?""%”]‘E" “iPu ol Boh i pReR A coERtale o€ w0l 11

bi ochi p surf S’léE %Eg In the exanpl e above) the surfaces of the second
I nsul ation | ayer (’:hem' cally nodified to contain chem cal groups or
nol ecul ar sites for bi nding or attaching |ligand nol ecul es. ldeally) the

functionak | ayer ﬂx@&emnﬁwcﬁhﬁﬁakabﬁmapomﬂsmt&m Sidndhée to
nol ecul es ot her than |igand

individual magnetic fields when electric currents are applied. One example of the unit

is a single loop of electrical conductor wrapped around a ferromagnetic body or core

and connected to an electric current source through electronic switches. Such a loop

may be a circle, ellipse, spiral, square, triangle or other shapes so long as a flow of
10 electric current can be facilitated around the ferromagnetic body. If the loop is single,
it should be complete or substantially complete. The loop may be in the form of a
plurality of turns around the ferromagnetic body (either in one-plane or stacked as in a
eoil). The turns may be fabricated within a single layer of the microstructure, or,
alternatively, each turn may represent a separate layer of the structure. The electric
15 conductor may be a deposited conductive trace—as in a electroplated, sputtered or
deposited metallic structure, or the conductor may be formed within a semiconductor
layer through selective doping. A preferred arrangement of an array of a plurality of
micro-electromagnetic units has a column and row structure of the form common in
microelectronics. That is, the columns and rows are mutually perpendicular although

20  the columns and rows can readily be offset at different angles (e.g., 80 degrees).



nmol ecul es and should al |l ow efficient binding or attachnent of |igand
nol ecul es. According to one enbodi nent of the present inventi on%‘qa met hod
for mani pul ati ng bi omol ecul es, chenical reageRpPesifigationragpt 151 <03
conprises these steps: 10 providing the above-described individually
addressabl e mcro-el ectromagnetic unit array chips; formng a thin binding
| ayer (i.e., a functional layer) for immobilizing |igand nol ecul es on the
chip's surface; |oading mcro-locations on the binding layer with a set of
| i gand nol ecul es by 15 positioni ng and9 nmobi | i zi ng magnetical | y-nodi fi ed
| i gand nol ecul es at predeterm ned mcro-locations to form nol ecul e-bi ndi ng
regions on 'the chip surface by selectively controlling electric current in
the conductive traces in the ,icro-electromagnetic unit array chip to
produce magnetic fields around desired mcro-el ectromagnetic units;
magnetically nodifying or |oading target nolecules by linking themw th 20
magneti ¢ beads: Thgindividuatmicreeleciomagnetic ufis iz @GBgle chip mayr ecofi simglesol ut i ons
cont ai ni ng magneti c bead-|inked target nol ecul es onto the above-descri bed
| i gands- contshape ang diinernisidnedr aheré R ®aal vaictyNoflunit! shapés @i Fizes Pritihi 6ien g
magnetic fields around desired mcro-|locations by selectively addressing
and ener gi zi ghp. MCHatac@HAR ditdtistois W & Bhi® VArf HidmEleRGthirOsRARE ofeter B &s ar ray so
5 that magnetically nodified target nolecules can be directed toward |igand
nol ecul es o EasUEs P&} t ' : 'II'RE?IF' oppld i-nding
reactions; gﬁffgrgl glgésiEng nggngfgﬁgéecgég@‘fs?om lgl?grgffgﬁn%PefgiP’ééu élarowed by
renoval t ti e - | .qan d.target nol ecuyles, in the
above net od&%éwrg@?bal (()Cifocglﬁ)g Iun;lfgj?ﬂ%%lg%&ﬁ%gtg%ﬁﬁ“esﬂ?%%lﬁoolpe éﬁ{ g/,ﬁl be'
drug- candi dat e _mol ecul e .0r .0t her | ecul es, or .particles. Methods
accor di ng togqpﬁrgntpﬁoeogxg ‘%‘?%%?‘F‘ﬁd“ W‘bgghggﬁef"oﬁs i1QireAt # ABSind
detection for ecjific, ,sequences of DNA nol ecul es, for antibody/antigen
bi ndi ng i nt MRHEF ghligand H‘B&F‘flﬁ%ﬁh@ﬁr upiksize can Op used- The upits Bk bp arsapged
bi ochemcal ( i. e., biochem cal or chemical) process control) biochem cal
noni tori ng alic TEEUIH} ECRPLUYPE pafigons(ess., 2Tecrangularegridppn theyl may) besrrangadtivami d of
figures wherein |like structures are denoted by

“irregular” or “random” pattern.

10 Individual micro-electromagnetic units may be selectively addressable so that at
any instant there may be only a single energized unit generating a local magnetic field
or there may be multiple energized units generating more or less complex magnetic
fields. Addressing a micro-electromagnetic unit means applying electric current to
energize the unit and to genera.\te. magnetic field in its viciriity. Electric current

15  amplitudes and directions are selected so that energized units produce fields of
sufficient intensity to attract and move magnetic particles or magnetically modified |
molecules. Units that are not selectively energized may be completely “off” (i.e., zero
magnetic field) or such units may produce magnetic fields of insufficient intensity to

attract or otherwise move the magnetic particles.

20 Selective addressing of individual units can be achieved in a number of ways.

For example, where each unit contains a single loop of electric conductor one end of



| i ke reference signs) we provide detail ed descriptions of exenplary

enbodi nents of individually addressabl e el ectpomagnetic array.chips,
el ectronagnetic bi ochi ps, and methods of mani éﬁﬁgﬁ?‘ﬁ'ﬁmr?&laéégl%gs%&s

Specification as at 15 09 2003 -18 Figure 1 shows a schematic of a chip of
the present invention in three dinensional perspective with direction of
the magnetic fields (vectors with B) controlled by the direction of current
fl ow (horizontal arrowheads) in each unit. 5 Figure 2 shows a schematic of
the biochip of Fig. 1 (functional |ayel0-omtted) show ng induction of

conpl ementary nmagnetic fields (vectors) in paramagnetic particles. Figure 3
Is a schematic diagram show ng the structures of an individually

addressabl e m cro-el ectronagnetic unit array chip having a col um-row
structure as 14 seen from above. Figure 4 shows a cross-sectional diagram
of the chip of Fig. 3 taken through 2-2. Figure 5 is a schematic di agram of
a magneti c cBe &0op canrbe isonnectech thmeleatiicecusrept sauice Athrangh relentricdl |switching t ur ni ng
on (magnetizing) a mcro-electromagnetic unit. 15 Figure 6 is a schematic
di agr am shovieays) wilefthe athefend of the opsis tattathed 1oradl @b tiric @urirénB 6iR6 sathstch t O
produce a mcro-coil around each ferromagnetic core. Figure 7 is a

schematic di agreatwili R hebupi e iepMPinothes BGRPR, AedxpRined Ay f 4 r aces
used to produce a micro-coll around each ferronmagnetic core.

S e ol 5y 60k G Al T 21 1

the formof a third se Ive tra uce”a mcro-coil

around eagh { g BTMH Uekdnfte CPLfrent b Gnd'a bSludin (oG SAMERE AR wF e €

di agram show ng a’'m ct 0-TOi sz1 &
current sink. This will energize the unit at the intersection of the column and row.

The present invention further discloses methods for manipulating magnetic
particles on electromagnetic chips. The particles may be suspended in a fluid (either
aqueous or non-aqueous liquid or a gas) or even in a vacuum. When a micro-

10 electromagnetic unit is énergized, magnetic particles in the vicinity of that unit will
experience magnetic forces and are attracted to the surface of the energized unit. That
is, where a suspension of magnetic particles covers the entire chip array, energizing a
single electromagnetic unit will affgct only particles in the immediate vicinity of the
energized unit. However, by sequentially energizing units it is possible to move and
15  concentrate all of the magnetic particles suspended over the entire array. Such
coordinated movement is referred to as “manipulation” and such manipulation can be
controlled by switching units on and off in a predetermined sequence. Manipulation of
magnetic particles also refers to the change and control of particle position, velocity
and other kinetic properties by modulating electric currents applied to micro-

20 electromagnetic units and accordingly altering magnetic field distribution and forces



produced froma plurality of juxtaposed conductive traces of the types
shown in Figs. 5 6-8. Figure 10 is a schematic diagram show t

principle of addressing individual mcro-el e&??ﬁ‘l@%ﬁ@'ﬂ a8 altjﬂﬁgg 2(S’&B%usi ng
electric switches . Each unit is connected to the current source and the
common ground through two electric switches connected in series. The two
swtches are controlled by electric signals applied to the 10 rows and
colums of the electric conductive lines. Figure 1lla shows the schematic of
Fig. 10 wherein each electric switch rH-a bipolar transistor. Figure 11lb
shows the schematic of Fig. 10 wherein each electric switch is a MOSFET
(Met al - Oxi de- Sem conductor-Field-Effect-Transistor). 15 Figure 12 is a
schemati ¢ di agram showi ng a bi ochip of the present invention equipped with
a fluid chanber and a window to allow optical detection. Figure 13 is a
schematic cross-section of the biochip of Fig. 4 show ng an individually
addr essabl e astiegon narticles ePependingerhihp applicsior cillfunits o1 somead thetunitssmaybe2003 - 20
Figure 14 is a schematic representation show ng nmagnetic nodification of

| i gand or t amegizedximaltaneaslyt Alteragtively, aiis aug bk encegiesdi onsat-4-timker . Fi gure 15
shows the use of magnetic dispensers to pick up frozen mcro particles
containing ligand nol ecul es and magnetic particles. 5 Figure 16 shows the
rel ease of the fMdagaeticnpartidesperr materids ussd Wity theipyessnt invention miaycke of a

bi ochip of the present invention. Figure 17 shows the nelting of the frozen
m cr o- par t i cdifferentcinag sanging drohi panietamdimensions tamikromeeredr avep miltimeteres)  of
Pig. 15. Figure 18 shows the renoval of magnetic particles fromthe |igand

nol ecul esS 10diménskong. Maghetid-paticles &) s \iSvatitg of aatkpials ¥BY 6 Makufattured
magnetical | y-nodi fied target nolecul es above the surface of a biochip of
the present by ainbéoff différeiy jrecesiRd hd g @f the magnetic fields produced by the

biochips of the present invention can induce a sufficient magnetic dipole-moment in the

particles.

The present invention further discloses methods for manipulating

10 biomolecules/bioparticles, chemical-reagent molecules, .drug molecules or any other

molecules or particles with an electromagnetic biochip. These biochips can generally

be used to manipulate any. kind of magnetic particle. For controlling and handling non-

magnetic particles and/or biomolecules, these materials are first magnetically modified.

For example, the molecules may be covalently attached or physically absorbed to the

15 surface of magnetic particles. The biomolecules may be proteins (e.g., antibodies,
antigens and receptors), nucleic acids (e.g., single stranded DNA or RNA) or other -

molecules such as lipids or carbohydrates. The electromagnetic biochip surface may be

modified for immobilizing ligand molecules that are capable of interacting with

molecules on the surface of the manipulated magnetic particles. Such interactions are

20 facilitated because the magnetic particles are concentrated at specific locations on

which the appropriate ligand molecules are already immobilized.



the frozen mcro-particles. Figure 20 shows a pattern of electric current
fl ow through the conductive traces 15 of an electromagnetic_chip for
energizing a group of micro-el ectronmagnetic uppealfiqationas at 1549 zing a
group of magnetic cores) ; note that the energi zed units (shaded) show a
continuous | oop of current around the unit. Specification as at 15 09
2003 -21 Figure 21 shows a different pattern of electric current flow

t hrough the conductive traces of an el ectronmagnetic chip . This current
flow pattern allows for energizing mcri-el ectromagnetic units that are NOT
energized in Figure 20. Figure 22 shows the inmmobilization of

magneti cal |l y-nodi fied target nolecules 5 on the el ectromagnetic chip
surface. Figure 23 shows a schematic representation of cleaving the
magnetic particles fromthe target nol ecul es afiter the target nol ecul es
have undergone reaction with ligands at the surface of the biochip of the
present inventi onln sohifjpas, Hindg! oraeactien bétween nidlecaled(@. g. 2atibidlyAd- lakifiyen;

DESCRI PTI ON The foll owi ng description is provided to enable any person

skilled in thpedfid DNA probeararnie déﬁ@ldd%ﬂg?%‘ﬁ%l&tme@%‘%&ﬁﬁ&f&ﬁr%w best

nodes contenplated by the inventors 5 carrying out their invention.

Various nodi frh&l@éuieég @éllidélﬂii‘ﬁg Qrusith.! fﬁer"%%{ {)nﬁggée{i) %Sf @E PALSAL ddpnd SHOS©

skilled in the art) since the genera e present 1 nvention
have been def i i.fically t rovid L. Cr.o-el ectr netic
device for rrathlggu a?é“%&#gﬁ‘g%&d&?%ﬁ gpﬁ‘?@f‘@ Be %ttge ;Eé‘}ei"ércﬁrg’zé’éiq&?%
reactions.. Fig,.l shows a.thyree dinmensional diagram.oof the,.,

m cro- el ect ro%&&f?@‘f'i many bt p%@egpysgqqg %‘F@Q’érﬁ’?gpﬁﬁgﬁﬁ igymobitized gtihey 14
conprises a pluyrality of mcro- electromagnetic units 25 fabricated on a
substrate 16)CSRihvERcHlegaoterdpest molecyle ispresgtina solwioniog i SRIPARIICE | ast i cs
) ceramics ) or other solid or porous materials . In this exanple the

el ect r omagnet Reactigns toscuz Svhen moleculen ippssively adiffusingrin e splition zcoBidX withahe ay. Each

el ectromagnetic unit 25 is capable of inducing rmagnetic field (B) 17 upon
ci rcul ati on oifmmobilized molecules. Only a small percentage of the molecules in the solution

actually diffuse and collide in a reasonable amount of time. Thus, the reactions are
10 slow apd inefficient, severely limiting the speed, efficiency and the sensitivity of
bio/chemical assays performed on these biochips. In the electromagnetic biochips of
the present invention the molecules in solution are actively brought into contact with
the immobilized molecules on the chip surface by means of magnetic forces. The
resulting reactions are “actively” driven by magnetic force leading to improved speed,

15 efﬁcicncy and sensitivity.

For a typical magnetic particle of super-paramagnetic material, a magnetic dipole 7 is

induced in the particle when it interacts with a magnetic field 5 .

— B
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15 an electric current (horizontal arrowhead)about the unit, and can be

sel ectively energized through a nunber of nmeans . Figure 1 shows that out
of nine micro electromagnetic units, five areSrefdficatiora@swatilh 09120998 ¢
current (horizontal arrowheads) to generate the magnetic fields at their
vicinities . Note that the magnetic field polarities (vertical vector
arrows Bare dependent on the electric current circulation direction
Specification as at 15 09 2003 -23 (e, g. , clockw se or counterciockw se).
A functional |ayer 42 (discussed bel owrll-s shown as form ng an upper
surface of the chip. In Figure 1, electromagnetic units 25 may take the
formof | oops of electric conductive traces (shown as a surroundi ng | ayer
21 in the figure) around a core 26 that 5 is electrically-insulated from
conductive | oops 21. The | oops may be of a nunber of geonetrical shapes
such as circle, spiral, square and squared-spiral. Such conductive traces
having different wteidg, e %ﬁa&mﬁﬁ&% ARy yDte tRRoOIuAR sBRe il of theOn
substrates using differfent photolithographi ¢ and fabrication protocols, as
known to those skilled in the art of m.crolithography and mcrofrabrication
(See, for exaPASHEY anddts sumennding medinm, 1q if themagefis pepmsahili jof predium, H,

M crolithography, M cromachining and M crofabrication, Volune 2:

M cromachi ni n ' i i gal Epg ' )
Bel | ngham Vaer agieas 8L ¥obhth P milkle e Popo Rt o dT s Srhny
basi c steps, for ex | ) photolithographic mask generation) netal
deposi ti on) ikﬁ%ﬁ%m%@wkmgwcmqulﬁ%t or esi st

patterning with nmasks and devel opers, 15 nmetal or insulator |ayer
patterning, Conduckive tr mayb_rrag of metallic materigls such as
al um num ﬁol d, si nretwc,‘r&g?r&épﬁ%%{p? fﬁhnum pal | adi um or 6t her
conductive materials such as carbon) sem conductor materials (e.g.)

phosphor ous dgped silicon) .and conductiyve or.gani olyners as wel|l as any
other materia °r55t§°als¥9ﬂ%°lgas *t h@@fjo c%ﬁgf" 8 Q&H’?dgmgﬁ‘?d? ghagignt eRgratians, 4 ¢t i ng
electric current of sufficient 20 magnitudes up to several hundred nmA
(mi|'1i - anper eJesPachvely. dihe particls ¥elocity dpa.. MBger apgerbeyeah magnetic foregand | ona
areas up to several thousand ptn2. Thickness and width of the

Speci fi cat i onvisousdrag B ghend903 - 24 :

magnotic
oy @)

e

vparrlcle =

10 where r is the particle radius and 7, is the viscosity of the surrounding medium. Thus
to achieve sufficiently large magnetic manipulation force, the following factors should

be considered:
(1) Particle susceptibility should be maximized;
(2) Magnetic field strength should be maximized; and

15 (3) Magnetic field strength gradient should be maximized.



conductive traces may vary fromO0.1 to 500 umand from1l to 500
respectively. For each electromagnetic unit, conductive traces na

single or nultiple turns . In the case of nulsﬂ?qﬂ'f@ai'% Ag At An 0P;200 yer

m crof abrication protocols may be used to fabricate these units. 5 In one
enbodi nent) sel ective addressing of electromagnetic units conprise electric
coi mections between electric conductive | oops and current sources through
electric switches. By changing the signals applied to electric swtches)
the flow of electric current in the conlicti ve | oops may be turned on or
off so that the el ectronnagnetic units may be energized or switched off. In
anot her enbodi nent) 10 sel ective addressing of el ectromagnetic units may be
reali zed through a mechanical switch that turns on or off clectric current
to conductive loops . In both enbodi nents, electromagnetic units are
coupled with switches ) and by controlling the switches' on/off status)

vari ous conbi nat i d¥ewidknowndesdribe s¢vataliBlustotive¢mitinen gfitieipresem intventiony  be
achieved. 15 To increase nagnetic field strength induced by electric

current in th&ccontiuet onccehibudifien) ofAH Piebent Gre@idn/Tasl endiidfak hddresapiet i ¢ or
ferrimagnetic materials may be used. In this case) each el ectromagnetic

unit conpri seﬁncmaémﬁﬁ%&u@&hecoﬁﬁume«ampéﬁrbe&ﬁpns&d ngle or multiple turns
of electric conductive traces about the haghetic core, means for applying

el ectric current to the conductive traces froman electric 20 current
source. Thus, the acgbstrate; core of the el ectromagnetic unit 25 in Figure 1
may be Specification as at 15 09 2003 -25 made of ferromagnetic materi al

that is elﬁctrl cal ly-i nsg%gted fromelectric current |loop . Various
met hods, khown to 3FFeLoLIavitieson thesubsteate; +  may be used for depositing
ferromagnetic or ferri magnetlc mat erials on substrates (See) for exanple,

Ahn and Allen, "A Qég {9 ype integrated inductor with a
mul tilevel meander ma% ¢ core EE Transacti ons on Magnetics 30:

73-79 (1994)). Fig. 2 shows a schematic representati on of nagnetic

particles 56 that @fist idycr o€ tedudtivveacts oameaa&hgtbmdumgltﬁaﬁde@mg:amm uni t
25. Wth electric current being

of ferromagnetic cores;

a first insulation layer on the substrate surface that covers the first layer of

10  conductive traces;

a second layer of conductive traces on the surface of the first insulation running

between the rows of ferromagnetic cores, perpendicular to the first conductive traces;

a second insulation layer on the chip surface that covers the ferromagnetic core

array and the second layer of conductive traces.

15 In another embodiment of the present invention, an electromagnetic biochip
comprises an individually addressable micro-clcctrqmagnctic unit array chip that

comprises

a substrate:



applied to the unit 25, magnetic field (B) is induced in the unit's
vicinity) which induces a nagnetic field and etjc for rticles
56. The magnetic forces are 10 dependent sen§ﬁ%%3@? %ﬁsﬁﬁggegngSbution of
magnetic field B (and field strength FI ). Selective addressing of

el ectromagnetic units allows the nmagnetic field distribution to be
control |l ed and changed. For exanple) four nei ghboring ~el ec~romagnetic
units may be energi zed synchronically with appropriate current flow
directions to produce a magnetic quadrabole field. Magnetic field
distribution may further be changed by 15 nodul ating the anplitude and
polarity of electric current applied to mcro electromagnetic units. The
change of magnetic field distribution will in turn alter . magnetic forces
on magnetic particles and influence particle position, velocity and ot her
ki netic response paraneters . For exanple, as evidenced in Equations (2)
and (3), particl eayatrayoficavitiesronishe substrateased by i ncreasi ng magnetic field
strength and magnetic 20 forces. Specification as at 15 09 2003 -26 The
functional |ayer 42 shown on,the chip surface of Fig. 1 is used for

i mobi i zi ng 1 gadfTREPHEGPIELD each Y pe a hydrophilic or hydrophobic

nol ecul ar nonol ayer) a hydrophilic or hydrophobi c nenbrane) a hydrophilic
or hydrophobic gel) r ) - S ri and/ or
t he conposite of ?hg§%B§E%§F§9¥§%§£tﬁ&%%@ﬁﬁgfgﬂgﬁg g@%ﬁ&rg e%% %@héingle
nol ecul ar | ay, f exanple, L,angnuir-Blodgett filmas can be forned in a
| ., angnuir trc(;%g}l % Eﬁ&mpﬁﬁﬁgﬁ’l izing nucleic acid |igands) binding
materi al s.such as nitrocel lul ose or nylon may be used as in Southern or
northern b ots. Praofigi mSulaidd 1BRP oh 48 sbdBard Surkied Bl Bversathi %‘é_n@_@ysf cal
(e.g., hydrophobic) or chem cal approaches. For exanple) specific receptors
such as 10 antq i . lectins can be incorporated into the functiona

| ayer 42 forqﬁ?ﬁgﬂﬁgéygéand nol ecul es of protein or peptide-types.
Dependi ng on the intended |igand and the assays or reactions to be carried
out by the biochi p)secondiflgyeeof codbctioe trases ®a hdirfadtCothoOfidi Bsulitioh tayehe
functional |ayer 42 for binding |igand nol ecul es. These. nol ecul es

i ncorporat ed fufinif) BetivediCdall foWs df WaBhetit2ofed berBérﬂQhﬁBﬂxle'fQﬁ'?%ef@n&ﬁdﬁb@s ar e
referred to as 15 the functional groups. Exanples of the functional groups
include, but pgle.limted to al dehydes) carbodiim des, succininydyl esters,
antibodies ) receptors, and lectins . The functional groups also include
chem cal groups or nolecular sites that are forned through chem cal

nodi fication on t hessbidimsulitoaciayswnatie chip. suffie thRtdoods ief magietigedrée

el ectromagnetic biochips 10 will be described in later sections of this
description. ZgayFind theSedon® Wyerof To/RABMEitacaser si on of the :

m cro-el ectronmagneti c biochip 10 according to one enbodi nent of the present
i nvention as seen from above. Connection Specification as at 15 09 2003
-27 pads 12 are i ra tincbinding layercld sararfinssionad tayes) that coversehesacomhingptation ¢ uni t
array by neans of conductors 14. Fig. 4 shows a detail ed cross-section of a
si ngl e m cr oelazetand isagektoiimmobilite lighhd moleglessherednagndmi cr o- el ecxr onmagneti c

bi ochi ps could be fabricated on a nunber of substrates ) the illustrated
enbodi ment is on a,silicon 5 substrate 16 that has been polished on one
surface. In the fobgasdimpleculss ik ater difssted od) dpmpbilized comoy Hhe; g fuptioplocesses
for the el ectromagnetic biochip 10 as shown in Fig. 4. These processes are
for illustlpat layer ysingpepgaeticdericss or ofpmethedsi | | ed in the art of

nucrof abrication may be able to readily adapt these steps or processes and

nmodi fy some of the,.st . far. _producj ng. bi qchi.ps. Wi fh the sane structures as
shown in Fig. 4. 1'6}?9 ﬁﬁ%ﬁéﬁﬁﬁl%dc@ﬁm&ﬂb@%ﬁ%?‘%%ﬁ%{&é W? 3y
surface diffusion (doping) with phosphorus to yield an el ectrical
sheet - r esi st afstional layer gnciyde by are ot ta 4 mefequlay apopolgyer i MombANG, 4g a

t hi ckness between) for exanple, 1000 and 8000 A~ are produced by thermal
deconposi ti on 8els agdtaapdrews ohempor@sswatenial layee Thefinctonshiayeromaylibeeansi ons
and array density for the mcro-electromagnetic unit array chip ) parallel
15 conduct i ve addidamaklagd aheaed fothe biockip gudyhi(inathé ybdve rerampla o tiieesesanidst r at e
16 by phosphorus injection. The surface density of phosphorus diffusion is
adjusted to give a sheet-resistance | ess than or equal 1O Z/ square for
conductive trace 18. Because the traces 18 are fornmed within the substrate
16, they have no relief and are not raised above the polished surface of
the substrate 16. After formng the first |layer of 20 conductive traces 20,
an SiQZ insulating layer with a thickness of 2000-4000 A is grown on the
surface of the substrate 16 by placing the chip into a high tenperature




Specification as at 15 09 2003 -28 oven (e.g. 1000C). A first insulating

| ayer of Si02 20 is thereby fornmed on the substr te 16 co e first

| ayer of conductive traces 18. Using photolit H?n aﬁggﬁpg%&ogavi ties
for electroplating are laid out at designated areas between the first
conductive traces 18. For exanple) an array of 10 5 pm deep el ectroplating
cavities 22 is etched by applying a KOH solutien (30 %wWw to the silicon
substrate 16. Tn cross -section each of the electroplating cavities 22
shoul d have trapezoidal shape with its-Kmaller parallel face towards the
bottom surface of the substrate 16 . An additional SiOz |ayer 24 with

t hi ckness of about 5000 ~ is then deposited over the el ectroplating
cavities 22) and the Si02 layer at the bottomof 10 electroplating cavities
22 is renoved by photoetching. The cavities 22 are then filled wth
ferromagnetic material to create magnetic cores. This is acconplished by
first placi ngnsulatioslaper). rsdteenatiéely, theofunctisnS Gyesmby e formed2y @ird@ Ghyehiigal-and
heated to between 400 and 600C. for 30 m nutes under nitrogen gas, so that a

seed | ayer ofmedifidadén of thé biobhis ks niviecale®Uh tHe éxdmple above[ el saffacediof bot t om
of 15 the electroplating cavities 22. A magnetic~ore 26 for each cavity 22

can be for nedh®YecHacEs f d
conditions: (1). in %%1!/1%211 Pﬂ?%’ﬁ%%ﬁg%crag){ fn%dt%%tog%%&ﬂ%@g?tggdgﬁig% {2).

(10'50 /1) ar9tEsls e iyich deminfpitggicert Reapt WeAR W oo o
Speci f 1 cat] ortgad 0 fipipid 8 E@;{-{pﬁéﬁ&gﬂg@?&‘ib@ e et fhat el 7

i nsul ation | ayer net e 26 can be el ectropl ated accordi ng to
ot her conditi ﬂlgcuiqqami%ﬂlgailgwp, Fientindingoraafteshment of Hgand molesules. t o obtain a
ni ckel (81 g6)-iron (19b) Permallay, an eI ectroplating solution

According to one embodiment of the present invention, a method for

manipulating biomolecules, chemical reagents, or drug molecules comprises these

steps:

10 providing the above-described individually addressable micro-electromagnetic

unit array chips;

forming a thin binding layer (i.e., a functional layer) for immobilizing ligand

molecules on the chip’s surface;

loading micro-locations on the binding layer with a set of ligand molecules by

15 positioning and immobilizing magnetically-modified ligand molecules at predetermined
micro-locations to form molecule-binding regions on-the chip surface by selectively
controlling electric current in the conductive traces in the micro-electromagnetic unit

array chip to produce magnetic fields around desired micro-electromagnetic units;

magnetically modifying or loading target molecules by linking them with

20  magpnetic beads;



Way have the follow ng conponents: N S04 6HZO (200 g/1), FeS04 7HO (8
g/1l)) 5 NClZ 6HO (5 g/1), H3BO, (25 gll) and sucrgse (3 /b%) . An
electric current density of 5 mAlcn2 may be ﬁ%@?'fi(‘@t'ﬂ'&@éa&gs X030pl at i ng
rate ~ 0.3 wrimnute. Oher details of electroplating conditions may be
found in various references (e.g., Romankiw and O Sullivan) "Plating

t echni ques” in Handbook of M crolithography, M cronmachining and B

M crof abrication) Volune - 2: Mcronachining and 10 m crofabricattion)
Editor: Rai-Choudhury P. ) SPIE OpticaFlZEngi neering Press) Bellingham
Washi ngton, USA (1990. After formng the array of nagaetic-cores 26) a

Si 3N, insulation layer 28 with thickness of about 5000 A is deposited by

t hermal deconposition at a tenperature of 200-300C over the magnetic-cores
26 and the first insulating |ayer 20. Next a 15 conductive | ayer of

alum numw th thickness of about 1.2 Eun is sputtered onto the surface of
Si 3N4 28 insul at i dmrodesieg solufiomsaoniaitingidgaeic beadclinkell afpetoledules @ato Ink)
perpendi cular to the first series of conductive traces 18) is forned

bet ween t he ravgRedesdibed higmdsConRinisph\RicR)-dddrosigeiyunitierayelipet chi ng of the
al um num Therefore) a mcro-electromagnetic unit array is formed that
consists of the array of nagnetic-cores 20 and a two di nensional network of
conducti ve traces profueing opagsetict fickls odronnde desiredri migro-locationsc by veelectiatyes 30 may
be even with or higher than the top surface of magnetic Specification as
at 15 09 2003addf¥simgoand sen2gizinfgi paetichia) uaitsSeitimshicts-AbMronagnetia nhio arrhyayeer 32
with thickness of about 4000 A is deposited on the surface of the al um num

conduct i ves t riastafiagattically mlodifitd BRREmolcaEs canR dird&et fwaRD1igmlE Mdicliss over the
ends of the first conductive traces 18 and over the ends of the second

conduct i ve tr&?ﬁéd&ﬁe@ﬁrﬁtl&&ﬂ&iﬁ%@a@%agéoguyﬁ%lﬁgﬁdg%nrgﬂi&%dandso that 5 the ends

of conductive traces can be connected uctofs 14 to the pads 12
whi ch may then be connected to external electric circuits. The conductive
traces 18 and 30 atledsing magnetic bdads fromnageeinbleculosi folléwddaby een@valosfethed by a
DC current source. Each individual magnetic unit of the mcro

el ect r omagnet magndtid beads.ray i s control |l ed by sel ectively energizing

di fferent conductive

The ligands and target molecules in the above method may be biological

10 molecules, chemical reagents, drug-candidate molecules, or any other molecules or
particles. Methods accordipg to the present invention may be used for hybridizatioq

and detection for specific sequences of DNA molecules, for antibody/antigen binding
interaction in application areas such as drug screening, bio/chemical (i.e., biochemical

or chemical) process control, biochemical monitoring and clinical diagnosis.

15 In the following, with the aid of figures wherein like structures are denoted by
like reference signs, we provide detailed descriptions of exemplary embodiments of
individually addressable electromagnetic array chips, electromagnetic biochips, and

methods of manipulating molecules.



10 traces 18) 30. As shown in Fig. 5, the magnetic field is produced around
the selected unit by selecting the direction tric r hr ough
the surrounding traces to forma closed curre 'P%'&?ﬁo%raﬁ@ﬁgtqggm%
magnetic-core 26. That is, to magnetize a core in a given colum) the
traces 18 on either side of that colum are energized so that an electric
current will flow up one side of the colum and down the other. This
current 15 flow will have the effect of magnetizing all of the units in the
colum to sone extent. However) any prel®termned unit in the colum is

al so a menber of one of the rows . of units.. By causing an electric current
to flowin the traces 30 on either side of that row, all of the nenbers of
the roww |l be magnetized to sone extent; however) the selected unit) as
shown in Fig. S, will have a current flow ng around all of its sides 20
(fromthe row current and fromthe col um current) This results in the

sel ected unit bei ng nmagnetBRIEADESCRIFTIONOR THE BRAMNNGS of the ot her units.
The polarity of the induced Speci fication as ‘at 15 09 2003 -31 magneti c
field depends on the direction (e.g., clockw se or counterclockw se) of
current flow (arr dligie ilnshdws & soematic of sa plip Jfbthe praseritninventise irt tleemagnet i ¢
field strength of the selected unit by making a structure where the

sel ect ed uni t dimensional persptetved withdigectibreibf e mdghidtic” fielfls Fvee@fdwithi Be trace
(e.g.) as in making a mniature coil), Single or nultiple two di nensi onal

conductive tr ameollthyUddiredfoh d7@urdéh! A6w Mbrizdiital bRBwiRiadd) RSdatPdion | ayer 32 by
simlar nethod that creating the conductive traces 18. and 30. Each network
consists of two |ayers of conductive traces that are insulated from each

ot her and $whose pddgure 3rshews mechematiovifithe bidohipoafiFigick (furetiombiager chdttednd 30)
respectively. 10 The magnetic strength of the selected unit can be

i ncreased f ur stosingbnduction gofivicompibménarg ainhgnetidTeielde d@edters)adi patahmggetioduce

m cro-coils surroundi ng each core. For a given current flow the nagnetic
force devel oppghidles. t he core is proportional to the nunber of turns in the
mniature coil. A large nunber of nethods, readily apparent to one of
ordinary skill in the art of mcrofabrication and m cronachini ng, can be
used to 15 fabri cafigurgicls arischematioidiagrani ewingl thewimgurap pf @adidividsllpe used
by the present inventors, but the invention is not limted to this nethod
al one. The mi eddvessabld miceo-eledimmageetit adit farraynchip hdvifg a weluimhaow Stractureeast | oned
above. Again) conductive |ayers of doped silicon and netal (e.g., alum nunm
are used daht essatfiongdbyve. Unl i ke the exanpl e

-Figure 4 shows a cross-sectional diagram of the chip of Fig. 3 taken through

Figure 5 is a schematic diagram of a magnetic core from above showing the

electrical current flow for turning on (magnetizing) a micro-electromagnetic unit.

15 Figure 6 is a schematic diagram showing the form of a first set of conductive

traces used to produce a micro-coil around each ferromagnetic core.

Figure 7 is a schematic diagram showing the form of a second set of

conductive traces used to produce a micro-coil around each ferromagnetic core.



gi ven above, the conductive |ayers are connected in the vertical dinension.
In 20 fabricating the first layer of conductiye traces 18, .inste q%of

havi ng strai ght traces run on either side of aPgd 'Qﬁ%‘ﬁ"(ﬁs%dﬁ@@ ach
trace 34' runs al nost conpletely around Specification as at 15 09 2003
-32 each core as shown in Fig. 6. This trace can conveniently be produced
by the phosphorous diffusion process described in relation to the colum
traces 18. This trace is covered by an insulating |layer 20 as in the

si npl er micro~l ec~romagnedc array descrl%ed above. A second micro-coil
trace 36 is deposited on top of the insulating 5 layer 20 as is shown in
Fig. 7. Preferably this layer is fabricated by sputtering and etching as in
the case of the row traces 30 descri bed above. Prior to the sputtering
process ) the insulating layer 20 is etched at vertical interconnect points
35 so that there will be a vertical connection between the mcro-coil
traces 34 and 36. Figwe 8 in&schematissiiagrani showg thhfoon@f b chizd setofopendustivei t
coincides with the end-point of the first mcro-coil 10 trace 34 and the

st arti ng- poi rtraces used® praiuceaimivrecoil abolnd ehdhaereond@netictcostl | | be apparent that
the trace 36 of Fig. 7 actually has two interconnect points (at the start
and at the end of the |oop). For clarity these are differentiated as 35 and
35' ~. The second IEignEs ois a thiee dimensionalt scheraatic Jhagaame showiog e misyo-geil
additional insulating |ayer 20. The above processes are repeated to deposit
a third | ayerproduced from-acplurality of pxtap@ed sominaiive traces BT the tyifes thowhlie Figst r aces 38
like the first mcro-coil traces 34 |lead out of the array to row

connecti on$ w$8h conductors 14 and pads 12 (not' shown). The point is that
each trace |l ayer effectively adds a single conductor turn to the

mcro-coil. Each m.cro-coil consists of a starting "colum" |ayer 34 and an
endi ng "row' |ayerfigge 10y [ed sekegmatin diagsmy phowing the wrineipler of; aidressiegin be a
vari abl e nunber of " |oop"” |ayers 36 depending 20 on the desired nunber of

turns in the infividgalc gidro-elrgsromagnetic wiiite byyaing Adectric ewitthes uBadssiivds | ayer s
of fset slightly. Such offset is necessary to ensure that the

Speci fi cat i oncamgected t4 the@arr2Q GaureSiditint et Eeeind plroughIwa 2lectdib 'switdhegly S
coincide with the end-point of the conductive trace |loop in one |ayer and

the starting emnetedcih sérits. THYWaGHitIRs bieddoftrdlRAMy ielkctid Qighals Gphied 1ant ayer .
This concept is illustrated in Fig. 9 which illustrates a three di nensional

vi ew of a1ouf fgwsladd Edi@ansBr HeQiceic cofd@ftiveiiésnd @ plurality of internediate
| ayers 36.
Figure 11a shows the schematic of Fig. 10 wherein each electric switch is a

bipolar transistor.

Figure 11b shows the schematic of Fig. 10 wherein each electric switch is a

MOSFET (Metal-Oxide-Semiconductor-Field-Effect-Transistor).

15 Figure 12 is a schematic diagram showing a biochip of the present invention.

equipped with a fluid chamber and a window to allow optical detection.

Figure 13 is a schematic cross-section of the biochip of Fig. 4 showing an

individually addressable electromagnetic biochip.



5 Alternatively) sone of the mcro-coil trace |ayers can ~e inpl enented
with doped silicon as in the initial colum traces 18. Thia Coggig%? is a
matter of design preference and may alter theSPRGHGatienas afda e. One
way of using doped silicon is to deposit a |ayer of anorphous silicon above
the insulating |ayer 20 and then create the illustrated trace patterns by
phot ol i t hographi ¢ directed doping. After all the mcro-coil 10 |ayers
except the final "row' |ayer have been fabricated, the cavities 22 are
created by etching and the ferromagnetr#-cores 26 are fornmed by

el ectroplating. Then the final mcro-coil "rove" |ayer 38 and the

i nsul ati ng capping |ayer 32 are created to conplete the structure. The
advantage of the mcro-coils is that a stronger magnetic force
(proportional to the nunber of mcro-coil "turns" ) is devel oped by each
magnetic 15 core. Further when a selected core is magnetized by selecting a
gi ven col um and ragure tlhds gt schematior represemsatibee showdnge riagmetic amddificationaofver y
smal| extent or not at all . Figure 10 shows the principle of addressing

i ndi vi dual milipand 6 ter@étrmolecgles thréugh Gicleavablé cHémitd liskepCt ri ¢ switches. In the
figure) each unit 41 is connected to the conmon electric ciurent source 43
and the common gnmund 45 (i.e. a current sink) through two 20 electric

swit ches 37 and 3%iguic darshews tipuse ofimagnetR7dispensersntor pitk ap frozere micrer i ¢
signal s Specification as at 15 09 2003 -34 applied to the rows 30 of the
el ectri c conchaticles eotainiag ligand nlesules and nB@nétic patictes.ol | ed by el ectric signals
applied to the colums 18 of the electric conductive lines . An individual
unit 41 is svvitch&d on %i e. I:hhere is_a current flow fromthe current
source 43 1o the e A9 shoys the felepse of the frpzen micrepartigles, oh Bigad$ oS and
only when both electric 5 switches are turned on. An electric switch can
be, for exanpluefceofgibinshinof the present inyentign. shown in Fig. 1la) or a MOSFET
(Met al - Oxi de- Sem conductor Field-Eff~ect 'Transistor) as shown in Fig. 11b.
Thus) the electric..potentials applied.t he base of. {he bipol ar transistor
or to the gate of Cﬁ'ﬁge@?ﬁlh—ﬁs @'étngeh%rﬂgé‘%[ ﬁgzeﬂﬁ?‘ﬁtf’fpag'f’ § nﬁ‘m{gﬁ@?ﬁc{ electric
swi tches. The i‘g 41 is shown as_a_square loop of single .turn in Fig. 10
10 and | |b, mAgcules and mygnehic particles) g Figobh of nultiple turns in Fig. 11.
These transistors can be readily fabricated using the simlar fabrication
techni ques to tho ) 1 t | ray
descri bed above aiﬁglgggggfé&?snttﬂé%? Lelgg .lﬁz{égagq%é@kg\nht% ﬁl t@%%ﬁ Z’Izlidrl%(‘:lég

conduct i V?Ol 09A%, Ofy @ sane substrate . The current source 43 and common
ground 45 may take the forms of two separate conductive layers in the 15
final structure and are connected to outputs of a DC power supply . The

current going t hr opiglte a19Tiskéva~BRC FnASR IME ﬂJBi’tTégﬁrxédcalﬁem&ﬂﬁ@ tdrght t he

voltage fromthe power supply divided by the total “resistance of The

Cof1 owi ! : ! : : , . ¢ Cectri
wi tches and DPLBEHble bt AELERAONER 6iR¢ ERAF vl M08y bl of 12111 ©
substrate mtgﬂ:iﬁ%&ex{.xﬁicﬁéamc?&) but other materials, 20 such as glass )

e1

silicon dioxi ceramcs or even plastics, etc. , nmay al so be used as
substrates. The substrate can be nmade of porous or non-porous materials .
SimlarlLy, Figure 20 shows a pattern of electric current flow through the conductive traces

15 of an electromagnetic chip for energizing a group of micro-electromagnetic units (i.e.,
magnetizing a group of magnetic cores); note that the energized units (shaded) show a

continuous loop of current around the unit.



Specification as at 15 09 2003 -35 the materials for the insulation |ayers
20, 2S) and 32 are not limted to the materials used in thi | e, but
may be plastics, glass, photoresist, rubber, @%ﬁﬁ?@gn@§é¢1§ﬁ§éggﬁductive
traces may be alum num gold, tin) copper) platinum palladium carbon,

sem conductor materials or conposite of above materials. Simlarly) other 5
configurations of the conductive traces and mcro-coils are possible. The
illustrated nethod of producing a magnetic-core by elecxroplating is nerely
an exanpl e. Magnetic cores can be deposdlted in proper relation to
conductive traces (mcro-coils) by nmeans of el ectron beam evaporati on,
sputtering or other deposition techniques wellknown to those of skill in
the art of mcrofabrication and m cromachining . 10 Furthernore, nagnetic
cores can be fabricated froma w de range of ferromagnetic or ferrinmagnetic
materi al s deposited by el ectron-beam evaporation) sputtering and other such
met hods. The presé&igure A shewon difenonti pastern ofiielectdo adubrgnt Cow ridoligib e

m croel ectromagnetic units on a substrate. Using such chips, directed

mani pul at i on cohdubtivenipdces of e electhmmigaetic ¢HnOENN surbdnel AdWUskEm| Mews @& | s made
possi bl e through the 15 application of magnetic fields. After the

m cr o- el ect r efEgi2RiE inticré‘elediroridd } oL e of top .
insulation |ayer 32 nay be c%&?ﬂfmsn%fypg?ﬁ%% may %@E{%t ed with a thin
filmlayer. This layer is called functional |ayer 42, which is used for

i mobi i zi ng | i gakigurei22eshaive the ilntriobilivatioh efimagnefically-nibdified teget moletil@nal | ayer
42 may be hydrophilic or 20 hydrophobi ¢ nol ecul ar nonol ayer, a hydrophilic
or hydr oplfobian theeeldrtramagnetic dhjsisupfabe. | i ¢ or hydr ophobi c gel) a pol yner |ayer)
or the conposite of these materials) Specification as at 15 09 2003 -36
as described in the section related to Fig. 3. The functional |ayer may be
made of porous or FHYF $ogws asehematia representation ofieleavingathe magnstic partichesy

i ncorporate specific nolecul es such as anti bodies for binding |igand

nmol ecul es, d dhentgresh molesulesnafien dhe targey ampdecales] havecundergenesreaction ewdthit i ons t o
be carried out oa the biochip. These nolecules 5 incorporated in the
functional | digendsfabthe surfanebf thgbiochiofith preseht igwagon 0l ecul es are referred to
as functional groups. For inmobilizing nucleic acid |igands binding
materials such as nitrocellul ose or nylon, polylysine, agarose gel)
hydrogel , acryl am de gel as used in Southern or northern blots may be used
as functional layers . For immobilizing proteins and peptides, antibodies
or other protein nolecules nay be 10 incorporated into the functional |ayer
42 and used as the functional groups. After the formation of functional

| ayer, the ligand nol ecul es 44 that have been



magnetically triodified or | oaded (as expl ained bel ow) can be i mobilised
onto the functional |ayer 42 by reacting mnth di fferent fun i ndi ng
moi ety provided . In Fig. 13, a "lock in keyS 5@??@%3§GEE§§§%593
characteristic of an antibody is 15 illustrated, but clearly the

i mmobi lization is not limted to ~ this type of reaction. The precise site
of immobilization on the functional l|ayer 42 is controlled by the magnetic
fields generated by the el ectromagnetic units. That is, in nost cases the
ligand wilt be i mmobilized i medi atel y-2bove a unit if a single

el ectromagnetic core 26 is magnetized. As is well-known, the polarity of an
el ectromagnet is controlled by the 20 direction of current flow about the
el ectromagnet. Depending on the direction of current flow (cl ockw se or
countercl ockwi se) the units will either have North poles or Speci fication
as at 15 09 2003 -37_ South poles pointing towards the functions! |ayer 42.
Thus, when two adj acent el ect r DEIAIEEDDESURIETIONe energi zed to have either
the sane polarity or opposite polarltles the superinposition of the
magnetic fields due to the QEVE B EMBADMMENTES Wi | | determ ne the
magnetic forces acting on nagnetlcally modi i ed | i gands and 5 determ ne
where the (igands will be inmmobilized. It is possible to energize

nei ghbori ng el ect Mherfollowingdeseriptich is Provided Cdnalle anyesbrsvn vkilled inlthecdrt B gNEt i C
field distribution and to change the forces acting on nagnetically-nodified

mol ecul es. | ’make dad ude @he iVetion vd 3éts fdﬂ@&%ﬂ@%ﬂ%@&ﬁ%@&t R ifven@AcCt ant s,

and to allow for addition and renoval of the |iquids, uid chanber 46 is
construct eqd adQHﬂgin I3 g C q%i%‘ﬂ ochip is
shown in Fig. 12 %Z?ZET e %ﬁ}p 1 l‘iﬁg l@%‘?&&g f|;an aérgwitila Rﬁ E(Iber 46 of
pl astic or ot & rovide liquid .
flow A quar t%ﬁ%toﬁ\}gér @PI %@8" é‘g’s mgi%‘é“?“‘i&?‘iq@gﬁ (ﬁﬁetq‘rgsﬁ%p'gvreéﬁ ? material
can be used artz i s 00 al ultra-viol et surenents) is

seal ed 10 thehﬂvsﬁa&%%‘ @%ﬁﬂﬁwﬁeﬁﬂhw it p OOt GRHE o5 ¢ abl o

material. The cqverslip 50 allows, 1 S optical detection of |igands and

reaction prodJtt? GH??‘CQ‘%WW@FHW%FVWWF non- opti cal

detection nethods are enployed) the chamber top 50 does not have to use

optical | y-transpan é‘t JELES ed"m_'kl 8 8}%3] V@yﬁnﬁ*”@cﬁ%q%gnﬁé’n%tigﬁﬁpcid ption of

t he construction of®exanp es I na
mcro-elegctro neti c bi ochi di n tot
f& r}Btﬁc present Even%o IQIshc c(fl {0 con%nses a pur ty o% mlcro- electromagnetic

units 25 fabricated on a substrate 16, which can be made of silicon, glass, silicon-

.oxide, plastics, ceramics, or other solid or po.rous 'matérials. In this example the
electromagnetic units 25 on the chip 10 are arranged in a 3 x 3 array. Each
electromagnetic unit 25 is capable of inducing magnetic field (B) 17 upon circulation of

15 an electric current (horizontal arrowhead)about the unit, and can be selectively
energized through a number of means. Figure 1 shows that out of nine micro-
electromagnetic units, five are energized with electric current (horizontal arrowheads)
to generate the magnetic fields at their vicinities. Note that the magnetic field polarities

(vertical vector arrows B)are dependent on the electric current circulation direction



20 invention. The precise structure and fabrication of the individual
magneti c cores can be altered without departing fromthe basic inyention

di scl osed herein. Specification as at 15 o®ragiigatien gs at b@pgﬁgoghrough 23
illustrate nethods for using an el ectromagnetic biochip shown in Fig. 3 to
mani pul ati ng nol ecul es, of chem cal) biological) pharmaceutical or other
types) according to the present invention. These nethods include foll ow ng
steps: a. Constructing an individually addressabl e mcro-el ectronagnetic
array chip 5 10 showmn in Fig. 3. b. Fe2¥ ng a functional |ayer 42 on to the
surface of the above chip. This functional |ayer is used for inmmobilizing

| i gand nol ecul es. As descri bed above this |ayer 42 nay be fornmed by direct
chemi cal nodification of the surface of the insulation |layer 32 or by

pol yner coating or by 10 introducing affinity nol ecul es or reactive
functional groups. The layer may be a functional hydrophilic or hydrophobic
mol ecul ar Mgy, AxRERwik 6 estdidril6ckiWise)) VAN RRBORI Jaye abr(@Rssel Walbiw) anal

hydr ophi | i cl hydnphobi ¢ gel, polymer |ayer) porous or non-porous |ayer or
the conposit gqoh EE&‘%& a8 QhrBrce § thé\@igﬁ‘.etic nodi bcation or | oading of

| i gand nDIecuPesat at ﬁ?ﬁlﬁﬁt 15 su%seq ently imobilized on the functional
| ayer 42. d. Controlling electric current in individual traces 18, 30 to

create magnetic finefigre 4y elsttebnth@fidticaMitsT2s noy eikeahd fHRMPTASIPS ofiBleittic SO t hat
the magnetically nodified or |oaded |igand nol ecul es are drawn to and

| mobi i zed gdndf&ive bcks EhowRad :Pﬁﬁiohﬂﬁ? Rfer 206 e iGirk)iidind aR¥R2648a 1 © Torm

affinity binding regions required by various assays on 20 the chip

surfaces. s RARK e ol cotdichih PR, e TABY fuf!b6 of Rt oFet Nods

for mani pul ating I'Zzi ng

geometrical shapes such as circle, spiral, square and squared-spiral. Such conductive

traces having different widths and thicknesses may be fabricated on silicon substrates

using different photolithographic and fabrication protocols, as known to those skilled in

the art of microlithography and microfrabrication (See, for example, Rai-Choudhury P.

10  (Editor), Handbook of Microlithography, Micromachining and Microfabrication,
Volume 2: Micromachining and microfabrication. SRIE Optical Engineering Press,
Bellingham, Washington, USA (1997)). Such protocols may include many basic steps,

~ for example, photolithographic mask generation, metal deposition, insulator

' deposition, photoresist deposition, photoresist patterning with masks and developers,

15 metal or insulator layer patterning. Conductive traces may be made of metallic
materials such as aluminum, gold, silver, tin, copper, platinum, palladium or other
conductive materials such as carbon, semiconductor materials (e.g., phoéphorous-
doped silicon) and conductive organic polymers as well as any other materials as along

as they conduct electric currents, For conducting electric current of sufficient

20  magnitudes up to several hundred mA (milli-ampere), the conductive traces may have

different cross-sectional areas up to several thousand pm2. Thickness and width of the



nol ecul es at specific regions through the application of nmagnetic field. As
shown in Fig.14) the ligand nol ecules 44 may be |inked ontg _a paramagnetic
bead 56 through a cl eavable |inker 54. Thus, $H@PWQ§§8H&SﬁBﬂéé%#éggaban be
-transported, mani pul ated and S rel eased at specific regions by taking
advant age of forces acting on the paramagnetic beads 56 due to magnetic
field generated by the el ectromagnetic biochip . The paranmagnetic

m crobeads 56 may range in size fromless than 100 nmto nore than 100 pm
They can be manufactured by nethods kned4a in the art or can be purchased
from Conpani es such as Dynal or Seradyn. The cleavable |inkers 54 may be 10
phot ocl eavabl e, heat cl eavable, enzynme cl eavable or clcavable by a specific
chenucal reaction. The connection between the cleavable |inker ~4 and the
par amagneti c m crobead 56 may be nmade by a coval ent bond or by neans of

nol ecul ar affinity (e. g. , antibody-antigen or |ectin-sugar) between an

end funct i onalondicdirasds :956y &a?@ﬁ%%yﬁbj(ﬁl;leﬁl%ﬁoﬁrl%gp? ﬁﬁﬁr}&@b&lﬁgagup 58 of

par amagnetic m cro-bead 56. For exanp e overall "asse may be as

follows: Lig 4 J i r..(54~hi - Vi din

(58~par amagnel (?g‘?% %l%c?g%%@?éﬁmhg?@% o?%‘%—@%%?@? g% h‘@ﬁ’%ﬂé’% Isner ves as
t he connectiop between cl.eavabl e ]inker an aramagnetjc m crobeads. Such a
nol ecul ar as m\/\@falnulggledg% nglué{ayfﬁ r@'éwgarbafa“%r’r‘ ”t"""rLs i By any

| i gand nol ecul es wi sh paramagneti ¢ m crobeads Specification as at 15 09
2003 -40 usi rfgbrioate thest ¥ ng steps. First, streptavidin nolecules, are
coupled to the surfaces of paramagnetic m crobeads using the nmethods known

to those skilled i . (typlcall ' el obe ve a
sur f ace ofsé( a polys yoﬁlgﬁeg%pé"féét’ ﬁgﬂg/c%ﬁ‘@%g%?%{ﬁlgﬁgeg&éwﬁcg 0 Jp%?".pﬁ?e
Al ternatively) streptavidi n~oated paramggnetic 5 ncrobeads b
pur chased fro %&‘g‘&%ﬁ“ﬂ?‘e .°e§eeg 9’?3‘9%'1“%&?% Iag‘] P Folﬁfet?%&
mol ecul ar - conpl exes are prepared. These two steps are a%?l icable to
magnet i ¢ nodi $7E#% FWIchey Bynshapging the gnals applied g dectyicaiwitches theflay pf specifi ¢
| i gand nol ecul es are coupled to cleavable |inkers through) for exanple,
coval ent bond?lerric cprren| inythe tgoadusties doaps rpave bei| tamed Paepbioff o5 thaprthed by
i ncubating streptavidin-coated paranmagnetic 10 beads with "Iligand-cl eavabl e
| i nker - bi ot i nélectimagnetia nunito may ebeeenetgized | droswitohedt offi. & amgtiten vimbiodindentadi ng
reaction to take place.

10  selective addressing of electromagnetic units may be realized through a mechanical

switch that turns on or off electric current to conductive loops. In both embodiments,
electromagnetic units are coupled with switches, and by coht:rollfng the switches’
~on/off status, various combinations of on/off status for electromagnetic units may be

achieved.

15 To increase magnetic field strength induced by electric current in the
conductive loops, magnetic cores made of ferromagnetic or ferrimagnetic materials-
may be used. In this case, each electromagnetic unit comprises a magnetic core on the
substrate, single or multiple turns of electric conductive traces about the magnetic
core, means for applying electric current to the conductive traces from an electric

20  current source. Thus, the center core of the electromagnetic unit 25 in Figure 1 may be



For immobilizing Iigand nol ecul es, the magnetic field generated by

energi zed magnetic units will exert magnetic forces on the g [ netic

mi crobead 56 that will bring the overal |l nol eRAcHicatiorassty sa&g%gontact
with the surface of the biochip above 1 S the energized el ectronagnetic
unit. The cl eavabl e |linker can then be cleaved so that the m crobeads 56
can be renoved after the unit is swtched off. As explained below) a fluid
wash or externally applied magnetic force can be used to renove all the

m crobeads | eaving the |igand nol ecul esi mobilized on the functional |ayer
42. Another nmethod for magnetically loading ligands is to m x the solution
20 containing ligand with paramagneti c m cro-beads and then rapidly freeze
themto formsolid nucro-particles 60 (usually I ess than one mllinmeter in
di aneter) containing the Specification as at 15 09 2003 -41 |ligands and
par amagnetic m cro-beads. The solidified nvcro-particles 60 prepared from
different Samgidesf RAvmbghetid Matekalitih A ddRRAB infubiied ftnt EIEctiS Surrehl 16651 d
transportation of such solidified mcro-particles to the chip can be

achi eved by ] el } {5l I i i LN a
specially degﬁﬁgﬁﬁﬁgﬁﬁg%ﬁ’:rﬂg{sgg@%h u%b%!’spe)ﬁg’g}'ﬁ%gb?gﬁgosmn%

el ect ronagne

! f jo-particie = drspenser b2 -
pr edet er m neﬁl"%%"?".rﬁﬁ%gﬁ%f § rgneed gﬂsgh%@au%sgggﬁpﬁat% S Hiﬁ%l,em{%ﬁ; ried to

m cro-parti cl ape rel eas and i mobilized, (Figs. .15 and 16) b
controlling t’ﬁ%“el gc‘le?'vl @'ﬁ?@?ﬂeram Fteamated eﬁwgd“m %M&‘@k’%‘?"&ﬁﬁgneti c
unit so that the magnetic field on the chip region is stronger than the
field on & speapaeic creesIHE Tramsactiony pr-Magneties 30 H7M18940)particl es 60 10 are
rel eased onto the functional |ayer 42 of the chip 10 at the designated

regivns (Fig. 1~. ter I i he solid mcro-particles 60, the |igand
nol ecul es are i 'Iff%og&o%s{iﬁ@&&ceﬁp DC%TB&P% B%Ci’(sF?%.mag%? Such
steps have additional advantage s follows: .the ¢ross contan nation

bet ween | i ga %‘fw smb?ﬂfg%@gﬁgﬁtﬁ%@a&i ‘é“&e#se‘&‘ﬂbéle?‘gc F\é‘ﬂ‘i?&ege“fgo i ni mum
wi t hout cleaning the dispenser head after each delivery. 15 After the

i mobi | i zat i GRPERA 1o e Vit &5 magnetis figkd (Meiscinduseds iy the dmdt’s; eigishpvhigte) t he
magneti c m crobeads 56 may be renoved fromthe chip by additional nagnetic
f orces above induseshinggnetic field encomagneti¢ fondedion paticles §6-iThe niaghetic Toreesaakd i ni t y

bi ndi ng area on each mcro-el ectromagnetic unit on the chip may have

characterjegti &p&h@ﬁ%@ﬁsﬁﬁ&%?ﬁ%ﬁh@uﬁkn Io? g.]ag%gg g)gigl 5% ﬁcl@%jcn?ﬁ?ﬁt)h for 20

rectangul ar shape) or di aheter r circ slze o € bi ndi ng

it i pi 6 cor oSS A SyRE Bt Blne B el AV 58048 60 ARSI,

pol arities of; the rqi,zed cores. Th xact, di nensjons of the ,affinity
bi ndi ng ar easbec?ﬁuglpeg@gfg&&é’ﬁdg Fgﬁewp@oﬁ?wd‘f’ﬂg&?&ng ﬁ@%ﬁ"&ﬁ%g 1Y, er
42-e.g9.) the functional |ayer 42 can be deposited under, photolithographic
control (as o‘EFpS%eégize&rﬁyP?W‘XH’cy’mEdV@r apEPPrite QueeR) flows directipps &PWe‘gul es 62
are | abel ed (e. g.zi wth a fl uorﬁphore 64) and connected

magnetic quadrapole field. Magnetic field distribution may further be changed by

15 modulating the amplitude and polarity of electric current applied to micro-

electromagnetic units. The change of magnetic field distribution will in turn aiter .
magnetic forces on magnetic particl&s and influence particle position, velocity and
other kinetic response parameters. For example, as evidenced in Equations (2) and (3),
particle velocity can be increased by increasing magnetic field strength and magnetic

20 forces.



onto nmagnetic mcrobeads 56. To use the individually addressable

m cr o-el ectromagnetic chips described in this_invention- to_nanipulate the
target nol ecul es 62, these nol ecul es need fi r3peaficaian ag@hdpi09400p

nodi fied. 10 There are al so various nmethods to magnetically nodify the
target nol ecul es. For exanple, the, target nolecules 62 may be |inked onto
a paramagnetic. bead 56 through a cleavable |inker 54 so that the target

nol ecul es may be mani pul ated and noved to the target area by applying
magnetic fields. The connection of cleagble |inker 54 and a paramagnetic

m crobead 56 nmay be achi eved by coval ent bonds or by 15 affinity between
the end functional group 52 of the cleavable |inker and the functional
group or receptor 56 of paramagnetic m crobead. For exanple, the connection
may be structures as (Fig. 19): Tag (64l hTarget nolecul e (62)-cl eavable

| i nker-biotin streptavidin m crobead Speci fication as at 15 09 2003 -43
Such assenbl y canhe shRiGmE 148 49 shikin St hipPEAGETHY B 101! BE Gardescr | bed

above for form ng "ligand-paramagnetic m crobea ssentl y. The target

nol ecul es 62, o . i.nke ara neti c _heads, 56 ar | aced in
The Tr e oF b §ighRf Rolebllde g‘ué’%’( R B e Cor R %“1°F’§‘§?{d

nol ecul es 5 44 | bi lized. on biochip surfaces by controllin netic
fields. g. | AQUQEYE,2DY oPLlE oV HSRPbiG Wﬁ%@g hydg qufrlagmgﬁ ic

m cro-el ectronagnetic units using the electric current flow ng patterns

i |l ustrated 8 BRYmMErgayeRqPOrausAr| noRpoEqus nafesials \aad/px, the compesite) of of f of
magnetic fields at the m cro-el ecxmmagnetic units. 13 out of 25 units are
ener gi zed 3 n mmtefials2OMalerular oonelayet 2refers tte single oobecyjarz dayer foFi example, 21. Thus
) the magnetic field generated at individual mcro-electromagnetic units
attracts the engmoir-Biagety finnds tancbe fommerbin arbhrpmuiresoudh). cfod immobilizingrem cl ose
to the designated ligand affinity binding regions. By changing the magnetic
patterns sequeileicadcidjgasisebindiag anieriflEBEIRES infroddlulose G nyddr mAChe wbdl as
concentrate the target nolecules 62 fromits vicinity in solutions.

Ther ef ore)  af jhigabthyn/dk RE¥RSN HIBRC PloRS 2h@ tp&s(ifd%ﬂ bg 86 by VLGS Phisicab2 and

the ligand nol ecul es 44 are brought abou Fig. 22). Wién the

magneti cal | y- i t Emi!cﬁ Wy 5

el ect romagn~i ¢ i ygﬁ&b‘éﬁ?g? cflallna y(s\agét%&%hgi %Ef@rﬁ%%g%d&egé}gogst gdem‘gfmecul es 62
is at fir controlle random di ff ysi.o Fig 19). The. di.rected vement
of the sfarfr(?:)l ea%é?@?‘ftﬂrgcscg%lspcaﬁl qufeggxgg C&Wﬁ?ﬂ?@ Hgt#cfoﬂf?ff"f’gg ﬁ%an chi eved
by appl yi ng ng‘gpe‘ﬁl c 20 fields through alternatively turn-on and turn-off
of the rmagnet MRleylcs|af protein, pn peplide-types ¢ Repeuding on the intended ligand and the assays

or reactions to be carried out by the biochip, different molecules can be incorporated

into the functional layer 42 for binding ligand molecules. These molecules
inéorporated in the functional layér 42 for binding ligand molecﬁies are referred to as
15 the functional groups. Examples of the functional groups include, but not limited to
aldehydes, carbodiimides, succinimydyl esters, antibodies, receptors, and lectins. The
functional groups also include chemical groups or molecular sites that are formed-
through chemical modification on the chip surface molecules. The methods of using

the electromagnetic biochips 10 will be described in later sections of this description.

20 Fig. 3 shows a schematic version of the micro-electromagnetic biochip 10

according to one embodiment of the present invention as seen from above. Connection



Specification as at 15 09 2003 -44 illustrated in Figs. 20 and 21.
According to the specific assays, directed noyenent of target | ecul es 62
to one or a nunmber of selected nucro-el ec~ror %Qﬁ\{&;ﬁt'@“@ﬁiatt&@g&o% so be
achi eved by selectively switching on these units . Under the influence of
the magnetic field generated by the selectivel y-addressed

m cr o-cl earonmagnetic unit) the 5 nmagnetically-nodified target nolecules 62
can be caused to rapidly nove towards the biochip surface, and to.undergo
the affinity binding reactions (or other reactions) with the |igand

nmol ecul es 44 immobilized in the designated unit regions. (Fig. 22). h. In a
final step ) the target nolecules 62 (or their ‘reaction products) are
separated fromthe magnetic m crobeads 56, which are then renoved.
Separation of 10 target nol ecules 62 from nmagnetic m crobeads SG can be
acconpl i shed ' by phot ocl eavage) enzymatic di gestion, chem cal cleavage,

etc. of the GHERY B clodtAls EorirhuRRkE $h KR AlirofRinBldt Sy ) thelheo' Of | eads

56 (Fig. 23). The magnetic m crobeads 56 can be renoved fromthe chip
surface by the i catj og. of aﬁigE i,0 . LG forge ve.the chip
(not effecti@ec@mﬁg#rg H'ogléd ?I ul c%%é%a%@g%%e&ﬁ%‘y ogeasv\s/a@%e %\t/}\-ay 15 by
liquid flow t hrough t he anher. 46. In above-nentigned net hgd, the

| i gands and e?%}fg@fg%g? é’é‘ﬂi é@ﬂ'e o )F"Pﬂpp‘g“g?m?ﬁ?f"té‘bg’f‘@%(’%cﬁ&g B ol ogi cal )
pharmaceutical , or any other chem cal entity). The nethaods in this

i nvent i on cafPuirated o0 & JHmbey of Spbstraes, the é‘ﬁ‘sé?msﬁ@é‘?q‘m@‘tmns%d\y@%es by
hybri di zati on) binding assays of antigen-antibody reactions and drug
screeni ngd 205upgirage 16 tainkas hgenppolighed pnnane sbrface s Inothe fajlowing, ale dgsagibe @onpounds
to specific receptors). Specification as at 15 09 2003 -45 For exanple, a
i brary of cdetal the fabrichtion prooessas forckhe electtoanagaetip binphip 4@ asshownga keg. #ol ecul es
and | ocalized at predeterm ned | ocations on the functional |ayer 42.

Bi ol ogi cal rEresotpcesses ahel fére iliniedtioé Glrgos@noe! Thoser skille@didCde Ly ofenet i c
engi neering

microfabrication may be able to readily adapt these steps or processes and modify

some of the steps for producing biochips with the same structures as shown in Fig. 4.

10 In one example conductive regions are produced by surface diffusion (doping)
with phosphorus to yield an electrical sheet-resistance of 2-10 Q/square. Insulating
layers of SiO, having a thickness between, for example, 1000 and 8000 A are
produced by thermal decomposition as detailed below. Based on the requirements of
dimensions and array density for the micro-electromagnetic unit array chip, parallel

15  conductive traces 18 are photolithographically formed on the substrate 16 by
phosphorus injection. The surface density of phosphorus diffusion is adjusted to give a
sheet-resistance less than or equal IOC/square for conductive trace 18. Because the
traces 18 are formed within the substrate 16, they have no relief and are not raised
above the polished surface of the substrate 16. After forming the first layer of

20  conductive traces 20, an SiO, insulating layer with a thickness of 2000-4000 A is

grown on the surface of the substrate 16 by placing the chip into a high temperature



met hods and fluorescently | abeled. The receptors are then either
specifically localized 5 on the functional |ayer 42 to correspond wth
candi date conpounds . After a washing step, a%&aﬁﬁﬁﬂpﬂéﬁ@tééﬁﬁéﬁxﬁs t hat
"l'it up”™ with the label is a compound that shows prom se of interacting

wi th the biological receptor. Therefore) this invention can be applied to
performcontroll ed biochem cal reactions, biochem cal detection and
clinical diagnostic tests. Also special organic reactions to assenble
conpl ex | arge nol ecul es 10 can al so be2achi eved. Wien the above-descri bed
met hods are used for DNA hybridization) after step h, non-specifically
hybri di zed DNA nol ecul es can be renoved by stringent control of the binding
conditions) such as hybridization buffer, tenperature etc. This | eaves the
DNA nol ecul es showing high affinity left hybridized to the Iigand nol ecul es
where 15 they can be detected by fluorescence, etc. Wen the
above-descri basl @5t NOOPCHr & HREthsliRingARer WSO 0 O thérebPirsiRE ldnQe af ter

step h) non-specifically bound antigéen or antlbody nofecules can be renoved

by stringent %F}Q‘%J‘gi6%?@g}ﬁ%§8?‘gé!°%%d@ﬂ%*%§§ ggs t he specific bound

antigen or a ody nho i'n-on imity binding area.
Specification as at 15 09 2003 -46 Wen the above-descn' bed nethods are

used for biol ogi coing pROYIRESEraph{ e pétetiar tavities Ford clecirplating @Rt lldnoudfat t he
anal ytical results may be obtained using several detection nethods, such as

opti Cal ST 9Nyl A bdrlIeAUEISIPARUEEE Bice0ts RRUBAPE Sarira o 3 e cenCe)

chem | um nesce or electrochem | um nescent detection,” 5 el ectrochem cal

detection) and detecti on.of radigactive .| abels. jcal.d ti can be
acconpl i s%ﬁed‘l e&?qg%r@ﬁﬁ“gt %g%‘ﬁ 8{[3“%1’@ Yo A s“i'ﬂ}'%ﬁ@%ﬁk‘@@?

nol ecul es, which is excited by laser |ight source. Another optical

det ecti on metlifcticar sybsyaie 16, lnsress msstioneadiy®l dha slepyeplating wuitiemesipuldnt i body
whi ch specifically bind to the target nol ecules, and then the fl orescence
are induced Byve teapegoidal ghiape wishy ite smallet pasallsh facttowarde sherthwttom surface nbthgy
transfer can also be used to detect the close proximty of the ligand 44 to
the target nobistatt d662An Biditictat §i0,dayeb@dtwitll thivksss of about $66NAris ¢heaner gy
transfer can be found in the article by Ju et al., "Fluorescence energy

transfer dye-degisiddechep theTeledropRtind Nvitses R2CRAAA M Si0Y 1ayealay BeSbottbia dfr oC.
Nat|. Acad. Sci. USA) 92:4347-4351, and in ref ere%el?%cited in the article.

The fol | o N@1ebBoptatinl Bifics 2b iErEABRABy bRboG@H! O | €d DNA

The cavities 22 are then filled with ferromagnetic material to create magnetic
cores. This is accdmplished by first placing the s;lbstrate 16 into a NiSO, solution
(200-400g/1) and heated to between 400 and 600°C.for 30 minutes under nitrogen gas,
so that a seed layer of nickel with thickness of about 1 pum is formed at the bottom of

15  the electroplating cavities 22.

A magneticcore 26 for each cavity 22 can be formed by electroplating
according to the following steps and conditions: (1). in Fe/FeCl, solution (ratio
200:500 g/1) at 20-40°C; (2). in FeNi/NiSO4 solution (200:400 g/1) at 30-60°C; (3).
in FeCl, solution (10-60 g/1) at 30-60°C. Thus, an array of magnetic-core 26 is

20  formed on the substrate 16, where the top surface of magnetic-cores 26 is higher than



1 S nol ecul e operation that uses the nethods of this invention. First) an
i ndi vidual |l y addressabl e m cro-el ectromagneti ¢ aryay, chip.is constructed
according to the methods described in this ingﬁﬁmﬁ%%pnfﬁéﬂéér 3f the
chip is coated with a |layer of high nolecul ar polynmer for DNA probe

i mmobi |i zati on. The paramagnetic m crobeads are added to the solution that
contains DNA 20 probes and the m xtures are then quickly frozen to form
solid mcro-particles. The mcro-particles are-transported to the: '

desi gnat ed regions (mcro-el ectromagned$-c units) Specification as at 15
09 2003 -47 of the biochip using a precision robot arm equi pped with-a
magneti c di spenser 62. A plurality of different probes are imobilized at a
plurality of different regions (one probe per region) . Potentially each
chip could have as many different probes as there are individual magnetic
units on the chip. A stronger magnetic field than that of the 5 magnetic

di spenser i sthgeaoprsaifed 6ftheNfirstiSIO, dkulitidf 1Ryep CID. PMBSheGORHRCIE Bgh BE €CLTi C
currents to the selected units. The probe m xed mcro-particles are

rel eased on ifobide' fcaltang | @Y StierOLonliifns® BRF Lt o BbleS ofihaliliGisDIIRENT . Vhen

the solid mcroparticles pro i qui econe i nmmobilized

at the desig i regl on) 1 he,.hi Then .the free netic

m cr obeads a%&ghgé;g%ya gfﬁﬁ)%é%‘ﬁ%aﬂgﬁgyggﬁl@’l@ ?lixgoalaéﬂgpﬁo@ above the
surface of the bi ochip or renoved by a fluid wash. Thus affinity binding
regi ons are FBY ARG thhlollawingicompengnts: NiSQg & 6H:fh 200 g1} ieSONA HoPdR &lles ar e

| abeled (e. g. , wwth a fluorophore or radi oactive probe) and are |inked to
t he one- efds Nifl, H; gfbyvHIBOy (25 gl and snotose (3 £ . Afdeletttie curtentdensitydbf of t he

| inkers there are biotin nolecules. Streptavidin nol écules are i mmbilized
15 on the surf SarAlin’t inay @it to have &1 elbtdplatinglagn ~ 08! piiniite. Gakrai ni ng
target DNAl i nker-biotin conplexes and streptavidin-coated magnetic

m crobeads ageaildi $£¢idcRSRMIG" condftind MagChbe MM GGHORS rDeE&lAgncl‘-si kgd to

magneti c m crobeads by biotinstreptavidin interaction.

Lar get - phot ORbARHAY i SRl BLGARER WO RIS e 0o

Specification as at 1 he sblution contaln

magnetical |y ! ar get | ecul e, i.s _then aced j.n. the |.iquid
chanber on t%@émé%'ﬁ'ﬁnpé 'Fgg nﬁgfbg%@toﬁ o%oémﬁi'?'u%%(’%@mg%teﬁ’“ﬂati vel y
energi zed to produce nmagnetic fields in each unit on the chip. The target
DNA nol egal e ?fﬂgt’]“c&l“%“’nﬁi“rfr e%“ﬁ‘bw e'?&c %ﬂhr@ﬁ%‘:&hs&&i@e &0 the
probe 5 DNA nol ecul es that have been i nmobilized on the chip surfaces . IF

all the el ectBelinghmeYashingipr. Uk d920kr gi zed, target DNA nol ecul es are
brought into contact with all DNA probes. The target DNA nol ecul es,

t herefore, underg 1. di zat i : 10N W t pr.o I on -t he
affinity binding rggg%éhgﬁgﬁ%e#&?ﬁgﬁ%g@l 'g?rgsc#&;(f ﬁ%ﬁ#&@ﬁgﬁc’?o‘ﬁ@ﬁ tions.

Al ternativel y,. hybri.dji zat.i can be effecte ith selected 10 probes by
“ener gi zi ng sé‘l"@ﬁc?fé‘i’%@lsb%dﬁgwwﬁﬁyt % E@“Pﬁ%\f‘%’ﬁﬁ‘f%?ge to the
target DNA nmgl ecul es can be detected by -fl uorescence, |um nescence or

radi oact i Vi F&ﬁ%&m‘@ e magaeticogees Jsand the firpte insulatipg: laygs) b NS 2 This way
a given DNA target can be rapidly screened against a plurality of DNA
probes ank$ t leenduetivel layer rof piuidiguna mwith ahitkeest ofcebbiityl.2jyants spattered onth thehe
magnetic 15 m crobeads interfere with detection) they can be separated from
target DNA nausgsoe! €S Si;Np28emailtor . lagey, A c@dhd s ¥ tohddefvengata0130) | i ght i n
the case of a photocl eavable linker. The |ight cleaves the photocl eavabi e

linker to di yeRRARGHarDV HE st TRIRE of CoRtftafR: trJAgﬁif‘st 4§ f&g%ae&eweemﬁéis can

alien be renoved fromreaction regions on the p by additional nagaetic
forces or washing: r . i i ac " ting"
condi tions témrgggr%cve c%%g‘ﬁﬂyg(?tplgﬁ%&%?g@dg\ggl%g;bﬁgﬁ%@nﬁ%%@gg{e&&rg? second

and for subs en%léreor-]fl;lecErgrg1ggentetichlx\!n'Ai‘tS array is formed that consists of the array of magnetic-cores

20  and a two dimensional network of conductive traces. The top surface of the aluminum

conductive traces 30 may be even with or higher than the top surface of magnetic-



Specification as at 15 09 2003 -49 The inventors believe the

above- descri bed exanpl es show preferred approaches for utilizing this

i nventi on. However) the described paraneters §M‘C@§'°Biaﬁﬁ§§5&9¥,€b%t erials)
geonetries) nethods) protocols, tenperatures, concentrations and tine
shoul d not be considered to be the limts of this invention. In addition to
the 5 equivalents of the clained el enents, obvious substitutions now or

| ater known to one with ordinary skill in the art are defined to be within
the scope of the defined elenents. The3@l ains are thus to be understood to
i nclude what is specifically illustrated and descri bed above, and what can
be obviously substituted. The illustrated enbodi nent has been set forth
only for the purposes of exanple and that should not be taken as 10
limting the invention. Therefore) it is to be understood that) within the
scope of the appended clains, the invention nmay be practiced other than as

speci fi cal | yesteszs. Fally, heseqind Si,N, #e@ationilsat Spwmaﬁ;ickfxesaéf&%uthl-iéo CLAI M5

W Claim 1. An electromagnetic chip with individually addressable

m cro- el ect r QURBERE oh thelkiih Qﬁ% e : rQt.e, ' of

m cr o- el ect ro@gnet#‘c eun| t% clﬁn %%%P@H%@%%?ﬁ?ﬁ@g?@yggﬁ%ate, each
of said mcrg-elect.romagneti c units, structured.to. produ a.magnetic field
upon appl i caﬁllcodrlf"%*m%fné%f'ﬁf feadell ?81\‘13 ‘{fﬁg“‘r gfs{)@n%‘gw?ga?ﬁﬁs@oorvgrs@f’ect ively
applying an electric current to any one or nore of said pl uralittﬁ/atof

m cr o- el ect r GG the; secand jcprductive fraces 2 ars remeysd by dry etrking metbpdisq.

5 the ends of conductive traces can be connected by the conductors 14 to the pads 12

which may then be connected to external electric circuits.

The conductive traces 18 and 30 of the micro-'clecu'omagnetic unit array are
powered by a DC current source. Each individual magnetic unit of the micro-
electromagnetic unit array is controlled by selectively energizing different conductive

10 traces 18, 30. As shown in Fig. 5, the magnetic field is produced around the selected
unit by selecting the direction of electric current through the surrounding traces to
form a closed current loop around the magnetic-core 26. That is, to magnetize a core
in a given column, the traces 18 on either side of that column are energized so that an
electric current will flow up one side of the column and down the other. This current

15 flow will have the effect of magnetizing all of the units in the column to some extent.
However, any predetermined unit in the column is also_ a member of one of the rows

of units. By causing an electric current to flow in the traces 30 on either side of that

‘row, all of the members of the row w_ill be magnetized to some extent; however, the

selected unit, as shown in Fig. 5, will have a current flowing around all of its sides

20  (from the row current and from the column current). This resu]ts in the selected unit

being magnetized with twice the strength of the other units. The polarity of the induced




2. The el ectromagnetic chip of claim1, wherein each of said is

m cro-el ectromagnetic units conprises a magnetic core and neans fo
conducting an electric current about the magneRedicadpe asat 15108 2003

el ectromagnetic chip of claim2, wherein said neans for conducting an

el ectric current about said nagnetic core conpri ses Specification as at
15 09 2003 -51 single or multiple | oops of electric conductive traces
around said magnetic core. 4. The el ectromagnetic chip of claim3, wherein
said |l oops s of electric conductive trates are of a circular, a square, an
elliptical, a triangular, a spiral, or a squared-spiral shape. 5., The

el ectromagnetic chip of claim3, further conprising neans for nodulating a
magni tude and a polarity of the electric current io selectively applied to
one or nore of said plurality of mcro el ectromagnetic units. 6. The

el ectromagnetic chip of claim2, wherein said magnetic core conprises

ferromagnet i fapmti€ e d&kn& &?"tﬁe' GREA6H 1(E.g), SIARWRE || codntertidBkwise) of
el ectromagneti ¢ chip of ‘claim1, wherein said mcro electromagnetic units

are arranged, I tlve pattern with substantially equal
di st ances betﬂvf%gﬁﬂ&n‘gl b(‘\:‘))rllnr'itgelqgcli ‘ts. 20 Specification as at 15 09 2003
-52 8. The el ectromagnetlc chip of claim1l1, wherein said mcro

el ectromagneti c URii§ BossidléCtodinéreas it magetivvifield tremh bE Bt feleted @hip Gy Pet ween
0.1 microneter and 1 centimeter. s 9. The el ectronagnetic chip of claiml,

wherei n sai dnRAP Y stridiurd ShHRR the SdistteaRinle d ﬂﬂroﬁ&i&”b}'%’(ﬁe (AR GREC H kP of
connections between each mcro-electromagnetic unlt and a source of
electric QurGRhctl%race (e.g., as in making a miniature coil), Single or multiple two
dimensional conductive trace networks may be added on the top of insulation layer 32
by similar method that creating the conductive traces 18 and 30. Each network consists

of two layers of conductive traces that are insulated from each other and whose

position coincides with the conductive traces 18 and 30, respectively.

10 The magnetic strength of the selected unit can be increased further by using
microfabrication methods to actually produce micro-coils surrounding each core. For a
given current flow the rﬁagnetic force developed by.; the core is proportional to ﬁe
number of turns in the miniature coil. A large number of methods, readily apparent to
one of ordinary skill in the art of microfabrication and micromachining, can be used to

15 fabricate such micro-coils. The following approach has be used by the present
inventors, but the invention is not limited to this method alone. The micro-coils are -
fabricated from conductive traces as mentioned above. Again, conductive layers of
doped silicon and metal (e.g., aluminum) are used alternatingly. Unlike the example
given above, the conductive layers are connected in the vertical dimension. In

20 fabricating the first layer of conductive traces 18, instead of having straight traces run

on either side of a column of cores 26 each trace 34’ runs almost completely around



switch nmeans for alternately interrupting and establishing a f|OM/Of
electric current through said conductive connections.

el ectromagnetic chip of claim9, wherein sai CSB%'fiC@Hoﬁ@§@§1§I08 2é\otgher
mechani cal or electronic. switches. 11. An el ectromagnetic chip with

i.ndi vidual | y addressable is mcro-el ectromagnetic units conprising; a
substrate; a plurality of mcro-electromagnetic units in whole or in part
W thin said substrate, each of said mcro-el ectromagnetic units structured
to produce a magnetic field upon 20 apppd cation of electric current

t her et o; Specification as at 15 09 2003 -53 neans for selectively
applying an electric current to any one or nore of said plurality of

m cro-el ectronagnetic units to produce a magnetic field therein; and a
functional layer for inmmobilizing |igand nol ecules. s 12. The

el ectromagnetic chip of claim 11, wherein said functional layer conprises

material sel gfheGd 59'31:6&}?1:9@%% Cﬁﬂ§'u§&é dsh %nvéméﬁﬂ?rﬁbobl‘ohbdéd Byl @eul ar
nonol ayer, a hydrophilic nol ecul ar nonol ayer w th fdnctional groups, a

hydr ophobi c (g tQ gver with
f unct i onal g%sg'?%“g aifh ?gﬁﬁ%ﬁsgaﬁgﬁrlﬂﬁ at%ﬁ @ﬁ?olg!ﬁh ﬁg%?ré rane Wi th
functi onal g[oups a hyd hobi c menbra,n er hopi c nenbyane wth
functi onal gfSoEAyered é’yfﬁ'd mgjlayey 2P asqn dhey TI“P 0 WH""FWl onal

groups, a hydrophobic gel, a hydrophobic gel W|th functional groups, a
porous i s nmgeseribad abavendk ependvmicse-ceil tradet 36 is dapasiteshen tografuhs insatisgn” por ous

5 layer 20 as is shown in Fig. 7. Preferably this layer is fabricated by sputtering and
etching as in the case of the row traces 30 described above. Prior to the sputtering
process, the insulating layer 20 is etched at vertical intefconnect points 35 so that there
will be a vertical connection between the micro-coil traces 34 and 36. The interconnect
point 35 should be arranged so it coincides with the end-point of the first micro-coil

10  trace 34 and the starting-point of the second micro-coil trace 36. It will be apparent
that the trace 36 of Fig. 7 actually has two interconnect points (at the start and at the
end of the loop). For clarity these are differentiated as 35 and 35*. The second layer of
micro-coil traces 36 are covered by an additional insulating layer 20. The above
processes are rci)eatcd to deposit a third layer of micro-coil traces 38 as shown in Fig.

15 8. These traces 38 like the first micro-coil traces 34 lead out of the array to row
connections with conductors 14 and pads 12 (not shown). The point is that each trace |
layer effectively adds a single conductor turn to the micro-boil. Each micro-coil
consists of a starting “column” layer 34 and an ending “row” layer 38. In between the
column and row layer there can be a variable number of “loop” layers 36 depending

20 on the desired number of turns in the micro-coil. Note that the “gap” 40 of each

successive layer is offset slightly. Such offset is necessary to ensure that the



material and a non-porous material with functional groups. 13. The

el ectromagnetic chip of claim 12, wherein said fuypctjonal qrou S %{e

sel ected fromthe group consisting of al dehydeBéC t@ﬁﬁﬁéﬂiﬁQiggo
succi ni nydyl esters, antibodies, receptors and |l ectins. Speci fication as
at 15 09 2003 -54 14. An electromagnetic chip with individually addressabl e
m cro-el ectromagnetic units conprising;, a substrate; s a plurality of

m cro-el ectromagnetic units in whole or in part within said substrate, each
of said mcro-electromagnetic units st88ctured to produce a nagnetic field
upon application of electric current thereto; means for selectively
applying an electric current to any one or io nore of said plurality of

m cro-el ectronagnetic units to produce a magnetic field therein; a
functional layer for inmmobilizing Iigand nol ecul es; and |igand nol ecul es

I obi lized by said functional layer. is 15. The el ectromagnetic chip of

claim 14, whinte¢ohn&ap6intsi3§a381 alvedys Gothéide Witleths @hdpdibf tiedhdudGvelraoe P
consi sting of oligonucl eotides, DNA nol ecul es, RNA nol ecul es, proteins,

anti bodi es, o354 B 1B ah® GRAPiing Pl Of H2 SonductRRGfacd io%?tiﬂ @e .sﬁias@i% 15 09

2003 -55 16. An el ectromagnetic chip having an array I ndi vi dual I'y

addressabl e el niloGickfiasheatdaGn HY. 5w Mistrabd Winred diHRSHAS Vil of

a multi-layered micro-coil containing a plurality of intermediate layers 36.

S Alternatively, some of the micro-coil trace layers can be implemented with
doped silicon as in the initial column traces 18. This choice is a matter of design
preference and may alter the profile of the device. One way of using doped silicon is to
deposit a layer of amorphous silicon above the insulating layer 20 and then create the
illustrated trace patterns by photolithographic directed doping. After all the micro-coil

10 layers except the final “row™ layer have been fabricated, the cavities 22 are created by
etching and the ferromagnetic cores 26 are formed by electroplating. Then the final
micro-coil “row” layer 38 and the insulating capping layer 32 are created to complete
the structure. The advantage of the micro-coils is that a stronger magnetic force
(proportional to the number of micro-coil “turns”) is developed by each magnetic

15 core. Further when a selected core is magnetized by selecting a given column and row,

the other cores may be magnetized only to a very small extent or not at all .

Figure 10 shows the principle of addressing individual micro-electromagnetic
units by using electric switches. In the figure, each unit 41 is connected to the common
electric current source 43 and the common ground 45 (i.e. a current sink) through two

20  electric switches 37 and 39 in series. The switch 37 is controlled by electric signals



an array of cavities in the substrate, arranged in colums and s rows, each
of said cavities conprising a ferromagnetic core; a first |ayer of
conductive traces, each separate trace of sai%p4dificationagat 18092088uct i ve
traces running adjacent to one of said columms; to a second | ayer of
conductive traces insulated fromsaid first |ayer of conductive traces with
each separate trace of said second | ayer of conductive traces perpendicul ar
to said first layer of conductive traces and runni ng adjacent to one of
said rows. 15 17. The el ectromagnetic.ghip of claim 16, wherein a first

| ayer of insulating nmaterial separates said first |ayer of conductive
traces fromsaid second | ayer of conductive traces. Speci fication as at
15 09 2003 -56 18. The el ectromagnetic chip of claim 17, wherein the
material of said first insulating layer is selected fromthe group
consisting of silicon dioxide, silicon nitride, plastic, glass, ceramc and

rubber. s 19ppiidHo Aeoivs B0 18 elebtrie RominefiveQlndd. "Tht Qi RicBduaeHPNd | ayer
of insulating material is deposited on a top surface of said second |ayer

o, COnduct | YAediaite e e kBl 1 5% B AR AN %, 1©
second I nsul %;(hl ﬁgisls%ytalred iorsl (fce. ltt?c(i'}: ?sda Imrr?em h(r)]\s ﬂ%;not}l{g current source 43 to the
unit 41 and through the unit to the ground 45) when and only when both electric
5 switches are turned on. An electric switch can be, for example, a bipolar transistor as
shown in Fig. 1la, or a MOSFET (Metal-Oxide-Semiconductor Field-Effect-
‘Transistor) as shown in Fig. 11b. Thus, the electric potentials applied to the base of
the bipolar transistor or to the gate of the MOSFET determines the on/off status of
these electric switches. The unit 41 is shown as a square loop of single turn in Fig, 10
10 and 11b, and as a squared-spiral loop of multiple turns in Fig. 11. These transistors
can be readily fabricated using the similar fabrication techniques to those used for
producing the micro-clectromagnetic array described above and can be integrated..
together with the electric conductive loops on a same substrate. The current source 43
and common ground 45 may take the forms of two separéte conductive layers in. the
15  final structure and are connected to outputs of a DC power supply. The current going
through a micro-electromagnetic unit will be equal to the voltage from the power
supply divided by the total resistance of the current-flowing circuit (including the

resistance of the on-state electric switches and of the conductive loops).

In the foregoing examples, the substrate material is silicon, but other materials,
20 such as glass, silicon dioxide, ceramics or even plastics, etc., may also be used as

substrates. The substrate can be made of porous or non-porous materials. Similarly,



consisting of silicon dioxide, silicon nitride, plastic, glass, ceramc,
phot oresi st and rubber. 15 21. The el ectromagpeti ¢ chip of ¢l ai 6,
further conprising an additional |ayer of co ﬂ%?ﬁﬁ@oﬂﬁﬁéﬁégdéé&&%eparate
trace of said additional |ayer of conductive traces running adjacent to one
of the colums and insulated fromother |ayers of conductive traces. 20
Specification as at 15 09 2003 -57 22. The el ectromagnetic chip of claim 16
further conprising a further |ayer of conductive traces, each separate
trace of said further |layer of conductB$e traces running adjacent to one of
the rows and insulated fromother |ayers of conductive traces. 5 23.: The

el ectromagnetic chip of claim 16, wherein the substrate is a nateri al
selected fromthe group consisting of silicon, glass,, ceramc, silicon

di oxi de and plastic. io 24. The el ectromagnetic chip of claim 16, wherein
sai d conductive traces conprise a material selected fromthe group

consi sting otheqhdttialtLiot the GhsdlatiGi lay&s 20 28).an€ 3P BRI not RinRtéd folkhie maetiladi um
carbon and sem conductor nmaterial. is 25. The el ectromagnetic chip of claim

16 further cogRhh GisSladplé, B hhPDEpladtied] Glass, Photorddi, abses [ dePIMRS RS, The Chi p Of
claim 25, wherein said functional |ayer conprises material selected from

the group copsisativR%aal iy g AHRARNbA Cud Ui liniiR! BARNEH, cAdhy dr oPhi 11 c
semiconductor materials or composite of above materials. Similarly, other
5 configurations of the condﬁctive traces and micro-coil's are possibie. The illustrated
method of producing a magneticcore by electroplating is ;nerely an example.
Magnetic cores can be deposited in proper relation to conductive traces (micro-coils)
by means of electron beam evaporation, sputtering or other deposition techniques well-
known to those of skill in the art of microfabrication and micromachining.
10 Furthermore, magnetic cores can be fabricated from a wide range of ferromagnetic or
ferrimagnetic materials deposited by electron-beam evaporation, sputtering and other
such methods. The present invention comprises individually controllable micro-

electromagnetic units on a substrate, Using such chips, directed manipulation of

biomolecules, chemical reagents and drug molecules is made possible through the

15  application of magnetic fields.

After the micro-electromagnetic array chips are fabricated, the surface of top
insulation layer 32 may be chemically modified or may be coated with a thin film
layer. This layer is called functional layer 42, which is used for immobilizing ligand
molecules. Illustrated in Fig. 13, the functional layex.' 42 may be hydrophilic or

20  hydrophobic molecular monolayer, a hydrophilic or hydrophobic membrane, a

hydrophilic or hydrophobic gel, a polymer layer, or the composite of these materials,



Specification as at 15 09 2003 -58 nonol ayer with functional groups, a
hydr ophobi ¢ nol ecul ar nonol ayer, a hydrophobi ¢ nol ecul ar nonol ayer wth
functional groups, a hydrophilic nmenbrane, a Bpesitgationias a?éﬁtﬂ‘gaﬁ'/%)a/\n th
functional groups, a hydrophobic nenbrane, a hydrophobic nmenbrane with
functional s groups, a hydrophilic gel, a hydrophilic gel with functional
groups, a hydrophobic gel, a hydrophobic gel with functional groups, a
porous nmaterial, a porous material with functional groups, a non-porous
materi al and anon-porous material w th-jJginctional groups. io 27. The

el ectromagnetic chip of claim 26, wherein said functional groups are

sel ected fromthe group consisting of aldehydes, carbodiim des,
succi ni mydyl esters, antibodies, receptors and |ectins. 28. The

el ectromagnetic chip of claim 16, further conprising is a fluidic chanber.
29. An el ectromagnetic chip conprising an array of individually addressable
m cro- el ect r QRERAbdCinH becti6R MktbS td Big, 3, gﬂbﬁmem layer 305 bd @ ppon as a
15 09 2003 -59 an array of cavities in said substrate; arranged in colums
and rows, ea ' Lt].es. o | S] r net i re. .and a
first |ayer r@%ﬁ%?@ﬂi"g‘g’“‘% ?‘%’g%s??' gg’éhtﬁlgcgg%a?é{yg{ f‘?arméag’ %%Aré(glgtg sﬁlecr@c{] s layer
of conductive_traces extendi t Least. 90 around at |east one of said

f erromagnet i (,m(g%?%@ _suc§d1§ “‘f‘%’@ggf g’ét"?‘@ﬁ‘&d’&éﬁ '@°IE‘F\'PC§’ M’n&i%"g"@“‘fe&? er
conprising a ,addititgnal | ayer of conductjve traces, each separate trace of

said to addi tisghthind the asaysror JeactioRs to\he casried out eithe binckip. These awlerulely ar ound
at
5  incorporated in the functional layer for attaching or binding ligand molecules are

referred to as functional groups. For immobilizing nucleic acid ligands binding
materials such as nitrocellulose or nylon, polylysine, agarose gel, hydrogel, acrylamide
gel as used in Southern or northern blots may be used as functional layers. For
immobilizing proteins and peptides, antibodies or other protein molecules may be

10  incorporated into the functional layer 42 and used as the functional groups.

After the formation of functional layer, the ligand molecules 44 that have been
magnetically modified or loaded (as explained below) can be immobilized onto the
functional layer 42 by reacting with different function binding moiety provided. In
Fig. 13, a “lock in key” reaction such as that cixaracteristic of an antibody is

15  illustrated, but clearly the immobilization is not limited to"this type of reaction. The
precise site of immobilization on the functional layer 42 is controlled by the magnetic
fields generated by the electromagnetic units. That is, in most cases the ligand will be
immobilized immediately above a umit if a single electromagnetic core 26 is
magnetized. As is well-known, the polarity of an clcctromagﬂct is controlled by the

20  direction of current flow about the electromagnet. Depending on the direction of

current flow (clockwise or counterclockwise) the units will either have North poles or



| east one of said ferromagnetic cores and being separated fromsaid first
set of conductive traces by an insulating |ayer penetrated by a verti cal
conductive connection between traces of sai d $pecficatiapas afloO970St i ve
traces and traces of said additional |ayer of conductive is traces. 31. The
el ectromagnetic chip of claim30, wherein a first layer of insulating

mat eri al separates said first |ayer of conductive traces fromsaid
additional |ayer of conductive traces. 20 Specification as at 15 09 2003
-60 32. The el ectromagnetic chip of clgym 31, wherein said first insulating
| ayer conprises a material selected fromthe group consisting of silicon

di oxide, silicon nitride, plastic, glass, ceram c, photoresist and rubber.

s 33. The el ectromagnetic chip of claim?29, wherein a second |ayer .of
insulating material is deposited on a top surface of the array. 34. The

el ectromagnetic chip of claim33, wherein said io second insulating |ayer

compr i ses ‘. SBUEIoRL pBRNAE Aty BiE) HRBIGHIOUPeCRRS This! Wherwd! ddiieg_di oxi de,

silicon nitride, 'plastic, glass, ceramc, photoresi st ~and rubber. 35. The
0ot SR ol B U U SRR, iy TR L
e AT M St P A gt S,
grotps. a hygrrxi(t)spwhi(l)lb({efcmqﬁl: %utlnsgrnctg:ofggeg Xcetirn’g on magnetically-modified ligands and
5  determine where the ligands will be immobilized. It is possible to energize neighboring
electromagnetic units in a synchronized way to alter magnetic ﬁe'ld distribution and to
change the forces acting on magnetically-modified molecules. In order to hold the
affinity ﬁgénds, reagents and reactants, and to allow. for addition and removal of the
liquids, a fluid chamber 46 is constructed around the chip 10. A diagram of such a
10  chambered biochip is shown in Fig. 12.121212 The chip 10 is enclosed in a suitable
chamber 46 of plastic or other materials. Inlets and outlets 48 are provided for liquid
flow. A quartz coverslip 50. (glass or other optically transparent material can be used; .
quartz is a good material for ultra-violet measurements) is sealed to the top of the
cﬁamber 46 with silicone. rubbef or other suitable material. The coverslip 50 allows
15  optical detection of ligands and reaction products within the device. Alternatively, if
non-optical detection methods are employed, the chamber top 50 does not have to use

optically-transparent materials.

Thus, we have completed the description of the construction of examples of
individually addressable micro-electromagnetic biochips according to the present
20 invention. The precise structure and fabrication of the individual magnetic cores can be

altered without departing from the basic invention disclosed herein.



Specification as at 15 09 2003 -61 a hydrophobi c nol ecul ar nDnoIayer W th
functional groups, a hydrophilic nenbrane, a hydrophlllc W th
functional groups, a hydrophobic nmenbrane, a PRRffH Bﬁlaéagg %BWI th
functional groups, a hydrophilic gel, a hydrophilic gel with functional
groups, a s hydrophobic gel, a hydrophobic gel with functional groups, a
porous material, a porous material with functional groups, a non-porous
mat eri al and anon-porous material with functional groups. 37. The.

el ectromagnetic chip of claim36, whereign said io functional groups are
selected fromthe group consisting of al dehydes, carbodiim des,
succi ni nydyl esters, antibodies, receptors and |lectins. 38. The

el ectromagnetic chip of claim?29, wherein said substrate conprises a
material selected fromthe group consisting of is silicon, glass, ceramc,
silicon dioxide and plastic. 39. The el ectromagnetic chip of claim 29,

wherein said condyigdsi Y8 tirbwhess ﬂ%ﬁd R18th8ds"RF Akih@ hn leRctPdhpndi bidchpm t he
group consi sti ng of alum num gold, silver, tin, copper, platinum

Iladium 2q t 15
09 2003 - 62 48 Tﬁmél ecq?%%negﬁlgﬁ% pmh%ﬁﬁ& %‘°5’§‘ p?@ﬁ‘té’%&@%dﬁg‘?}. ?.SnS a

Lar get ol c.ies WPelesoRufEh patdie ehp! il GRS IRy g

plurality of i nd| vidual Iy addressabl e micro-el ectronagnetic cores; formng
a functional |ayen, CQhstubHRPin individGatly RBR&OR e eRetromagnetic array chip

5 10 shown in Fig. 3.

b. Forming a functional layer 42 on to the surface of the above chip. This

functional layer is used for immobilizing ligand molecules.

As described above this layer 42 may be formed by direct chemical
modification of the surface of the insdg_tion layer 32 or by polymer coating or by

10  introducing affinity molecules or reactive functional groups. The layer may be a
functional hydrophilic or hydrophobic molecular monolayer, hydrophilic or
hydrophobic membrane, functional hydrophilic/hy&ophobic gel, polymer layer,

porous or non-porous layer or the composite of these materials.

c. Magnetic modification or loading of ligand molecules that will be

15 subsequently immobilized on the functional layer 42,

d. Controlling electric current in individual traces 18, 30 to create magnetic
fields around desired micro-electromagnetic units so that the magnetically modified or
loaded ligand molecules are drawn to and immobilized at desired micro-locations on

the functional layer 42 to form affinity binding regions required by various assays on

20 the chip surfaces.



| 0 above said cores; nodifying |igand nol ecules to make the |igand

nol ecul es positionable by magnetic fields; disposing a solution cantaining
the nodified |igand nol ecul es on the functi or%FPGQ'f&?g‘P‘;‘ ap gt &588@0@8 a
pattern of immobilized |igand nol ecul es by sel ectively energizing nmagnetic
cores to formmagnetic fields which position said |ligand nol ecul es at
predeterm ned | ocations where said |ligand nol ecul es becone i mobilized on
the functional |ayer; Speci fication as at 15 09 2003 -63 nodifying target
nmol ecul es to nake the target nol ecul es-3Bositionable by nmagnetic fields;

di sposing a solution containing the nodified target nol ecules on the:
pattern of imobilized |ligand nol ecules; and s sel ectively energi zi ng
magnetic cores to formmagnetic fields which position the nodified target
nmol ecul es in juxtaposition to predeterm ned i mobilized |igand nol ecul es
allowi ng a reaction between predeterm ned target nolecul es and

predeterm ned | i g@hee rind earidus Smethals4fdr nidvipulitidhand dhmobitizing 4 figand her
conprising a step of detecting the reaction between the predeterm ned

target nol ecyldhguenst s?ﬁgﬁdofegﬂﬁg GFduh 8 dppLadich STOhiBgneli€ field! As4fownliae net hod

of Caim42, wherein step of detecting the reaction conprises optical
e et it R S L DB S
cleavable linker 54. Thus, the ligand molecules can be transported, manipulated and
S  released at specific regions by taking advantage of forces acting on the paramagnetic
beads 56 due to magnetic field generated by the electromagnetic biochip. The
paramagnetic microbeads 56 may range in size from less than 100 nm to more than
100 pm. They can be manufactured by methods known in the art or can be purchased
from Companies such as Dynal or Seradyn. The cleavable linkers 54 may be
10  photocleavable, heat cleavable, enzyme cleavable or cleavable by a specific chemical
reaction. The connection between the cleavable linker 54 and the paramagnetic micro-
bead 56 may be made by a covalent bond or by means of molecular affinity (e.g.,
antibody-antigen or lectin-sugar) between an end functional group 52 of the cleavable

linker and a receptor group 58 of paramagnetic micro-bead 56.
15 For example, the overall assembly may be as follows:

Ligand (44)-cleavable linker (54)-biotin (52)-streptavidin (58)-paramagnetic microbead -
S6)

Here, biotin-streptavidin binding serves as the connection between cleavable
linker and paramagnetic microbeads. Such a molecular assembly can be used as a

20  general format for modifying any ligand molecules with paramagnetic microbeads



20 nonol ayer, a hydrophilic nol ecul ar nonol ayer with functional groups, a
Speci fication as at 15 09 2003 -64 hydrophobic nol ecul ar nonol ayer, a

hydr ophobi ¢ ol ecul ar nonol ayer with functi onﬁpe@ﬁ%'ﬁg;asé‘tﬁﬁd}%@ﬂq iC

menbr ane, a hydrophilic menbrane with functional groups, a hydrophobic
menbr ane, a hydrophobi c menbrane with functional groups, a hydrophilic gel,
a s hydrophilic gel with functional groups, a hydrophobic gel, a

hydr ophobi ¢ gel with functional groups, a porous material, a porous
material with functional groups, a non4porous material and a non porous
material with functional groups. to 45. The nethod of C aim 44, wherein the
functional groups are selected fromthe group consisting of al dehydes,
carbodi i m des, succininydyl esters, antibodies, receptors, and | ectins. 46.
The nethod of C aim 41, wherein the step of nodifying is |igand nol ecul es
conprises linking the ligand nol ecules to magnetic material. 47. The net hod
of O ai m 46, usiigteifolldwisy &P FirstDitiep@vidihemolears dred@upied tocthe figfas@afet i C
material is achieved by a cleavable 20 |inker. Specification as at 15 09
2003 -65 48. pyiﬁmg?%%‘%hcﬁ Aisthethe MELRSAS! KholhCroC oSty 3R id Rehrt! S

cl eavabl e by "one I ght, heat, "enzymatic activity or chem cal reaction. s
49. The neth f,.Claim46.. wherei L nki ng .t he .l igan I magneti c
i er 1l 1o R gupagteu PRy bt b Mg og o BAPRPR: R e "To

met hod of C ai wher ei n bi ol ogL&

49, al affinity is . jo selected fromthe
group consi st axyif OF n B0y BTQMRSY g cAItErRAtiv ey y?“yeptéﬁ'flﬁ“ t BHAIRENFYG ¢y and
recept or - Isi gand affinity.

microbeads may be purchased from manufacturers. Secondly, “cleavable linker-

biotin” molecular-complexes are prepared. These two steps are applicable to magnetic
modification of any types of ligand molecules. Thirdly, specific ligand molecules are
coupled to cleavable linkers through, for example, covalent bonding. Finally, the
overall molecular assembly is formed by incubating streptavidin-coated paramagnetic
10 beads with “ligand-cleavable linker-biotin” molecular complexes to allow biotin-

streptavidin binding reaction to take place.

For immobilizing ligand molecules, the magneti¢ field generated by energized -
_magnet_ic units will exert magn_etic for_ces on the paramagnetic_ microbead 56 that will
bring the overall molecular assembly into contact with the surface of the biochip above
15  the energized electromagnetic unit. The cleavable linker can then be cleaved so that the
microbeads 56 can be removed after the unit is switched off. As explained below, a
fluid wash or externally applied magnetic force can be used to remove all the

microbeads leaving the ligand molecules immobilized on the functional layer 42.

Another method for magnetically loading ligands is to mix the solution
20 containing ligand with paramagnetic micro-beads and then rapidly freeze them to form

solid micro-particles 60 (usually less than one millimeter in diameter) containing the



51. The nethod of C aim4l, wherein the step of nodifying target nol ecul es
conprises linking the target nol ecules to magneti.c i.s matey,k . The
met hod of C aim51, wherein the step of |inki cﬁ'ﬁ@*"f'ﬁ?@@ﬁ%@é@?@ es to
magnetic material is achieved by a cleavable |inker. Specification as at
15 09 2003 -66 53. The nethod of C aim52, wherein the cleavable linker is
cl eavabl e by one of light, heat, enzymatic activity or chenical reaction.
54. The nethod of C aimb51, wherein linking the target s nolecule to
magnetic material is achieved by a covél-ent bond or biological affinity.
55. The nethod of C aim 54, wherein biological affinity is selected from
the group consisting of antibody-antigen affinity, lectin to hapten
affinity, and receptor-ligand affinity. 56. The nmethod of C aim 41, wherein
the target nolecule or the ligand nolecule is separated fromthe nagnetic
material by cleaving the cleavable linker. is 57. The nmethod of C ai m 56,
wher ei n t he Kgapdyant paramagnetit indcrovbdads, iThk solidified nniero-gartiples60nprgpeedd fooni i el d or
by a fluidic wash. 58. The nethod of C aim41l, wherein the nodification of
the 20 i ganﬂiffe&ht%ﬂgﬁ§nﬁ?|59%doﬁeﬁ3n HifpebAes fo? fx@leUisk ODir@tedithi@spoitgn@df mol ecul es
Specification as at 15 09 2003 -67 with nagnetic material, and freezing
droplets of Lj Al e 90 ] el Al smal |
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solid Pagnet!c particle _ fo further conprising the
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| i gand and said target nolecul es conprise nucleic acid ol ecul es
to predetermined positions above the designated region on the chip, the micro-particles

are released and immobilized (Figs. 15 and 16) by controlling the electric current at
the designated micro-electromagnetic unit so that the magnetic field on the chip region
is stronger than the field on dispenser head 62. Thus, the solidified micro-particles 60
10  are released onto the functional Jayer 42 of the chip 10 at the designated regions (Fig.
16). After melting the solid micro-particles 60, the ligand molecules are immobilized
on the designated chip regions (Fig. 17). Such steps have additional advantages as
follows: the cross contamination between ligand molecules by the magnetic dispenser
62 is reduced to minimum without cleaning the dispenser head after each delivery.
15  After the immobilization of ligand molecules on the chip surfaces is complete, the
magnetic microbeads 56 may be removed from the chip by additional magnetic forces

above the chip surface or by fluidic wash (Fig. 18).

The affinity binding area on each micro-electromagnetic unit on the chip may
have characteristic dimensions between 0.1 pm to 5 mm (width and length for
20  rectangular shape, or diameter for circle shape). The size of the binding area depends

on the dimensions of each magnetic-core 26 and whether multiple cores are energized



Is 62. The nethod of Claim4l, wherein said |igand and said target

nol ecul es conpri se anti bodi es and anti gens. S |cat| 5 09
2003 -68 63. A nethod for mani pul ating nagnetsr’%e%ﬁﬁ:la}'?gﬁgé ﬁ'g@%&ﬁ)& ng the
steps of: providing an el ectromagnetic chip having a plurality of s

I ndi vidual |l y addressabl e m cro-el ectromagnetic units; placing magnetic
particles onto an exposed surface of said chip; and nodul ating electric
currents applied to each of said mcro electromagnetic units so as to
change the magnetic field io distribut#bn over said chip surface, thereby
altering magnetic forces acting on the magnetic particles. 64. The nethod
of Claim63) wherein magnetically-nodified bionol ecul es/particles conprise
bi onol ecul es/ particles linked to is magnetic materials. 65. The net hod of
Claim 64, wherein the Iink of bionolecules/particles to magnetic materials
I's through |inkage nol ecul es, a coval ent bond or biological affinity. 20
Speci fi cat i omdahe pdlarities 6Pthe @fkdgizeiocofss. THdhexacrelihasions ofGheaffinif/bindibgr ei n

bi onol ecul es/ particles are DNA nol ecul es, cDNA segnents, protein nolecul es,

Ci |7| Ap if :[AIBC| &i2as cafl-alibe Altered bﬁ'mﬁrollﬂg_thé\hﬁctmﬁﬁl[ laféf'?42—$g Alhe. flxctiorl

layer 42 can be deposited under photolithographic control (as opposed uniformly

covering the chip).

5 e. Target molecules 62 are labeled (e.g., with a fluorophore 64) and connected

onto magnetic microbeads 56.

To use the individually addressable micro-electromagnetic chips described in

this invention to manipulate the target molecules 62, these molecules need first to be

magnetically modified.

10 There are also various methods to magnetically modify the target molecules.
For example, the target molecules 62 may be linked onto a paramagnetic bead 56
through a cleavable linker 54 so that the target molec':ules may be manipulated and
moved to the target area by applying magnetic fields. The connection of cleavable
linker 54 and a paramagnetic microbead 56 may be achieved by covalent bonds or by

15  affinity between the end functional group 52 of the cleavable linker and the functional
group or receptor 56 of paramagnetic microbead. For example, the connection may be |

structures as (Fig. 19):

Tag (64)-Target molecule (62)-cleavable linker-biotin-streptavidin-microbead
(56)
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15 by liquid flowing through the chamber 46.

In above-mentioned method, the ligands and target molecules can be any type -
of molecule (e.g., biological, pharmaceutical, or any other chemical entity). The
methods in this invention can be applied for determination of specific DNA sequences
by hybridization, binding assays of antigen-antibody reactions and drug screening

20  (e.g., binding of drug molecules or potential drug compounds to specific receptors).
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10998&: () - 10%n6leulesSdrdYikhlizbd at predetermined locations on the functional layer 42.
Biological receptors could be isolated from cells or produced by genetic engineering
methods and fluorescently labeled. The receptors are then either specifically localized

5 on the functional layer 42 to correspond with candidate compounds. After a washing
step, any candidate compounds that “lit up” with the label is a compound that shows
promise of interacting with the biological receptor. Therefore, this invention can be
applied to perform controlled biochemical reactions, biochemical detection and clinical

diagnostic tests. Also special organic reactions to assemble complex large molecules

10  can also be achieved.

When the above-described methods are used for DNA hybridization, after step
h, non-specifically hybridized DNA molecules can be removed by stringent control of
the binding conditions, such as hybridiz_ation buffer, temperature etc. Tms leaves the

DNA molecules showing high affinity left hybridized to the ligand molecules where

15  they can be detected by fluorescence, etc.

When the above-described methods are used for antigen-antibody interaction,:
after step h, non-specifically bound antigen or antibody molecules can be removed by

stringent buffer washing conditions and whereas the specific bound antigen or antibody

molecules remain on the affinity binding area.
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1098 ()-"109%& () - When M/abm-de@mwme)hogs 209/@sed) for biological analyses, the
detec_tlon and quantification of the analytical results may be obtained using several
detection methods, such as optical signals (either through measurement of absorbance
or fluorescence), chemiluminescent or electrochemiluminescent detection,
5 electrochemical detection, and detection of radioactive labels. Optical detection can be
accomplished by detecting the fluorophore 64 carried by the targét molecules, which is
excited by laser light source. Another optical detection method utilizes fluorophore-
tagged probes or secondary antibody which specifically bind to the target molecules,
and then the florescence are induced by laser light source. Fluorescence resonance
10  energy transfer can also be used to detect the close prbximity of the ligand 44 to the
target molecule 62. The details about fluorescence resonance energy transfer can be
found in the article by Ju et al., “Huprmnce energy transfer dye-labeled primers for
DNA sequencing and analysis™ in Proc. Natl. Acad. Sci. USA, 92:4347-4351, and in

references cited in the article. The following is a practical example for controlled DNA

15 molecule operation that uses the methods of this invention.

First, an individually addressable micro-electromagnetic array chip is
constructed according to the methods described in this invention. The surface of the
chip is coated with a layer of high molecular polymer for DNA. probe immobilization.

The paramagnetic microbeads are added to the solution that contains DNA

20 probes and the mixtures are then quickly frozen to form solid micro-particles. The

micro-particles are transported to the designated regions (micro-electromagnetic units)
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plurality of different probes are immobilized at a plurality of different regions (one

probe per region). Potentially each chip could have as many different probes as there

are individual magnetic units on the chip. A stronger magnetic field than that of the

5 magnetic dispenser is generated on the unit of the biochip by connecting electric
currents to the selected units. The probe mixed micro-particles are released on the
functional layer of the specific units on the biochip. When the solid microparticles
melt, DNA probes in the liquid become immobilized at the designated unit (region) on

the biochip. Then the free magnetic microbeads are removed by an additional magnetic

10 field applied above the surface of the biochip or removed by a fluid wash. Thus

affinity binding regions are formed on the biochip surface.

The target DNA molecules are 1abeled (e.g., with a fluorophore or radioactive
probe) and are linked to the one-ends of photocleavable linker molecules. On the other
end of the linkers there aré biotin molecules. Streptavidin molecules are immobilized

15 on the surface of the magnetic microbeads. Then, solutions containing target DNA-
linker-biotin complexes and streptavidin-coated magnetic microbeads are mixed
together. The target DNA molecules are linked to magnetic microbeads by biotin-

streptavidin interaction.

DNA target-photocleavable linker-biotin-streptavidin-magnetic
20  microbeads. |
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The solution containing magnetically-modified target DNA molecules is then
placgd in the liquid chamber on the biochip. The micro-electromagnetic units are
alternatively energized to produce magnetic fields in each unit on the chip. The target
DNA molecules that are modified by magnetic microbeads are moved to the probe

5 DNA molecules that have been immobilized on the chip surfaces. IF all the
electromagnetic units are energized, target DNA molecules arc.brought into contact
with all DNA probes. The target DNA molecules, therefore, undergo hybridization
reaction with the probe molecules on the affinity binding regions under the pre-selected
hybridization conditions. Alternatively, hybridization can be effected with selected

10  probes by energizing selected electromagnetic units.

Any probes that hybridize to the target DNA molecules can be detected by
-fluorescence, luminescence or radioactivity depending on the label used on the target
molecules. This way a given DNA target can be rapidly screened against a plurality of
DNA probes and the results rapidly and automatically quaﬁtitated. If the magnetic

15 microbeads interfere with detection, they can be separated from target DNA
molecules, for example, by irradiation with 250nm-750nm light in the case of a
photocleavable linker. The light cleaves the photocleavable linker to disconnect DNA
and magnetic beads. The free magnetic beads can then be removed from reaction
regions on the chip by additional magnetic forces or washing. Afterwards, the chip can

20  be subjected to “melting” conditions to remove the hybridized target DNA and be

reused for a second and for subsequent target DNAs.
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The inventors believe the above-described examples show preferred approaches
for utilizing this invention. However, the described parameters such as dimensions,
materials, geometries, methods, protocols, temperatures, concentrations and time
should not be considered to be the limits of this invention. In addition to the

5  equivalents of the claimed elements, obvious substitutions now or later known to one
with ordinary skill in the art are defined to be within the scope of'the defined elements.

The claims are thus to be understood to include what is specifically illustrated and
described above, and what can be obviously substituted. The illustrated embodiment

has been set forth only for the purposes of example and that should not be taken as

10  limiting the invention. Therefore, it is to be understood that, within the scope of the

appended claims, the invention may be practiced other than as specifically described

herein.
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CLAIMS
We Claim:
1. An electromagnetic chip with individually addressable
micro-electromagnetic units comprising:
5 a substrate;

a plurality of micro-electromagnetic units in whole or in part
within said substrate, each of said micro-electromagnetic
units structured to produce a magnetic field upon
application of electric current thereto; and

10 means for selectively applying an electric current to any one or
more of said plurality of micro-electromagnetic units to

produce a magnetic filed therein.

2. The electromagnetic chip of claim 1, wherein each of said
15 micro-electromagnetic units comprises a magnetic core and means for

conducting an electric current about the magnetic core.

3. The electromagnetic chip of claim 2, wherein said means

for conducting an electric current about said magnetic core comprises
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magnetic core.

4, The electromagnetic chip of claim 3, wherein said loops
5 of electric conductive traces are of a circular, a square, an elliptical, a

triangular, a spiral, or a squared-spiral shape.

5. The electromagnetic chip of claim 3, further comprising
means for modulating a magnitude and a polarity of the electric current
10 selectively applied to one or more of said plurality of micro-

electromagnetic units.

6. The electromagnetic chip of claim 2, wherein said
magnetic core comprises ferromagnetic material or a ferrimagentic

15 material

7. The electromagnetic chip of claim 1, wherein said micro-
electromagnetic units are arranged in a regular, repetitive pattern with
substantially equal distances between neighboring units.

20
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electromagnetic units have dimensions of width and length ranging

between 0.1 micrometer and 1 centimeter.

5 9. The electromagnetic chip of claim 1, wherein said means
for selectively applying comprises conductive connections between
each micro-electromagnetic unit and a source of electric current and
switch means for alternately interrupting and establishing a flow of
electric current through said conductive connections.

10

10. The electromagnetic chip of claim 9, wherein said switch

means are either mechanical or electronic switches.

11.  An electromagnetic chip with individually addressable
15 micro-electromagnetic units comprising;
a substrate;
a plurality of micro-electromagnetic units in whole or in part
within said substrate, each of said micro-electromagnetic
units structured to produce a magnetic field upon

20 application of electric current thereto;



10% 10%& ()-109%g& ()- 10T 10T 10T8z 109%& () - 9100/({& ()-F4' 1099& ()- D;
2dBbC 10! &10%& ()- 10%g& ()- :10%g& ()-s' 10% - yFMLOY%g & é) O%g& ()-
2ddEbC 10! S@L0%& ()-y# 10%& ()- 'S 10%g& pe@ Aigeag ;it1 0%)9
8&10%g& () - n¥yodEbC 10! 3MLO%g&' () -0 10%g& ()-.: 10%g& () -
10%9& () - *MLO%& ()-3( 10%& ()- #bB- 10!, nTLO‘Vg&' ()- 10%;;&' ()- 10g 10g
10gs9: 10%g& ()-F7f 10%g& ()-5ML0%& ()- C@EbC
10! 10%g& () - 10%g& ()-: 10%9& ()-:10%& ()-Y 10%& ()-' 10%g& ()- hrdEbC
10! f, @ 10%& ()-$ 10%& ()-3!g
10%9& ()-910%& ()-910%& ()- @0%& ()-!z$}dE:/ 10g 10g&9° 10%& () - 6y
10%9& () - AMLOY%g&' () - 2MLO%g&' () -0 10%g&' ()-. 10%g& () - YNgxY: /
means for selectively applying an electric current to any one or
more of said plurality of micro-electromagnetic units to
produce a magnetic field therein; and

a functional layer for immobilizing ligand molecules.

12. The electromagnetic chip of claim 11, wherein said
functional layer comprises material selected from the group consisting
of a hydrophilic molecular monolayer, a hydrophilic molecular
monolayer with functional groups, a hydrophobic molecular monolayer,

10 a hydrophobic molecular monolayer with functional groups, a
hydrophilic membrane, a hydrophilic membrane with functional groups,
a hydrophobic membrane, a hydrophobic membrane with functional
groups, a hydrophilic gel, a hydrophilic gel with functional groups, a
hydrophobic gel, a hydrophobic gel with functional groups, a porous
15 material, a porous material with functional groups, a non-porous

material and a non-porous material with functional groups.

13. The electromagnetic chip of claim 12, wherein said
functional groups are selected from the group consisting of aldehydes,

20 carbodimides, succinimydyl esters, antibodies, receptors and lectins.
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14. An electromagnetic chip with individually addressable
micro-electromagnetic units comprising;
a substrate;

5 a plurality of micro-electromagnetic units in whole or in part
within said substrate, each of said micro-electromagnetic
units structured to produce a magnetic field upon
application of electric current thereto;

means for selectively applying an electric current to any one or

10 more of said plurality of micro-electromagnetic units to
produce a magnetic field therein;

a functional layer for immobilizing ligand molecules; and

ligand molecules immobilized by said functional layer.

15 156.  The electromagnetic chip of claim 14, wherein said ligand
molecules are selected from the group consisting of oligonucleotides,
DNA molecules, RNA molecules, proteins, antibodies, lectins and

receptor molecules.
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addressable micro-electromagnetic units comprising:

a substrate;

an array of cavities in the substrate, arranged in columns and

5 rows, each of said cavities comprising a ferromagnetic
core;

a first layer of conductive traces, each separate trace of said first
layer of conductive traces running adjacent to one of said
columns;

10 a second layer of conductive traces insulated from said first
layer of conductive traces with each separate trace of
said second layer of conductive traces perpendicular to
said first layer of conductive traces and running adjacent
to one of said rows.

15

17.  The electromagnetic chip of claim 16, wherein a first layer

of insulating material separates said first layer of conductive traces

from said second layer of conductive traces.
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consisting of silicon dioxide, silicon nitride, plastic, glass, ceramic and

rubber.

19.  The electromagnetic chip of claim 16, wherein a second
layer of insulating material is deposited on a top surface of said second
layer of conductive traces and on a top surface of said ferromagnetic
cores.

10

20. The electromagnetic chip of claim 19, wherein the
material of said second insulating layer is selected from the group
consisting of silicon dioxide, silicon nitride, plastic, glass, ceramic,
photoresist and rubber.

15

21. The electromagnetic chip of claim 16, further comprising
an additional layer of conductive traces, each separate trace of said
additional layer of conductive traces running adjacent to one of the
columns and insulated from other layers of conductive traces.

20
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further layer of conductive traces, each separate trace of said further
layer of conductive traces running adjacent to one of the rows and

insulated from other layers of conductive traces.

23. The electromagnetic chip of claim 16, wherein the
substrate is a material selected from the group consisting of silicon,

glass, ceramic, silicon dioxide and plastic.

10 24, The electromagnetic chip of claim 16, wherein said
conductive traces comprise a material selected from the group
consisting of aluminum, gold, silver, tin, copper, platinum, palladium,

carbon and semiconductor material.

15 25.  The electromagnetic chip of claim 16 further comprising a

functional layer.

26. The electromagnetic chip of claim 25, wherein said
functional layer comprises material selected from the group consisting

20 of a hydrophilic molecular monolayer, a hydrophilic molecular
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monolayer with functional groups, a hydrophobic molecular monolayer,
a hydrophobic molecular monolayer with functional groups, a
hydrophilic membrane, a hydrophilic membrane with functional groups,
a hydrophobic membrane, a hydrophobic membrane with functional
5 groups, a hydrophilic gel, a hydrophilic gel with functional groups, a
hydrophobic gel, a hydrophobic gel with functional groups, a porous
~ material, a porous material with functional groups, a non-porous

material and anon-porous material with functional groups.

10 27. The electromagnetic chip of claim 26, wherein said
functional groups are selected from the group consisting of aldehydes,

carbodiimides, succinimydyl esters, antibodies, receptors and lectins.

28. The electromagnetic chip of claim 16, further comprising

15 a fluidic chamber.

29. An electromagnetic chip comprising an array of
individually addressable micro-electromagnetic units comprising:

a substrate;



100 10087 10%0& ()- " 5L10%0& ()- L3  10%0& ()-L1' 10%0& ()- FG dEnbC
10' 1Y10%m& () -, &L0%1& () - &L0%T& ()-' 10%m& ()- ' 10%m& ()- 10%& () -G
=0dEnbC 10" 1#MLO%&' ()-!T 10%& ()-Y: 10%m& ($pecification as at 15 09 2003
S@O0%r& ()-10%m& ()-s&l0%& ()-0- Z aBnbC 10' OMLO%® () -
. 10%m& () -, 10%& () -*MLO%r& ()-'"' 10988 ()-!<Wd0%' ()- MC
10" SMLO%<&' () - 10%<& ()- 10m 10m 10nB7f
10%r& () -5 10%r& () - 3MLO%T&' () - mi dEbC
10" s&10%<&' () - YY10%<& () - @L0%<& () - &&L10%<& () -' 10%<& ()- ' 10%<& ()-i/{dEbC
an array of cavities in said substrate, arranged in columns and
rows, each of said cavities comprising a ferromagnetic
core; and
a first layer of conductive traces, each separate trace of said first
5 layer of conductive traces extending at least 90° around

at least one of said ferromagnetic cores.

30. The electromagnetic chip of claim 29 further comprising

an additional layer of conductive traces, each separate trace of said

10 additional layer of conductive traces extending at least 90° around at
least one of said ferromagnetic cores and being separated from said

first set of conductive traces by an insulating layer penetrated by a

vertical conductive connection between traces of said first layer of
conductive traces and traces of said additional layer of conductive

15 traces.

31.  The electromagnetic chip of claim 30, wherein a first layer
of insulating material separates said first layer of conductive traces
from said additional layer of conductive traces.

20
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32. The electromagnetic chip of claim 31, wherein said first
insulating layer comprises a material selected from the group
consisting of silicon dioxide, silicon nitride, plastic, glass, ceramic,

photoresist and rubber.

33. The electromagnetic chip of claim 29, wherein a second

layer of insulating material is deposited on a top surface of the array.

34. The electromagnetic chip of claim 33, wherein said
second insulating layer comprises a material selected from the group
consisting of silicon dioxide, silicon nitride, plastic, glass, ceramic,

photoresist and rubber.

35. The electromagnetic chip of claim 29, further comprising

a functional layer.

36. The electromagnetic chip of claim 35, wherein said
functional layer comprises_material selected from the group consisting
of a hydrophilic molecular monolayer, a hydrophilic molecular

monolayer with functional groups, a hydrophobic molecular monolayer,

10< 10< 10< 510%& () -/ 7dEbC
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hydrophilic membrane, a hydrophilic membrane with functional groups,

a hydrophobic membrane, a hydrophobic membrane with functional

groups, a hydrophilic gel, a hydrophilic gel with functional groups, a

5 hydrophobic gel, a hydrophobic gel with functional groups, a porous
material, a porous material with functional groups, a non-porous

material and anon-porous material with functional groups.

37. The electromagnetic chip of claim 36, wherein said
10 functional groups are selected from the group consisting of aldehydes,

carbodiimides, succinimydyl esters, antibodies, receptors and lectins.

38. The electromagnetic chip of claim 29, wherein said
substrate comprises a material selected from the group consisting of

15 silicon, glass, ceramic, silicon dioxide and plastic.

39. The electromagnetic chip of claim 29, wherein said
conductive traces comprise a material is selected from the group
consisting of aluminum, gold, silver, tin, copper, platinum, palladium,

20 carbon; and semiconductor materials.
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fluidic chamber.

5 41. A method for directing reactions between ligand and
target molecules, comprising the steps of:
providing a unit having a plurality of individually addressable
micro-electromagnetic cores;
forming a functional layer for immobilizing ligand molecules
10 above said cores;
modifying ligand molecules to make the ligand molecules
positionable by magnetic fields;
disposing a solution containing the modified ligand molecules on
the functional layer;

15 creating a pattern of immobilized ligand molecules by selectively
energizing magnetic cores to form magnetic fields which
position said ligand molecules at predetermined locations
where said ligand molecules become immobilized on the

functional layer;
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positionable by magnetic fields;

disposing a solution containing the modified target molecules on
the pattern of immobilized ligand molecules; and
5 selectively energizing magnetic cores to form magnetic fields
which position the modified target molecules in juxtaposition to
predetermined immobilized ligand molecules allowing a reaction
between predetermined target molecules and predetermined ligand
molecules.
10
42. The method of Claim 41 further comprising a step of
detecting the reaction between the predetermined target molecules and

the predetermined ligand molecules.

15 43. The method of Claim 42, wherein the step of detecting

the reaction comprises optical detection.

44. The method of Claim 41, wherein the functional layer is
selected from the group consisting of a hydrophilic molecular

20 monolayer, a hydrophilic molecular monolayer with functional groups, a
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10zf f 10%2 & ( nembemes with 1fuelonal- groups, a hydrophobic membrane, a
hydrophobic membrane with functional groups, a hydrophilic gel, a
5 hydrophilic gel with functional groups, a hydrophobic gel, a
hydrophobic gel with functional groups, a porous material, a porous

material with functional groups, a non-porous material and a non-

porous material with functional groups.

10 45. The method of Claim 44, wherein the functional groups
are selected from the group consisting of aldehydes, carbodiimides,

succinimydyl esters, antibodies, receptors, and lectins.

46. The method of Claim 41, wherein the step of modifying
15 ligand molecules comprises linking the ligand molecules to magnetic

material.

47. The method of Claim 46, wherein the step linking the
ligand molecules to magnetic material is achieved by a cleavable

20 linker.
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48. The method of Claim 47, wherein the cleavable linker is

cleavable by one of light, heat, enzymatic activity or chemical reaction.

5 49. The method of Claim 46, wherein linking the ligand
molecule to magnetic material is achieved by a covalent bond or

biological affinity.

50. The method of Claim 49, wherein biological affinity is
10 selected from the group consisting of antibody-antigen affinity, lectin-

hapten affinity, and receptor-ligand affinity.

51. The method of Claim 41, wherein the step of modifying
target molecules comprises linking the target molecules to magnetic

15 material.

52.  The method of Claim 51, wherein the step of linking the

target molecules to magnetic material is achieved by a cleavable linker.
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cleavable by one of light, heat, enzymatic activity or chemical reaction.

54. The method of Claim 51, wherein linking the target
5 molecule to magnetic material is achieved by a covalent bond or

biological affinity.

55. The method of Claim 54, wherein biological affinity is
selected from the group consisting of antibody-antigen affinity, lectin-

10 hapten affinity, and receptor-ligand affinity.

56. The method of Claim 41, wherein the target molecule or
the ligand molecule is separated from the magnetic material by
cleaving the cleavable linker.

15
57.  The method of Claim 56, wherein the separated magnetic

material is removed by a magnetic field or by a fluidic wash.

58. The method of Claim 41, wherein the modification of the

20 ligand molecules comprises mixing a solution of the ligand molecules
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mixed with magnetic material to form small solid magnetic particles.

59. The method of Claim 58 further comprising the step of
5 using magnetic dispensers to position the small solid magnetic

particles on the unit.

60. The method of Claim 41, wherein said ligand and said
target molecules are either biological molecules, chemical reagents or

10 pharmaceutical molecules.

61. The method of Claim 41, wherein said ligand and said

target molecules comprise nucleic acid molecules.

15 62. The method of Claim 41, wherein said ligand and said

target molecules comprise antibodies and antigens.
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63. A method for manipulating magnetic particles, comprising
the steps of:
providing an electromagnetic chip having a plurality of
5 individually addressable micro-electromagnetic units;

placing magnetic particles onto an exposed surface of said chip;
and

modulating electric currents applied to each of said micro-
electromagnetic units so as to change the magnetic field

10 distribution over said chip surface, thereby altering

magnetic forces acting on the magnetic particles.

64. The method of Claim 63, wherein magnetically-modified
biomolecules/particles comprise biomolecules/particles linked to

15 magnetic materials.

65. The method of Claim 64, wherein the link of
biomolecules/particles to magnetic materials is through linkage

molecules, a covalent bond or biological affinity.

20
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