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TECHNICAL FIELD OF THE INVENTION

The present invention is directed to organic materials

capable of binding to inorganic materials, and specifically,



acids) arranged in astoundingly conplex architectures. Unlike the
sem conduct or industry, which relies on a serial 15 |lithographic processing

appr oachw®soos0ssagg ucti ng the small est features on an pet/egioadedssi rcuit,
living organi snms execute their architectural "blueprints” using nostly

non-coval ent forces acting sinultaneously upon many nol ecul ar conponents.
Fur t her rorva&rd sese idtirq @antasie aeaenes seltdgantiiphtdar eadgdizgchévween t wo

or nore.,usaple for i t_-changing .any . Qf I |_ar_, constituents.
The use bo = 'lgioolmoeéﬁrg?ama%ear]i%ﬁrs}%lg% 6?%%énggntteﬁgcnem%tt%%geaﬁesr'ati on of

m croel ectroni c devices provides a possible solution to resolving the
limtations of traditional 25 processing nethods. The critical factors in
this approach are identifying the appropriate conpatibilities and

conmbi nati ons 2 WD 2004/ 033488 PCT/ US2003/ 029555 of bi ol ogi cal -i norgani c
materials, and the synthesis of the appropriate building blocks. SUMVARY OF
THE | NVENTI ON 5 The prese®BACKGROUNDr SFhAUE ANYEYM@&OGNconstructs and produced
bi ol ogical materials that direct and control the assenbly of inorganic
materials, including nmetallic and nagnetic materials, into controlled and
sophbsti cat edn $tirleigireesl s tpand,i culgan licntrelestalase efertormmagnet i ¢ 10
materials, and. particulate materials includin anoparticul at.e terials.
The use ’fﬁ‘“alﬁkt?itﬁ'@ Velatdr iSETY OVELt EPEnd cgf??itdl‘?“nﬁ‘t“élr "af§*fhat have

i nt er estd i Ll ACHER]anMBGRAIHG Ols RN Gal cAneReit iespoRatke anged to
decrease the size of ~ features and inprove the control of, e.g., the
opt o- el etitliical, Bh o thhes aFsamid ymetfebudl ding Waldickss iodgt compdexnat er i al

fabr i catd Q. i¥le LXAMRiSred FUP LRTBLAURE (TRLAYS, have been

10 Materials produced by bioclogical processes are typically
soft, and consist of a surprisingly simple collection of
molecular building blocks (i.e., lipids, peptides, and nucleic
acids} arranged in astoundingly complex architectures. Unlike
the gemiconductor industry, which relies on a serial

15 1lithographic processing approach for constructing the smallest
features on an integrated circuit, living organisms execute
their architectural "blueprints" using mostly non-covalent
forces acting simultaneously upon many molecular components.
Furthermore, these structures can often elegantly rearrange

20 between two or more usable forms without changing any of the

molecular constituents.

The use of “bioclogical” materials to process the next
generation of microelectronic devices provides a possible
golution to resolving the limitations of traditional

25 processing methods. The critical factors in this approach are

identifying the appropriate compatibilities and combinations



devel oped in the present invention for preparing materials which fornerly
i nvol ved hi gh tenperature preparation nethods. A conbinatorial peptide phage

di spl ay hidraaxzaspressing 20 a large collection of bag¢gikiespivage that
expresses mllions of different peptide sequences on their surfaces was

conbined w th biopanning techniques to select specific peptide sequences

t hat ti ghff |lyiahehidialecingrdamid treetreetic Lsvateard dilse gynmadhedl iy afadgiet i ¢
materials (e.q.,..Co, S or FePt). 25 The present inventors have

f ound th%\[féﬁé%ieatr%tbé‘fololgllcp%gn%?lfsc' mat eri al bi ndi ng nol ecul es, including
pepti des, can be used to control the nucleation of inorganic materials, as
has been 3 WD 2004/ 033488 PCT/ US2003/ 029555 denonstrated in nature and with
I1-VI sem conductors. If proteins can be used to control the nucleation of
metal, including magnetic, materials, then nagnetic nanoparticles and

their applications could be prepared nuch cheaper and easier 5 than using
tradi tional nethods. The nanonvol ecul ar netals, including magnets and
magnetic material, may be used, e.g., for mcro or nanomachi nes, dynanos,
generators, nmagnetic storageMBARANGF oTier INYBNTERN | ons for materials that
are magnetic or may be magneti zed. Another use for these 10 materials is to
nodi fy the surface of netal, including magnetic, materials. The peptides
can act as | iThermrdsmant atrieoitiows dwere mixsaigrald dandtheachy faacke of t he

magneti c terial, allowng the self- se%: f coppl e anqQstructures,
whi ch c ORI IR QG T g1 e Ll Y GHIEC S ATEE O T pr esent |
| nvent or$s d@nel ¥ PO G deshrt atmd B :5i ARPr Gaehl udifing Med 1 NG hinadi ng pept i des
(using conbinatorial peptide I|ibraries and panning techniques) may al so be
used t o MaFRetale materials, into controlled and sophisticated
structures., Of particular interest are ferromagnetic
10 materials, and particulate materials including nanoparticulate
materials. The use of biclogical materials to create and
design materials that have interesting electrical, magnetic or
optical properties may be used to decrease the size of
features and improve the control of, e.g., the opto-electical
15 properties of the material, as well as control of material
fabrication. For example, room temperature methods have been

developed in the present invention for preparing materials

which formerly involved high temperature preparation methods.

A combinatorial peptide phage display library expressing
20 a large collection of bacterial phage that expresses millions
of different peptide sequences on their surfaces was combined
with biopanning techniques to select specific peptide
sequences that tightly and directly bind to metal materials
including magnetic materials (e.g., Co, CoPt SmCoS, or FePt).
25 The present inventors have found that these metal and magnetic
material binding molecules, including peptides, can be used to

control the nucleation of inorganic materials, as has been



control the nucleation of netal materials, including nmagnetic 20 materials.
O her techni ques being researched to synthesize netal particles, including

magnet i c wop@pesisegl es, are based on a high tenperaturecsysidogsiosss hat nmust
be perforned in an inert atnosphere using expensive reagents and often

require _further processing and purification after synthesis to 25 fabricate
parti cl demanfdiradiady ifhMGFams @nds wikih A IrNd §e8iregdushayé andt

crystal lg RideinsThed g3bhisddd dN oA nuTAGRRL LG RENQRAGNI Cl es in the
traditional fashion is expensive and not conducive to |arge scal e and/or

vol ume predustingn mafine tagpr cwdleprdsonttdégrhovgngtils genepagirty qdesf ended at

room 3Q.tenperatures .using i ensi ve _reagent bel din nopar.ticl es
W th cotiar ey At eyl B Hs R Rl FhfBed’ P oS50 0asass
PCT/ §S2@0ar0236%0 taditdsing 10metiicals .parrhiet hasiomol elcudiaig mekgnet, i c

nanoparticles, with controlled crystal structure and.  orientation.

Pept i de-ifsdiutticy SRFIES anst MAsgt igaratiezial /i ReVudenyses n&gfeti c

mat eri al QM eRRer nvigorrertall ¥ rbkingrdly approach to
t he synt%ersﬁil%\gfod% %éﬂéﬁn&tﬁ% al's, d?’lri:lc Wt i'ng magnet ?Ics'nénr??ga?t icl es. Current
pr ot ocolst dmageproep anyn g tinetralappangpditonel €dor mackodiadg timgnetriec

nanoparticles,, are tine.consun ng, pensi and 10 _yi el d nanoparticles
coat ed WA DrFait WP&{WE’&&?& e 3&8&%&& &ifs fétret 5t°€ami cabl e to

furtber mmdidiga 1@ «f rddg £ynaMePlifal-es o fAHCRAAES i1t ng el d of
mol ecul ar bi ol ogy enable the functionalization of peptides, therefore,
parti cl eRgngid hamstentiiadises ghewpeptdfeseferdestwall lankerse foasily 15
funct | ongl thnfepidiigafiungthanald 23 . lracll beates Wi sncor porati on
into el ectronic~devices and integration into

material, allowing the self-assembly of complex

nanostructures, which could form the basis of novel electronic

15 devices.

The present inventors have recognized that this approach
of selecting binding peptides (using combinatorial peptide
libraries and panning techniques) may also be used to form and
control the nucleation of metal materials, including magnetic

20 materials. Other techniques being researched to synthesize
metal particles, including magnetic nanoparticles, are based
on a high temperature synthesis that must be performed in an
inert atmosphere using expensive reagents and often require
further processing and purification after synthesis to

25 fabricate particles, including nanoparticles, with the desired
shape and crystallinity. The result is that preparing
magnetic nanoparticles in the traditional fashion is expensive
and not conducive to large scale and/or volume production.

The approach presented herein is generally performed at room

30 temperatures using inexpensive reagents yielding nanoparticles

with controlled crystallinity, reducing the cost for the



magneti c nenory devices. One formof the present invention is a nethod for
using self-assenbling biological nolecules, e.g., bacteriophage, 20 that

are genetwgabdsysnggi neered to bind to netals, nanoparti gtesrs00808hssggnetic
or other materials and to organize well-ordered structures. These

structures may be, e.g., nanoscale arrays of particles and nanoparticles.
Usi ng bactteredishaefe Bt ah mB&EM ke s sdnclaskiaen maaneadiisl ogi cal 25 material s
can be f Pes f1 Gl NP, j{e R G4 ar surfaces
(e.qg., ?gﬁﬁﬁ%%ﬂh%§{ﬁ§ﬂq%ﬁgaﬁ%us, Ehe no if%gd%%ggFérléihage and the nethods
taught herientatedome used to create well-ordered structures of the
materials selected. 5 WO 2004/ 033488 PCT/ US2003/ 029555 More particul arly,

the present invention includes ¢ osi fians and nethads -for .creati.ng netal
materials, int qifc‘#%'gmerélgan%‘? csyégttr?{e)er |la% sc&nﬁnae%taﬂc ST S$Hand} g‘r”tdl1 %es. One
enmbodi mamdgries: o i theeh Off s el el e 9T aludiardhedipar Jiddicl udi ng magneti c
particle, 1ncluding the steps_of; providing a nolecule conprising a portion

that bi RRVisfREIen Ry f6lendhie@Praddace GheINdHe s sethét@lsur f ace,
and Contr@ﬁéf‘ﬂalg,”eix?élﬁrﬁ];ﬁ%%eﬂ@ Ef'fdrﬁléaatirtﬁcdir T S.cddidi ng magneti c

material precursors, w ecul e under conditions that 10 permt
f or mat | @rafoddiss nfetal prepaerirad ,mebtwdl udinupadte ategnetiirmeslyshintd cl e, The

nol ecul e may be, e.q. biol ogi cal nolecule such as _an am no _acid oligomer
or pept MRINSHES JTHAR AT DETT or T S WG RBONE P 8nd about 100
anm ng aci{s)d lbpanth dE S dtdE Wi Yordaetive uaitant And et 30 15

am no acids long, and nore particularly about 7 and about 20 am no acids
| ong, arfRTRACHIIER pafe Wit anistai btatter ifalrthas aiodification of the

nanoparticles. Advances in the field of molecular biology
enable the functionalization of peptides, therefore, particles
and nanoparticles grown from peptides will alsc be easily

15 functionalized. Peptide functionalization facilitates their
incorporation into electronic devices and integration into

magnetic memory devices.

One form of the present invention is a method for using

self-assembling biological molecules, e.g., bacteriophage,

20 that are genetically engineered to bind to metals,
nanoparticles-, and magnetic or other materials and to
organize well-ordered structures. These structures may be,
e.g., nanoscale arrays of particles and nanoparticles. Using
bacteriophage as an example, self-assembling biological

25 materials can be selected for specific binding properties to
particular surfaces (e.g., semiconductor), and thus, the
modified bacteriophage and the methods taught herein may be
used to create well-ordered structures of the materials

selected.



and/or include a chimeric nolecule. The types of netal materials, including
magnetic particles, that are disclosed herein may be forned from e.g., 20

Co, CoPt ywé&R#ipszeend/ or FePt. Anot her net hod of the preseplyshiaysivsion
i ncludes a nethod for identifying nolecules that bind through non-magnetic

interactions with a magnetic material including the steps of contacting an
amino acid dogorpEariidbayln tthe oRgftat dovadricl i ldasct ol i gomers 25

that bin |f|c I [ t t hose ol i goners
t hat bi né;I @gem r?% Eymiq“%%g nagne |Cgr€rgact EHedr ﬁtaarhThe t:)élf gorre’r i brary may
be a I|bxmmdmfn§eﬁégn@tssentﬂ&engim,eq1dmcleaag ,arad pﬁ&g:q:alndnrcare)s .such as an
ML3 pha rary. The libra y be contai a 30 bacterium and
may be a rﬁﬂ%&}i’é‘}& rdr e 13, M 'é’“\’r%oz% q@?&l %éﬁﬁ" Y555 A net hod
of maki Ngh& JERIRS é{:{rﬂﬁfd Ch L 1 & slqldmfdl%e JHe R U CHUAGHRG a

nmol ecul e that Initiates magnetic nolecule formation wth magnetic materi al

precur sod InkeLwle r@wx@l%@tpom@m@uIh;rtdfatspemtﬁmaélsl}’rmtgha iC

nol ecul e 5 forrrat on W th netic er.i r§oursors ontacted at,
e.g., robmrit %"5 At Ut'e Jo’?’cgﬂ%bv?a tg%pneerta%ursg1 of" - c{m‘yﬁfg: Pr even
300 degregs ®enfid aket a Il hea et 201 er ey dasrs anmm:@lrdagﬂdtgcmer of ,

e.g., between about 7 and 20 am no_ acids |lgong. The magnetic particle may be

a Co, CdmRteXad RTAGLGFORBPLWHeyridts d“‘ﬂeﬁqqlcﬂ &nden H%Drfcbwrﬁ%s Fhfdgneti c

quanipUm o gk O£ SMEIE Ford | M e D Gnetkd 1 'n?éjcékfltalsariﬂ’&l'ddf Zadrdli ¢
conbi natlons or one or nore of the magnetic particies scl ose herei n may

be posi tpared-ie. a m&jencabMJlemmy dfe, ene.,, ta/\/cblaalmmtdﬂleen@ermﬂsi onal

locat | oNSu Shaé) arl aarf?:fjncg haeci o) 1goemérororpapretﬁtcu U ‘oligomer may

be, for example, between about 7 and about 100 amino acids
long, and more particularly, between about 7 and about 30

15 amino acids long, and more particularly about 7 and about 20
amino acids long, and may form part of a combinatorial library

and/or include a chimeric molecule.

The types of metal materials, including magnetic

particles, that are disclosed herein may be formed from, e.g.,

20 Co, CoPt, SmCoS5, and/or FePt. Another method of the present
invention includes a method for identifying molecules that
bind through non-magnetic interactions with a magnetic
material including the steps of contacting an amino acid
oligomer library with a magnetic material to select oligomers

25 that bind specifically to the magnetic material and eluting
those cligomers that bind specifically to the magnetic
material. The oligomer library may be a library of self-
assembling molecules, e.g., a phage library such as an M13
phage library. The library may even be contained in a

30 bacterium and may be assembled externally.



The present invention also includes magnetic particles, e.g., nanoparticles
made by the nethods disclosed herein. These nagnetic particles may form a

portion o adbsfosisg@rated circuit made by fixing a magnpgiesimeseiossl bi ndi ng
peptide to 20 a substrate; contacting one or nore magnetic materi al
precursors with the nmagnetic material binding peptide under conditions that
form a magnetA ongddrad cfe;malfing o maanet L omprdticd & mayt &l s insd usigbst rat e.
The mag | C erd | ndi i |.i C ' Y. o a

subst rap%?é esfgga% %%s?r}%gc%%ry ag?#@élreq%elm%mc%% uc 1‘I(}lr%%gdutbs ﬂlatc@étllhe magneti c
parti cl esoldcule furmeanion ettt insagmaeni denatsed 10 prakearssnmoy \and short - or

| ong-term storage, identification systens or .any .use that the skilled
artisan chqc%rég@gﬁﬁ%' _rr%h%é“‘?ﬂaec%‘l tt%}‘?@semlﬁd'rattiec? SRR SIE ] €516t her
usedsf orgdhgs RN 8 th Mt i Smdadora 12t d@ifRmRAMd L RS Qntldhe Rl esent
i nvention include, mcro or nano-notors, dynanos and the like. 7 WD
2004/ 03388 PET,USZTE08/IUBHR t i tdie rogflemmao ft emfie yataentofi .nveedt-i.on is a

nmet hod of , cr | N | cle t __hav cifi.g al] t roperties.
This i solaoc(g’o(rar%qq s%e%q%{/}p ﬁidatc#er%r,éégggén%al% %E% " bac eerréog%gqéa t“ﬁjé/t I%%as
speci fi carbianhimg Furiegpestigsnenngd | feiqyg Dethedmatenitophagel t2o hingho
concentratjons (e.g., _incubation of phage |ibrary wth bacterial host

cul ture 3O RRG nf 18 FIRINGEST IRBREIGTE ARY SFoSefientCHtri 15ERGiron of
Virgg), ahdrepeSURRNAiNG4Re Phags, cHY S iRt kel dmy bussdnt 0 create

bact eri ophage that™ 10 have three liquid crystalline phases,” a directional

order i rdott her rerest ix fphlase, EBha wikitldbdemstiisans widdt uresagnitadee theltol esteri c

phase, and b.oth;.di rectional and é)ositf' %nal aorder_. in _smectic phase. In one
H are o]

aspect tFEUHEAINS Rleftitors & tie magnetic particles

disclosed herein may be positioned in a wide assortment of
one-, two- and three-dimensional locations, shapes, and the

15 1like for particular uses.

The present invention also includes magnetic particles,

e.g., nanoparticles made by the methods disclosed herein.
These magnetic particles may form a portion of an integrated
circuit made by fixing a magnetic material binding peptide to

20 a substrate; contacting one or more magnetic material
precursors with the magnetic material binding peptide under
conditions that form a magnetic particle; and forming a
magnetic crystal on the substrate. The magnetic material
binding peptide may be linked chemically to a substrate, e.g.,

25 silicon or other semiconductor substrate. The magnetic
particles of the present invention may be used to make memory,
short- or long-term storage, identification systems or any use
that the skilled artisan will recognize may be made of these
particles. Examples of other used for the magnetic micro-,

30 nano- and femto-particles of the present invention include,

micro or nano-motors, dynamos and the like.



met hod of meking a polyner, e.g., a film conprising the steps 15 of,
anplifying a self-assenbling biological nolecule conprising a portion that

bi nds a specui#dssem conductor surfaces to hi gh concentprghisofs/odyiss
contacting one or nore sem conductor material precursors with the

sel f-assenbling biological nolecule to formor direct the formation of a
20 crystal . ARpHET (R AT tHhe Pt i HweEition iis mMRd 9Dt creati ng

nanopar ti£Les: fhats figver I &4 1 i OOl RS RIS A1 et dpuisi NG, e 9., an

ML3 bact eri ophage t as been sel ected ind t em conduct or surfaces
and r esuspepelnies he Phiagel 3 a@&mEki shesd dgnoerdatatians: . PAnotdreM¥or m of the

present .inventjo i S met.,hod of preparing..a casting filmwt i.gned
nanopartl?%?%%r%‘ﬁpr}f%$%gt%%t. gras g%%%‘?’r‘%% 1R h&H Jses’baﬂéllﬁ p‘%h%e and
re sgspefik Ngadther hagiajd ahagigh Sddderneithieing ofan®f, thecuasat dmventi on
is a method 30 of preparing a nanoparticle filmconprising the steps of 8

WO 2004/ P98l Hrgns20odl ozasser ekl diert £B0TURe 6P Gilirmobaieqted®s to a

surface, , gyaposaid ng aﬁ&%é@éﬁdﬁe%ufﬁf{}%ﬁ{%&'ﬁ xﬁiﬂ:&é‘)e sifd ace, and

anneal i ng ~ the nanoparti sur ere the nanoparticles are
magnet i creohgeending Titee phrde@ee may 1 ncl ude any 5 mcrofabricated solid
surface to which nolecules may attach through either coval ent or

non- coval ent honds,_ such .Langmuir-._ Bodgett fil s l.as functionalized

O ass. " ger ey ST CORERGARY o TS e, AT oA SRR A
silver, Wive afyrd@tEidld ©OPPIATI e Phdbs C oot idnol Fddwydiroxyl 10
functional groups incorporated onto_a surface. Annealing eneral ly occurs
by hi gh Heepeergtiestharrer artWhered rametic gtrugtyryed) .Ehot her f or m of

the pres@ﬂ%léé@@%&é(ghéééfiand both directional and positional order

in smectic phase. In one aspect the present invention is a
method of making a polymer, e.g., a film, comprising the steps
15 of, amplifying a self-assembling biclogical molecule
comprising a portion that binds a specific semiconductor
surfaces to high concentrations and contacting one or more
semiconductor material precursors with the self-assembling
biological molecule to form or direct the formation of a

20 crystal.

Another form of the present invention is method for
creating nanoparticles that have differing cholesteric pitches
by using, e.g., an M13 bactericphage that has been selected to
bind to semiconductor surfaces and resuspending the phage to

25 various concentrations. Another form of the present invention
ig a method of preparing a casting film with aligned
nanoparticles by using, e.g., genetically engineered M13

bacteriophage and re suspending the bacteriophage.

Still another form of the present invention is a method

30 of preparing a nanoparticle film comprising the steps of



nanoparticle filmprepared by the nethod just described. BRI EF DESCRI PTI ON
OF THE FI GURES 15 For a nore conpl ete understanding of the features and

advant ageg sb4/basspr esent i nvention, reference i s now nEegutDozsdssdet ai | ed
description of the invention along with the acconmpanying FI GURES in which
corresponding nunerals in the different FIGURES refer to correspondi ng
parts arddimow@ elutdon ciRHanoppEtXcley pRoBoSMEEREER SHEPOLEEEBEy ( XPS)

I ' i : . j . ¢
Ehr ough T P AESASTt 5 Lof SHoBaRY Li o8 S5 FAA SpEtare A UnREATANS | e
di scri mthat nancpartietesonduther shetfarest whetrar ehe( Banopadtexdnpl eseof

bi val ent synthetic_. 25 _peptides wth tw-conponent. recognition attachnents
(E-F); ™ ﬁECZ“ﬁ@ﬁFegpsgchgﬁﬁtﬁBr ?&Grgﬁgngpciﬁgesﬁﬂggic alignment of ML3

phages imcresapdaeeeed H1tke shreseat tbnyaRthoRo18cWPe20Rd033488h _
PCTI US2003/ 029555 FI GURE 3 include i mages of the A7-ZnS suspensions using

(A-B) Rowpugd) eAtiier( Dpvsirnt( By TeEm-cavdlerr Pendsmagechi LANGMBEET on

di ffracty insert: FI GJRE 4 i.ncl i e ri ophage
nanoparFP@g§E@5%§%mfA)ggﬁgﬁdgﬁg%ﬁ%ggnﬁggggﬁl%ﬁa%gy g%%@%%ﬁ%@’diagranlof t he
film stsuttivoe, ECFEAFMdlyegerenB) SEMinmgerséhiBE, TEMldnagedveal ong t he
x-z and z-y planes; FIGURE 5.is (A), TEM ingge f agne | ed gnﬁos

nanopar & I@éFeFBfisTEHWFﬁﬁﬁénﬁ A1ifRe SBIraR¥¥d af8i® | 8¢t 'Y IQ¥¥fracti on
pati@rnfuh@+akehalChroligM iirRge pei-adReahed a2 raaBoPahhhekeingF! GURE 6 are
exanpl es of binding asSays illustrating (A) the specificity of "the

Co- specigknerphage olceurso baniiigh) tempeiresuesnuioterhenCinepscabisc phage on Co
In acconggﬁg'%fEQO%Q%)‘pri%%% ekn%%gklg@;the present invention is a

nanoparticle film prepared by the method just described.

BRIEF DESCRIPTION OF THE FIGURES

15 For a more complete understanding of the features and
advantages of the present invention, reference is now made to
the detailed description of the invention along with the
accompanying FIGURES in which corresponding numerals in the

different FIGURES refer to corresponding parts and in which:

20 FIGURE 1 are X-ray photoelectron spectroscopy (XPS) elemental
composition determination of phage-substrate interactions
through the intensity of a gold 4f-electron signal (A-C),
model of phage discrimination for semiconductor
heterostructures (D), and examples of bivalent synthetic

25 peptides with two-component recognition attachments (E-F);

FIGURE 2 depicts schematic diagrams of the smectic alignment

of M13 phages in accordance with the present invention;



15 FIGURE 7 includes a series of high resolution TEMinmages of CoPt
nanoparticles prepared using (A phage that express the 7-constrained

pepti de t{ag 2009013648 vely binds to CoPt, (B) phage that mxpueses@ossandom
peptide, and (C) w ld-type phage; FIGURE 8 is (A) high resolution TEM i nmage
of Co nanoparticles 20 that have been grown using a 12nmer peptide that
selectlvgﬂﬁURﬁladlnglqﬁeahmassﬁ phetherpdspoRdengrenacersnudingr &8tBbn

pattern,ngggﬁgérAgMe Q % (E?ﬁ&#&IOQnJEg%Ln@g@ génggP% anopartlcles

t hat have own’ usi ége expres eptide and are
selectlveléotrEﬁPﬁ;fﬁhacenon(Bﬁsshoms 10 WO 2004/ 033488 PCT/ US2003/ 029555
the electron diffraction pattern both of which are conpared to (C FePt
nanoparticles grown using wld-type phage; FIGURE 10 is (A) high resolution
TEM inagBIGURSﬁEDSncDadépamhgebesfgthuﬂMMSih@cﬁei?ﬁphaghahaﬁ@b&ftiuhéy bi nds
as ate e, gB an_ el ctron diffraction pattern of a sel ected
ngiogﬁEB

SnCo
area.%f Fﬂ) (Ahgpl ﬁgnBBSr LéPes (Bt ofRPEBRRYC G}Pﬂr??p% pﬁ%@e as a
control; fEFﬁJB&&éth,?e(A)(c&mAﬁﬁNhhgage o) C@gﬁp%%éc PEABE Yeihy

nanopartlc es bound to its P3 protein and 0 correspondlng M

i mge; FREORE 1Reix-¢Apnd Hyyt prleses:| oop of bi ol ogically prepared FePt
nanoparticles and (B) a higher resolution scan of the central portion of
the loop to clarify the coercivity;, FIGURE 13 is (A) a hysteresis | oop of
bioIogiCEEGVRErépasedAISTSMC@SagangpaanheabsdaﬁmC@E»nanepeehi¢h¢8potﬁlon of

1471 not GBEN AyRSRAToF EERE RERSBRFE eFad B bukod A B SEhigY PRBr=as been

geneig calaheﬂ €0y seemedmhgecyPr 888eal £8PEmCo5 nanoparticles;

FIGURE 6 are examples of binding assays illustrating (A) the
specificity of the Co-specific phage for Co and (B) an
isotherm of the Co-sgspecific phage on Co in accordance with the

present invention;

15 FIGURE 7 inciudes a series of high resolution TEM images of
CoPt nanoparticles prepared using (A) phage that express the
7-constrained peptide that selectively binds to CoPt, (B)
phage that express a random peptide, and (C) wild-type phage;

FIGURE 8 is (A) high resolution TEM image of Co nanoparticles
20 that have been grown using a l2mer peptide that selectively
bind to Co and (B) the corresponding electron diffraction

pattern;

FIGURE 9 are (A) high resolution TEM image of FePt
nanoparticles that have been grown using phage that express a

25 12mer peptide and are selective for FePt, wherein (B) shows

10



specific 12mer sequence on their PB proteins, (B) higher 20 resolution TEM
i mge of the sanme CoPt nanoparticles, (C) the corresponding electron

di ffractiwp »aisessg, (D) STEMimage of simlarly prepapedpandiogdes, (E)
STEM mapping for Pt, and (F) STEM mapping for Co in accordance with the

present invention. 11 W) 2004/033488 PCT/ US2003/ 029555 DETAI LED
DESCRI PTEER ekFeqtiEon NVERTTENt TaRsPappeteaderon ef avhschentei ¢omparrdvisi onal

ol ent, 38PLpeRL| flnaSLERLoN0s SR TuBlMy Tl £ coRL eghese 18, 2002 10

Bel cher e ere |ncorporé?ed 5its entirety
including the figures, summary, detail ed description, morklng exanpl es,

clai s, poduggapgnee (Asthigy rALLIGUOR, B NgnAR0 Yei Bgcyari ous enbodi ent s

of the présent invention a I Scusse shoul d be
appreC|ahadophatlthespgeeentusmngnaimmm@rommdessahﬁgti@ehppbinmﬁn$m¢mwent|ve

conce t hat can en?ogied in a wde %?rle of sge0|f|c contexts. The
speci |ca§nﬁoﬂ?ﬂﬁ%?§e BLudBeR!REFEPR G i PrUsEF AL PEe? of specific

ways to speker@fdadsg bBe (hANVEnbi of) §ﬁ@o§0h£ﬁ6?Q§E181éstQﬁoéﬁfﬁﬁaﬁg the
invention. 15 To facilitate the understanding of this invention, a ™ nunber

of ternswatd-teserphadefast aecohbkol; As used herein, "nmetal material" can
be, for exanple, a substance that enconpasses, but is not limted to, netal
al l oys, netal oxides, and pure netals, that nay or nay not have the
nagnetlCFZGUEEdlbr1$eﬁAbnagnéFMc1magpe¢f|@@ SM@@lbeccpbsgaIWLh@ Co

pol ycrystal line_or.a terial o eX|st in severa
spati al ngﬁgath%}ﬁ%nguﬁérFPCF%E,P ??%ﬁ?é% a%%rf% e% or | ayered fil ns.
The ter meopaebkpsh@ingamrmeigage9 the size and shape of said materials, and
i ncludes but is not

FIGURE 12 is (A) a hysteresis loop of biologically prepared
FePt nanoparticles and (B) a higher rescolution scan of the

central portion of the loop to clarify the coercivity;

FIGURE 13 is (A) a hysteresis loop of biologically prepared
15 SmCo5 nanoparticles and (B) the central portion of the loop

plotted on a smaller axis to clarify the coercivity; and

FIGURE 14 include (A) TEM of CoPt nanoparticles grown using a
phage that has been genetically engineered to express a CoPt
specific 12mer sequence on their P8 proteins, (B) higher

20 resolution TEM image of the same CoPt nanoparticles, (C) the
corresponding electron diffraction pattern, (D) STEM image of
similarly prepared particles, (E) STEM mapping for Pt, and (F}

STEM mapping for Co in accordance with the present invention.
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25 limted to mcron-scal ed particles, nano-scaled particles (called
nanoparticles), single nolecule of netal materials and other sizes and

shapes hewe ég@bsgsbut controlled by the described bi olpggigabosfedshods. 12
WO 2004/ 033488 PCT/ US2003/ 029555 The term bi ndi ng nol ecul e i s hereby

defined as a nol ecul e that binds, recognizes or directs the growh of a
metal material. ExarRRSIIHD REREMETEMeGQH 3B ANVEEIAUt are not linited
to peptides, amno acid oligonmers, and nucleic acid 5 oligoners. These

bi ndi ng nol ecul es may be selected from conbinatorial library screening, or
synt hesi zed, Ebh$ ugePbication of hyias ceenefithepicprndyisiomabeatentorari es.

These bi 5810 0PLECHLER 1o Do 6PMP o) Octo SMBSLTalnc] - £ copiant od (o a

surface 0 0 SCa such’ as Ui ruses I ndi h ecul es
are di spBayeHepnewiaal, cwiat shois vaetrobyg bhashmeratred deyll re fongnugat ad

structures. The. inventors have previously shown that peptides can bind to
seniébndﬁE?o?nﬁhf%?Ya}%qngl?%e B ek EaT %ve%?TTﬁfY't$E£%h9%%tors

denmonst r @k gc {03t 1 bh NALHEK IR CEXABS1 ed NCE LS RY, Idndedddtitsce CRIsSARS fical ly
bind to netal materials, including magnetic materialS. These peptldes have
been further developed into a way of nucleating nanoparticles and directing
their sel f - asBbEROYIN Thak ey naR@atetesd YAridies pephoditaente ofHdie ability to

recogni z i | ogl. c i r : ial s wi

Cpecrfi cpreBtnl! IvoRER. 20 Blodu b dBR AN ER IMETof, S AL B the

mat er i al appaadisvedonhsnl thdepresyst al hogmapdm copdhaisde Dfmanug | eat ed

nangparticles. The jﬂé&gﬁ%ides can al so control the aspe t%éalio of . the
t

nandpar t FRPLECERYE t HaY &R0t €S FRREBIE F clfathr o rks &b i V1%, Widfe
faci lityyy-tBeYhbehs il UL CBLNSYREENMS The specific embodiments

discussed herein are merely illustrative of specific ways to
make and use the invention, and do not delimit the scope of

the invention.

15 To facilitate the understanding of this invention, a
number of terms are described further below. As used herein,
*metal material” can be, for example, a substance that
encompasses, but is not limited teo, metal alloys, metal
oxides, and pure metals, that may or may not have the magnetic

20 and/or ferromagnetic properties, may be crystalline,
polycrystalline or amorphous. Metal materials may also exist
in several spatial forms, including particles, patterned
surfaces or layered films. The term “particle” can refer to
the size and shape of said materials, and includes but is not

25 limited to micron-scaled particles, nano-scaled particles
(called nanoparticles), single molecule of metal materials and
other sizes and shapes here unsaid but controlled by the

described biclogical methods.

12



assenbl e i mensely conplicated structure on an exceedingly mnute scale has
notivated a great deal of interest in the desire to identify non-biol ogical

syst ens twaho@assdeehave in a simlar fashion. O parti egrak2008b2dsswul d be
met hods that 30 could be applied to materials with interesting el ectronic or
13 WD 2004/ 033488 PCT/ US2003/ 029555 optical properties, but of which
natural evol UEhentews pinding|mekee¥oris heveky idafsingd \iern BRsIEE@l es

and suc terials. | ' ' gaé&% recpghytion that 5
bi ol ogi Eta}f‘{%ylg{%%s’ e?%?%@%%%r%%d&a%%%&e}}% sse ﬁ{ek aﬁanosclal e buil ding
bl ocks imatoexDapl exExandbIemot i dmadding sepleciliacatisttlstidaxcthtesane triothi gh

perfectipon,, controlled size and, conpositional uniformty. . Peptide, Sequence
Sel ect i ot~ ¥het AR TR BT pryt R :%ma‘i r%ﬁftﬁﬁﬁ‘etﬁsgarﬁrrtg d?vi‘f%/]rﬁs]rcpr?&ﬂd is using
a Phage-4li spbyrd | biitdde HASEMO ML LAMENAHLY IR sdiddady Bodk andom

peptides containing between 7 and 12 amno acids fused to the pll] coat
prot ei n ePmnia et} | btiaay Sprertidigg f fFErEmsixesd i canivgatetkear
reacted w y ' I, C C tr res. -l Nl f the
i1 conet Bt e LR RET CRE i SR I SO it ng
for 10- Ifoleawlied heapdsd | bl ddie-phagazlsBtedtay, appr cael)ypranadad a

physi cal |ipkage between e peptid substrate interaction and the DNA that
encodes ?‘h’é‘lt]a Phte? %% .l‘g%'e Mo SETRGP HEIRF SR Ridddidl es,

fiveodi fhel &l s Nk&- &1 $5TRed it CONMICt s s @S/ dils KBASing 111) A
GaAs(I11)B, InP(100) and Si (100). These substrates allowed for systematic
eval uat ipleful drecprprgaleed ubsrRetwres nt er acti ons and confirmation of the

general utility of the

The inventors have previously shown that peptides can
bind to semiconductor materials. In the present invention,
the inventors demonstrate that binding molecules, including

15 peptides, Can'specifically bind to metal materials, including
magnetic materials. These peptides have been further
developed into a way of nucleating nanoparticles and directing
their self-assembly. The main features of the peptides are
their ability to recognize and bind technologically important

20 materials with face specificity, to nucleate size-constrained
crystalline semiconductor materials, and to control the
crystallographic phase of nucleated nanoparticles. The
peptides can also control the aspect ratio of the

nanoparticles and therefore, the optical properties.

25 Briefly, the facility with which biclogical systems
assemble immensely complicated structure on an exceedingly
minute scale has motivated a great deal of interest in the
desire to identify non-biclogical systems that can behave in a
similar fashion. Of particular value would be methods that

30 could be applied to materials with interesting electronic or

13



25 net hodol ogy of the present invention for different crystalline
structures. Protein sequences that successfully bound to the specific
crystal weoeomlossgd fromthe surface, anplified by, e.gpcrasadiziobdsen-fold,
and reacted against the substrate under nore 14 WO 2004/ 033488

PCT/ 1JS2003/ 029555 stringent conditions. This procedure was repeated five
tinmes taptsietalctprdpeepharge ibut e IWhirdr yakivda lt keraingti cgpéeist inet bi ndi ng.
After, e .g., .th hird, fourth and fifth raqunds of hage, sel ection,

crystal -Ss%leéccitf‘?cg f‘quag]éiﬁl?aecﬁlsoor}sa%eedzwaeﬁ&l ® ﬁ%ﬁecﬁﬁﬁgs@gﬁeﬁgg . Peptide

bi ndi ng asekiegns i dentified that is selective for the crystal conposition
(for exanple, binding to GaAs but not to Si) and crystalline face (for
exanple, binding to (100) GaAs, but not to (111)B GAs). Twenty cl ones

sel ect ed fr omMRER{ERFNE WENETHNAR Ad RaF e d @M iesaaid 165 (+899¢€ bi ndi ng
domaisns ¥, 1 1e GAAS A drAC & £ FiN8 e AN ifla RRIAIMR S380URNGRD 1S the nodifi ed
pl1l or pVI1I™ protein are showmn in TABLE 1, reveali'ng simlar am no-acid
sequenc g rerasag pdpti dbisieXplosks tiotGaAomplAB Bral fraydtiiainaddpt i de sequences
of nmodifjed plll qr .15 pVII] _proteins.. G13-5 AGT ' 1. LS 'D! P
Ty Sy e R Mg et AYees ) o b s ¢ b
~Q' A SERd Rd¥RosttiGhall funif@rmifcyH q1S S, S A SEQ IDNO. : 4 Gl2-4;f q;

wSli' ALPAH AWSEQDNO:5 Gl4-3 SthhEtS~SEPI . S, LDYRA
SEQIDNO :6 G7-4 T +i~N Yli'i QI PRvPPT-~ SEQIDNO: 7 GI5-5 H. P
F,SNE P LR§ptids Seanugrgeygelastieiy-4 sSo0sS LFI1 QQ, N AL ' ' Tfl
G SEQ IDNO. : 9

10 One method of providing a random organic polymer pool is

using a Phage-display library, based on a combinatorial
library of random peptides containing between 7 and 12 amino
acids fused to the pIII coat protein of M13 bacteriophage,
providing different peptides that were reacted with

15 crystalline semiconductor structures. Five copies of the pIII
coat protein are located on one end of the phage particle,
accounting for 10-16 nm of the particle. The phage-display
approach provided a physical linkage between the peptide
substrate interaction and the DNA that encodes that

20 interaction. The examples described here used as examples,
five different single-crystal semiconductors: GaAs (100), GaAs
{(111)A, GaAs(111)B, InP(100}) and Si{(100). These substrates
allowed for systematic evaluation of the peptide substrate
interactions and confirmation of the general utility of the

25 methodology of the present invention for different crystalline

structures,

Protein sequences that successfully bound to the specific
crystal were eluted from the surface, amplified by, e.g., a

million-fold, and reacted against the substrate under more

14



Gll-3 GPFPTMPLPN GHSEQIDNO:10 Gl-3 Ga M Q LPI ALE L
~R SEQ IDNO. : 11 Wth increasing nunber of exposures to a GaAs surface, the
nunber ofwanedasgsd pol ar and Lew s-base functional grogpgushiBhgssed. Phage
clones fromthird, fourth and fifth round sequencing contained on average
30% 40% and 44% pol ar 20 functional groups, respectively, while the

fracti onsofihgews-cdadet fomet | Dnbé prowvgiureorsnserpedtddef sare g from
41%to 48%to 55%. The observed increase in Lew.s bases, which should 15
VD 2004/ HABEE DT REHRAI S 25HEshE CEHEr LR O st TRk ot | onal
groups ipikangem Rreer, Hepli dese fEIMMOUrEdidyiarahd SEgaast ol of

i nteracti ons between Lew s bases on the peptides and Lew s-acid sites on

t he GaAsPhage fegkedfirhe di aY Bt heSRet Bk s IagHIT$Ke @R nted ad these 5

cl ones. i EXRest ure ycsTol R i - - ted . f t he
i brgfy gr}g(gl%e an %%%%\%%@d&bon?%é%{?on, v%%{ﬁl%%egn%éélﬁ%ﬁlﬁgerd strrra
pepti desisnaklexgr ite pepttiide oogdtd bnogerpddiani ot hef amidxagble ( hiamiiA)g of
GaAs. Therefore, only small_bjnding 10 d i ns ul d, be necessary for the
bopt de £0 SERba D o (AT E 1 9o Y S A e T AR a1,

hi ghl i ghbegaing TABLE do) €&8% Al Buseidhe-o amdi 1) emgudye-rich regions in

addition to the presence of am ne Lewi s bases, such as asparagi ne and

glutam ne. To determ ne the exact binding sequence, the 15 surfaces have
been screenedfWRRFY shrRes Pehrabe@siromGans g 07-wasre ARRZEH P19 de

consty ai 2 ' L 85; ndSh ,h%ﬁ% HelcdAdbrar h educe the
Si zZLtognd&??%g(Tﬁ ﬁ%‘é/f%?é% ﬁ%lmg? n%g%%g omaitz%wﬁt eV\/erampge)p%H e- S%Jr ?téice{a
i nt er actpansial epepht Ddedsequenckesngof hehee xypett feiced et Easer ipViHe strengt h of
20 interactjops between gener%ggs of sel elc.t ion.. . . .

protein are showrr in 1, revealing sSimilar amino-acid

sequences among peptides exposed to GaAs.

TABLE 1. Partial peptide sequences of modified pIII or

15 pVIII proteins.
G13-5 AP SEQIDNO.: 1
G12-5 | P SEQIDNO.: 2
G12-3 SR SEQIDNO.: 3
G14 F | SEQIDNO.: 4
G12-4 L SEQIDNO.:5
G14-3 | o SEQIDNO.: 6
G7-4 P, SEQIDNO.:7
G15-5 L[ SEQIDNO.: 8
G14-4 L | SEQIDNO.: 9
G11-3 P SEQID NO.: 10
G1-3 L} SEQID NO.: 11

With increasing number of exposures to a GaAs surface,
the number of uncharged polar and Lewis-base functional groups
increased. Phage clones from third, fourth and fifth round
sequencing contained on average 30%, 40% and 44% polar

20 functional groups, respectively, while the fraction of Lewis-
base functional groups increased at the same time from 41% to

48% to 55%. The cobserved increase in Lewis bases, which should

15



Phage, tagged with streptavidin-|abeled 20-nm col |l oidal gold particles
bound to the phage through a biotinylated antibody to the ML3 coat protein,

wer e usedybanosaasi t ati ve assessnment of specific bi ndippgas¥eosayesss
phot oel ectron 25 spectroscopy (XPS) el enental conposition determ nation was

performed, nonjitoring th ubs ratelnteractlonthrou t elnten5|ty
of the gofP LBttt é‘g{ﬁ( AR U t"i‘?é%g?‘e & Tof the
Gl- 3 phagsep ﬁf@e@nﬁfcb@d:m@mdlﬁf&y,gochd_:@ééﬁpttmauilarhdt&morm sk twdrhe

GaAs(lOO)substrate The 30 gol d-streptavidin binding was, therefore,
speci fi ¢ ¥Vihd23%s ZG'ERL/W#D@W%%G@W t;f’r?agj@‘ dthe G#Asndi cat or

of the phager | % & hat the
Gl- 3 cl one |s£jf at ea{@}gfnﬁ &t%\ 51 oun sﬂ&ec%fré‘!caéﬁy to GaAs)I(l but not

to Si 6100 Ysme=s FI GURE 1A). In corrpl enmentary fashion the S1 5 clone,
screened agai nst t he (100) Si surface, showed poor bi nding to the (100)

GaAs surface. so bo the f a of 1nP anot her
zi nc- bl ende st t‘?ff%eAStﬁé: P ét%e Cf#;%gb dgelr%d' \ﬁg?éﬁ?)ér d¢ is
chem cal , £5dmi UHeIrBi b re |G} idn dogt adierd lddnﬂmdxe;tldwes,magﬁt isemsl N
addition,_the presence of native oxide on the substrate surface rna)i Iter

the sel ele%lwlryf } rensi Eng mapHEG rtdtee RERG igle e FINIST d

the GL-3 oneIo (1 A (galliumtermnm nated) .or (111)B
15 (ar sent &€ ¥ n%?qgf‘st(‘rflace% A?a\(‘;‘gs éﬁ%ﬁggrgt’ean\g Eil E }ld 9 The
Gl- 31@l or@orﬁa&ﬁ@%ﬂ@wtﬂ@&éﬁhw&&r e pepit iidie td M&%@:urieaee ,Ga\Masl ch
was used for its selection, than on_the galliumrich (111)A or arsenic-rich

(111) B sue¥yesl . THiege shotteReRt kif (s i e Nl ghy ek b TARTE flor ent

chem cal contain serine- and threonine-rich regions in addition to the

presence of amine lLewis bases, such as asparagine and
glutamine. To determine the exact binding sequence, the

15 surfaces have been screened with shorter libraries, including
7-mexr and disulphide constrained 7-mer libraries. Using these
shorter libraries that reduce the size and flexibility of the
binding domain, fewer peptide-surface interactions are
allowed, yielding the expected increase in the strength of

20 interactions between generations of selection.

Phage, tagged with streptavidin-labeled 20-nm colloidal
gold particles bound to the phage through a biotinylated
antibody to the M13 coat protein, were used for guantitative
assessment of specific¢ binding. X-ray photoelectron

25 spectroscopy (XPS) elemental composition determination was
performed, monitoring the phage substrate interaction through
the intensity of the gold 4f-electron signal (FIGURES 1lA-C).
Without the presence of the G1-3 phage, the antibody and the
gold streptavidin did not bind to the GaAs(100)substrate. The

30 gold-streptavidin binding was, therefore, sgpecific to the

16



20 reactivities, and it is not surprising that there is selectivity
denonstrated in the phage binding to the various crystal faces. Although

the bul k Wwentdswasdsgn of both 111 surfaces give the sampcgrRRA®E/HLGSS
structure, the differences between having Ga or As atonms outernost in the

surface bilayer 25 becone nore apparent when conparing surface
reconst rpleageresnd dthelrobigEosiz iah tdfe tplegecidesliofg tthee bleer isolst@@As .sur f aces

is alsq, expe to be different d.thi,s in turn may .aff.ect nat ur e
of the pe%]tr?%lgﬁn’dti MRS THeS rfoelf%qt B kk@e é%”eﬁ ecg't §s§&5’%ﬁ§ Qf}ﬁé“ bi ndi ng
30 ener gyaZd Ono e lsdurad espddiah i vslrley e @eat (10 dheElnptohage 17 WO

2004/ 033488 PCT/ US2003/ 029555 <clone is plotted in FIGURE 1C. As expected
from t hes¥ 65t &5 FIFERREAB, tHe AeneRtad thaahishsdhfedlon the GaAs

(100, (I A BAHTAC T AN LYk AURROUHONA pdt the gol d

concéntrati ons. e 2p intensity on surfaces wth higher
gol d- st rleiddingli to ddrceft @Gt iGars wasrfadhee. to the increase in surface
coverage by the phage. XPS is a surface technique with a sanpling depth of

appr oxi mat el y_ 30 stroms; therefore t he thickn t organic
| ayer incredsdis C? S5 f‘_’}ﬁosrﬁ t%oeuq%gtﬁ’bearﬁucr %Fﬁstoft;?[éﬁ%e(&r%@a{%s. 10 This
obser vatarstv@s 2esed-bXermdinfdumidthate t herdantensid wofthegdedexiviept avi di n was

i ndeed due to the presence of phage containing a _crystal specific bonding
sequenceigrlind Sthetdher 9 IG A Gl n @ ISUFHES Wdite PEFGHESF 1t Hat

corpel at ' ; 8¢ whyer e unher Eﬁ&ﬁg’r{d’ c Jphage clones
15 \r%/gre %x%!oisgiglc%éc}evﬁﬁ%o%?g:aetnﬁ%hdulggga?i%llr}Lbist r'atscggl'I t eql?alol%hsurface

areas. \Wduite pexicdeonss v sursomtEepEudEdansent Jaltdid thet bind to GaAs (no
pl aques re detect Ceﬁc:e .pe%otriéeh%i%l&i%g'cl one, the eluted phage popul ati on was

12 ti mesSYrest ety
The preferential specific binding of the Gl1-3 clone to

GaAs (100), over the (111)A (gallium terminated) or (111)B

15 (arsenic terminated) face of GaAs was demonstrated (FIGURE 1B,
C). The G1-3 clone surface concentration was greater on the
(100) surface, which was used for its selection, than on the
gallium-rich (111)A or arsenic-rich (111)B surfaces. These
different surfaces are known to exhibit different chemical

20 reactivities, and it is not surprising that there is
selectivity demonstrated in the phage binding to the various
crystal faces. Although the bulk termination of both 111
surfaces give the same geometric structure, the differences
between having Ga or As atoms outermost in the surface bilayer

25 become more apparent when comparing surface reconstructions.
The composition of the oxides of the various GaAs surfaces is
also expected to be different, and this in turn may affect the

nature of the peptide binding.

The intensity of Ga 2p electrons against the binding

30 energy from substrates that were exposed to the Gl1-3 phage

17



GaAs(100) than fromthe GaAs(111) A surface. 20 The Gl1-3, Gl2-3 and Gr/-4
cl ones bound to GaAs(100) and I1nP(100) were inaged using atom c force

m cr oSCopyo GoaMbsssghe |1 nP crystal has a zinc-bl ende st pgelysb®aio2osss
I sostructural with GaAs, although the In-P bond has greater ionic character

than the GaAs bond. The 10-nm wi dth and 900-nm length of the 25 observed
phage i rFlaFg neg ghlest térd h RHERMSLOf e e gleahE rabddieyapanlits

transm ssj J,qh&gt n.mcr y. ((TEM.,. .and the ol d_spher ound to ML3
ant i bodi}'sel‘lsoﬁfA&ere ob];éé’r vtreIJ'aE b%%ﬁ%ptlggtet%ltp easggb%c?ﬁ%dnﬁn Ehéavm%)sa.A%The I nP
surface {(w)a, higit)xaredntTal) B rewnff gdagarel hese taila, suggesit ikl many
factors 30 are involved in substrate recognition, including atomsize,

charge, [IGEH (P Hh TGRSt PRt urdie FBENSTT04OEFUEP PEFAISIG03/ 029555
The 6l1-3,¢lQnerdnagatimelyi gl Wd{r&fezﬁéb\ﬁqﬂw dher{eaAt idnestald 1 ne

wafer in the TEM i nmage (not” shown). The data confirns that binding was
di rect ediusy thehmditdrahga 1in gunfiasien afve@bd® otthehmhage .nodbspeai fic

interactions wth 5 the majar. coat protein. JTherefagre ept.i des .of _the
present i L%/re]%NI o HAP U (i}oa c?f)ar"@&lr%gpé:lcqg%lkt Ogepampgfé‘-gcslé“r?\ecce&ﬁ’d&gt or

| Nt er actdrQs: tdingds Stete Mg ANQS tHHC tHH iRScraith eft @res toreinires ayidd GURE 1E) .
X-ray fluorescence mcroscopy was used to denonstrate the 10 preferenti al
at t achnericxfiagifagd B Pk -HIWh s diora@ e URSE 35S daftepses -a

surfgce ﬂ{igiéﬂ{é%f&‘?%e&@'u%?ﬁ t & L YAl BRG] Lifiin A iegfed square
pattern was etched 1nto a GaAs wafer; this pattern contained’l-gmlines of
GaAs, auld-shiS2asipdiol iWps nidpdaete ahuedoh dienerdde@dREST Al 15 The

Gl2-3 clones were interacted with the GaAs/Si 02 patterned .subst rfate, washed
Lo 1 eductHGHIEEL I Wi Pecid G Aggend seduence Of the stirface

of GaAs. Binding studies were performed that correlate with
the XPS data, where equal numbers of specific phage clones

15 were exposed to various semiconductor substrates with equal
surface areas. Wild-type clones (no random peptide insert)
did not bind to GaAs (no plagues were detected). For the G1-3
clone, the eluted phage population was 12 times greater from

Galhs (100) than from the GaAs (111)A surface.

20 The Gl1-3, G12-3 and G7-4 clones bound to GaAs(100) and
InP{(100} were imaged using atomic force microscopy (AFM). The
InP crystal has a zinc-blende structure, isostructural with
GaAs, although the In-P bond has greater ionic character than
the GaAs bond. The 10-nm width and 200-nm length ¢f the

25 observed phage in AFM matches the dimensions of the M13 phage
observed by transmission electron microscopy (TEM)}, and the
gold spheres bound to M13 antibodies were observed bound to
the phage (data not shown). The InP surface has a high
concentration of phage. These data suggest that many factors

30 are involved in substrate recognition, including atom size,

charge, polarity and crystal structure.
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wi th an i mmuno-fluorescent probe, tetranethyl rhodam ne (TMR). The tagged
phage were found as the three lighter lines (red, if in color) and the

center dayg 2003/063468/RE 1B, corresponding 20 to Gl12-3 bi pdrig20e8hstPo GaAs.
The Si 2 regions of the pattern remain unbound by phage and are dark in

color. This result was not observed on a control that was not exposed to
phage, but vva{El"leexCiﬂosbcblma h(a‘lqzléimeylyarﬂﬁdjomd arice Tver{ RaBURE talA) . The

same res mas ned us bound 2-3 .25 pepti

cl one GLA JVréeol "faf%g bskfra S 1Y PRy '%' )3%5

(FI GURE d@flzz%sﬁa:m MM@\A@as esianiieal |l:yy Iﬁiﬁltmcﬁﬁlfle’ﬂ tpIIEr constraints
at room tenperature 5.66 A and 5.65 A, respectl vely, and thus ternary

al | oys BRI el ROF P RaHIRAR 18P %"s’tﬂﬁq Mettds . GaAs

Strucur e Bt RS rbne G Gad ?Z‘-i’f”}ct. S A e onl y 10

GaAs. A imrrent iaore rmasy ot rlai@ivm disel;t cresd istingrayit iald erematdargiudtayer s of
GaAs and, of Alqi 98Gao, 02As. substratte r%%lerl al r%?f 5 le%e’i and
subseque’tﬁt—r?/r eact e Wt?ﬁ% i DB BHEL T THES ed

w th 20- magoetel-1mitr ept avi di n nanoparticles. Exam nation by scanning
electron mcroscopy (SEM shows the alternating | ayers of GaAs and

Al 0. 98Gao. 02As within the heterostructure (FIGURE 1C). X-ray 10 el enent al
anal ysis of g}sﬂqm%%%ﬁ%rﬁ%@ow t"@%ﬁ’p?%%éio ORISR STASEa NG n

par hioCl 65, EXCLUH MEI Vo Oad keS| VRIS ¥ a NG NSIRIR TG &R in

denonst ratl ng the hi gh degree of binding speC| ficity for chem cal
conposi t¢bmse Iprd3tiGURE Ity & swoice icf dbdfifstmwond arhamiecali serd mi nati on of

phage 1 oL, SEAL SIS Rl DSE o7 RUMIH Tt JLLE L Utgigpoence and

into a GaAs wafer; this pattern contained 1l-pm lines of GaAs,

and 4-um SiO; spacing in between each line (FIGURES 1A-1B).

15 The Gl2-3 clones were interacted with the GaAs/Si02 patterned
substrate, washed to reduce non-specific binding, and tagged
with an immuno-fluorescent probe, tetramethyl rhodamine (TMR).
The tagged phage were found as the three lighter lines (red,
if in color} and the center dot, in FIGURE 1B, corresponding

20 to G12-3 binding only to GaAs. The 5i0; regiocns of the
pattern remain unbound by phage and are dark in color. This
result was not observed on a control that was not exposed to
phage, but was exposed to the primary antibody and TMR (FIGURE
1A). The same result was obtained using non-phage bound G12-3

25 peptide.

The GaAs clone Gl2-3 was observed to be substrate-
specific for GaAs over AlGaAs (FIGURE 1C). AlAs and GaAs have

esgentially identical lattice constraints at room temperature,

5.66 A° and 5.65 A°, respectively, and thus ternary alloys of

30 AlxGal-xAs can be epitaxially grown on GaAs substrates. Gals
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(FIGQURES 1A-C). The present invention denonstrates the powerful use of
phage-di splay libraries to identify, develop and anplify binding between

organi ¢ pepbsrdesmegiuences and inorganic 20 sem conduct opcgaREdosdieess Thi s
pepti de recognition and specificity of inorganic crystals has been extended

to other substrates, including GaN, ZnS, CdS, Fe304, Fe203, CdSe, ZnSe and
CaCO8 usimy) AaptAsd erdviehrzaimicedl Biden|ants talntdtretiat ypest i deg: wilteh G12-3

t wo- conpgonent 25 recogniti-on (FI.GJRES 1E-F). are _qgurrent bei ng desi gned;
such pec%t?rbeese’ﬁ'éf\%ﬁtegg SeH ]iva%{’t omdi]brlélc%mﬁar%%é’r % Idé—lé%'o I}E‘speci fic

| ocat i oIt Ay yatieity wild utddd,e.coldse i rey @aniad trRihauiekgani ¢ pairs
shoul d provide powerful building blocks for the fabrication of a new
gener at i G S Imfade amgh o dhlostsCaaeds ol BE romPeLt B2 FRCTAFREIaDVaRD

2004£033488, RETT4ISP U0 LRR5 1 Mol d s A eI, NBtedgal S 1 the

present 1 nvention, specl i ng recognition of nding nol ecules is
extended in unexpected ways to netal materials including but not limted to
magneti c 5 arthd &lorfagneinas mare il@bslddeligdi 2 par tdadides and

nanopartj.cles. A gonmbinatorial -pepti hage .di_ spl.ay. libr.ar expressing a

| ar ge c ol TER 1A B %aé}oéjra}rotplhcélgee&t hfatkte}C &lﬁgeslsoéls %Ymslqa\n5lrﬁlsrl%fe lda’lcTeré’lnent

pept i de wioaHERERS, OEEMICighal ftate s Masnatdiy nes aad bbi@panaingd t echni ques
to select. specific peptide 10 sequences that tightly and directly bind to
and T ecdbm #6208l W Bk ER | Bhe, IR ReT O HiC Hiighel T ESWRE ol i 5, X(B3Y, . Co,

STCRe, fmdlih FelldLy e S RAPNRI Qi WA dddileo tligS ergRgnet | ¢
mat eri al binding pepti‘des can be used to control the nucl eation of
i nor ganigoItktsriegitsyviabirhagmisianles exclusively to the GaAs layers of
the heterostructure, demonstrating the high degree of binding
specificity for chemical composition. In FIGURE 1D, a model
ig depicted for the discrimination of phage for semiconductor

15 heterostructures, as seen in the fluorescence and SEM images

(FIGURES 1A-C) .

The present invention demonstrates the powerful use of
phage-display libraries to identify, develop and amplify
binding between organic peptide sequences and inorganic

20 semiconductor substrates. This peptide recognition and
gpecificity of inorganic c¢rystals has been extended to other
gubstrates, including GaN, ZnS, CdS, Fe;0,, Fe;0;, CdSe, ZnSe

and CaCO; using peptide libraries.

Bivalent synthetic peptides with two-component
25 recognition (FIGURES 1E-F) are currently being designed; such
peptides have the potential to direct nanoparticles to
specific locations on a semiconductor structure. These
organic and inorganic pairs should provide powerful building
blocks for the fabrication of a new generation of complex,

30 sophisticated electronic structures.

20



15 denonstrated in nature and in the Il1-V and I1-VI sem conductors. If
proteins can be used to control the nucleation of magnetic materials, then

magnet i c wabaRasiasg! es coul d be prepared nuch cheaper ppgusamsefeséshan usi ng
tradi tional nethods. The nanonol ecul ar magnets and nmagnetic 20 material may

be used, e.g., for micro or nanomachi nes, dynanos, generators, nagnetic
storage or aMetatligre anshMaEnetans Megeni@tleri al that are magnetic or may be
magneti zed. Another use for these materials is to nodify the surface of

magnetic mat q*?%uﬁ%eqpcptﬂ%ﬁ%’agpe@é@ !ﬂi:?ll&qg% flq attachi ng ot her

materials tot e of the nmagnetrc nmaterial, ow ng the
sel f - as seEmugnidficcomfl éxd ndisngo stolectdess i swieixtlended dnf anexpecstiedsi s of

novel electrqnic .devices. .The present. i nyentor ave . r ni zed that this
b 0acH=450 1 Tl (ARSI HE I ooy LA st MBEMSSAE! de 21
WO 2804/03B 433 Rabldd2d0Q3/m2ae5%1 4,1 B n3nhap@ikilk@ teehni ques) has not

been used with magnetic materials, and peptides have never been used to

cont r ol NARCRARNICHSoN & GEEEteMgtle DieRits deThbagea Od spdwgyr ddbrprirany

o MR P G e THed A RIS T OOyl
per f or ned lilnicars iaferdi £ fatrersp pepe idel meoeapers oo téegentsuirdiatesf was require
nanopar (SBEEEIEH (H Hhe BATTYICL FpE hecr 1 SRLERE SPerd 1o BEBEHCE | s
t haj opr eRafIdHESRANRIH & RARARA AL BT ddt 18NS i e 3d HnendledReflizen is very
expensi ve and not conduci've to scale up. The approach presénted herein can
be perf dated aratamiehs.erp@ladings Masingg licn eperdiale .r dggent.s Gpisel di ng
SmCo5, CoPt and FePt)}. The present inventors have found that
these magnetic material binding peptides can be used to
control the nucleation of inorganic materials, as has been
15 demonstrated in nature and in thé ITI-V and II-VI
gemiconductors. If proteins can be used to control the
nucleation of magnetic materials, then magnetic nanoparticles
could be prepared much cheaper and easier than using
traditional methods. The nanomeclecular magnets and magnetic
20 material may be used, e.g., for micro or nanomachines,
dynamos, generators, magnetic storage or any other
applications for material that are magnetic or may be
magnetized. Another use for these materials is to modify the
surface of magnetic materials. The peptides can act as
25 linkers for attaching other materials to the surface of the
magnetic material, allowing the self-assembly of complex

nanostructures, which could form the basis of novel electronic

devices.

The present inventors have recognized that this approach

30 of selecting binding peptides (using combinatorial peptide
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nanoparticles with controlled crystallinity, nmaking it a nuch 15 cheaper
approach to the synthesis of magnetic nanoparticles. This approach may al so

be used twoomatssaks crystal structure and crystal orienpetivefnsi295ss

Pepti de- medi at ed synthesis of magnetic materials provides a much cheaper
and environnmentally friendly approach to.the 20 synthesis of magnetic
nanopar thidtmexieEharsumeeming damduliquesy) pespactndpasagmweaad mafdparticles is

both tine-consumn ex iLve., . i1 the current, protocol vyields
nanopar ??acqneesq: J’t%ﬂa%aerrg%g(?dt %m%%t&rdgéasﬁ?’%vtseur actams. es[e‘)';'sdel%osur factants
are not asitalll & He rudlidaeridmdiff ineairieari cofmatles 123 snan@pardd @lre. Advances in

the field of nolecular biolo have enabled the functionalization of
pept i deSUiRGHst igH W%%&ﬁﬁ&%‘@%?%eﬁm iR SYRTCS480 be
easi ky rﬁ&%ﬂi@@iérﬁ%ﬁ%l@b fagilli tat ehddeiet Rt RYFAHed W0 a
el ectroni ¢ devices and integration into nagnetic nmenory 30 devices. 22 WO
2004/ 033438 REMHES20037e0 2958 1e<AF rtditt masiinibgu e riformede pay iamg imegitet i ¢
nanoparti.cles.are ensi ve a i consum_nag r Iri hi_gh & enper at ur es,
inert at¥ “%Op e}}eers? q}essgﬁl SIvE r}%gei';g]een esa,geélur?bgrn glorcr’e% ﬁurr{é%uclal% rli‘sr,qg%gﬁd post
synt het igrdaeB g ireatanen purhif isatewrd dfecdinisgue heari sprep &aEbig damenet i ¢
nanoparticles using peptides to nediate particle formation allevjiates all
of thes@@WRATHSLEH MhithFhrudesisied SAFee and R8st tyar t iTéee
SYN§Bes ool A OR Lty GO Ohaiofaldli idlgieand
orient atllseosr}ﬂ'l S lacﬁfl evable - 10 I?no tec%ninc?ug?%rrayl be used tc()a pr oduce enough
pepti de tmrdigriepsrle ﬂaai'g'@rquamtvietﬁ}eemiemaarv@pam clogs coBenetiivealtloy desi gned
organt sngcar’iag/ ut%)e. u c(le ta% rro%% C%xtehseerﬂzeepdt Ihdeei\'e(g.rn can be performed at

room temperatures using inexpensive reagents yielding

nanoparticles with controlled crystallinity, making it a much

15 cheaper approach to the synthesis of magnetic nanoparticles.
This approach may also be used to control crystal structure

and crystal orientation.

Peptide-mediated synthesis of magnetic materials provides

a much cheaper and environmentally friendly approach to the

20 synthesis of magnetic nanoparticles. The current protocol
for preparing magnetic nanoparticles is both time-consuming
and expensive. In addition, the current protocol yields
nanoparticles that are coated with organic surfactants. These
surfactants are not amicable to further modification of the

25 nanoparticle. Advances in the field of molecular biclogy have
enabled the functionalization of peptides, suggesting that
nanoparticles grown from peptides will also be easily
functionalized, which facilitates their incorporation into
electronic devices and integration into magnetic memory

30 devices.
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pepti des of interest. The peptide(s) may be manufactured in one of the coat
proteins of, e.g., M3 bacteriophage. The 15 bacteri ophage may be further

desi gnedwas 2@hgizagered to express the protein in additp@nak65Helssar ot ei ns.
Furthernore, bacteria, such as E. coli, may be engineered to express the

peptides of interest in one or nore designs or at |locations of interest.
One di sti nct Cadvrantagedmiggiasy fepreparfiss rednetdld Mamgrar ta6drsi oni ng

the mongld Rl AP Meiifunifl BRkGDeNR 08l dimpe-hbe.LEm tations
i nherent in em conduct or processi ng, i is generally |mte5 to two

di mensi dnsrte agmespdiens phatglansiogr aphgentise pepbiedspeske of the present

i nvention - be ,used i r}gﬁr ahout rrﬁt.ri x that, 25 permts, the

t hr ee- diFHASI G BFsi A BhiBRT orsyé'&ﬁ‘te &S DO LRt 19885 ddsiSTREYe pepti des
my then rfiQfuie ¢ s prdgdriing fhagnet@® @andbhirdliicars u|s§Y1§r Beploliss i N
grooves, on the surface, @sides or bottom of an opening and the |ike.

Magnet i &hagssEtee Pardst hay £ oxmpdriioa: pldevapgpeisc alilopf, these gengarng nenory

devi C.es’aﬁ%%‘}{gs Jc rn%fxlcf“'z%j‘:iﬁ Gia 108 xpRnl:20 %{]].—Q%%.‘l%S s§9%9§% 03/ 029555
mat eri al' s, particles, and na oparatlcles escri be erein are applicable to
al | of theseldiitdlods. Hgtttddr faortther]l, offheryetalll istrand uregretd ¢ materi al s of
the invention can he used in t hods of use in applications which 5

i ncl ude IHEFAHRF A 3 'ecvia@:fﬁ' appl i cations include therapeutics,

di agnosti cs, engineering, chem cal engineering processing of reactions,

cel hplar, angrRuM eBlRles 3R iHeAUISRES £ oFProdXeP et outdpebk§asepar at i ons
can be carried _out (including bulk separations in |large scale 10 processing
of reactRISPagc0dETSISs quanttidriegp i eancpastiigdesde Genettiicéddvons,

ther apeL&é.sG_L%rne@ %%tgr@ lrﬂat]y’bedrulé%dd‘ﬂg \é‘}r&ﬁuce the peptide or

peptides of interest. The peptide(s) may be manufactured in
one of the ccat proteins of, e.g., M13 bacteriophage. The

15 bacteriophage may be further designed or engineered to express
the protein in additional coat proteins. Furthermore,
bacteria, such as E. c¢oli, may be engineered to express the
peptides of interest in one or more designs or at locations of
interest. One distinct advantage of using peptides for

20 localizing or positioning the magnetic materials made herein
is that they do not have the limitations inherent in
semiconductor processing, which is generally limited to two
dimensions, e.g., using photolithography. The peptide(s) of
the present invention may be used in or about a matrix that

25 permits the three-dimensional positioning or synthesis of the
peptides. These peptides may then be formed as a film, in
lines or striations, layers, dots, in grooves, on the surface,

sides or bottom of an copening and the like.

Magnetic nanostructures have a variety of applications,

30 including memory devices, sensors, ferrofluids, etc. The
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| magi ng contrast agents, localization (in vivo) of magnetics which are
external |y addressable. Drugs delivery can include the coupling of

particl esypaordrogsuss or chenot herapeutics 15 fol |l owed by besakbepabisess i n the
body by magnetic fields. Proper particle design can yield cellular

penetration. Another application is blood-urine detection. In engineering
appl i catmagrey iali splrartdeviases angh ranapedd Wiltes cestoriibdestd hexgdectaneat i o
magneti C riicles couple optoactive 20 materials including fluorescent
and bi re%rgr)plalnlgce%lerrattoerélpla SOft ee%}seo?tcl elvcfss'es can be made wherein binding
events change the nonent of inertia for magnetic particles coupled to

bi ndi ng el ersitlsl fihet e theo fmad tredrltiica aaldhngerean b eatetrdaled oft heugh

pol ari zati on decay, including use of a coupled 25 opti.cally active agent.
Anot her MBTCHT G £ HERD HhEThaES Sl haiby SRRt Be S aner i n
the geadoif1ydy UNeSFoYRAPORPE A dRALA! W iTRANRIIC ifAlfe The writing

step may involve binding of" a specific noiety to a specific address.
Cel | ul arthpppewtiams dimdnart icd .| ensdifdeghriconshamnd cadl lergiinesnigeri ng. | n

cel lul ar | £ I an, S| of _t;h [ | cl an be adjusted to
S ow pRRe S Ot S0 s A B e BsEe pe ool

wher ei n dgel ipaaticle. | Faouplathbd t naayreeage epardgreld eah ¢eds can be used
as a notive force fO{, eneiration. This can be useful for transfection

pr oc_edur%’?rﬁeﬁj QY uidcly iir@gé?q]ﬁb,secﬂ?éarté-&@’egntl_nc&@ﬁlgé’d S\ﬁatlﬁ‘ t he magnetic
par § hCl &k s 81y & LAg &8ldn %f%éé&?é?s%(.”e O RYPTBYRRLIG S 118ldsgean be

used to trigger & reponse in the cell. anpl es of "magneti c separation
i ncl ude mimistiard iorgf f i tignadrsed sse fulrcatamp®d: dibi-lityr, o dawdl Ideddiviexati on of

reagent 5 tr|1an§ ivrllg\;/ % or‘ltnraasf tf Ia%é nt sb,a %dcaielpzaartaitano r"(’i nt Qrei Vrg}g o

Iﬂ%gnetics
which are externally addressable. Drugs delivery can include
the coupling of particles to drugs or chemotherapeutics:

15 followed by localization in the body by magnetic fields.
Proper particle design can yield cellular penetration.
Another application is blood-urine detection. In engineering
applications, display devices can be made with controlled
aspect ratic magnetic particles coupled to optoactive

20 materials including fluorescent and birefringent materials.
Sensor devises can be made wherein binding events change the
moment of inertia for magnetic particles coupled to binding
elements. The moment of inertia change can be detected
through polarization decay, including use of a coupled

25 optically active agent. Another application is in storage.
For example, memory can be made wherein the readout involves
response to time varying magnetic field. The writing step may
involve binding of a specific moiety to a specific address.
Cellular applications include cell modifications and cell

30 triggering. 1In cellular modification, the size of the

magnetic particle can be adjusted to allow penetration into
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10 nanoparticles can have an advantage because of the smaller size and
| arge aspect ratio, and good control over size and shape distribution.

Anot her awpaobassgss i f the particles have high magnet ipgTagdtdsiohdyssty. The
particle can be long and can rotate in the magnetic field, thus generating

additional 15 forces fromthe shape effect. Mre powerful separation forces
can be athkPevedlpewhagedn Fbagéﬁ¥tl¢helb%a?@?@i?@nWDEh ? BORHRBE i n Vi vo,

Tagnet | CuRBLLESLCR SRBDEahhEChedaoks Lngseled poLbl efbl bh,seagents.

Ext er nal iral 'y var can be app |ed 0 a su ct ~causi ng
partlclewhﬁe cehlbetuséﬂulnfbhetregsﬁecbiOM|gmeeed@raﬁlenInfbeIimﬂdrS|ze of
particle | us reage can allom/for%ﬁg ge t tO access tissues. or even

penetratErE€9P§1nﬁbrEEEaF??QﬁPEr?9UP chie i PREREbTS Rabet oo dfan

combigat ghital pREt bém paﬁgetﬁéﬁptﬁmel if@f@ih@smé_drgn@tlc | £ §Bds 282 £ 0bd €Cti ONS
of bacterial phage that express mllions of different peptide sequences on

their surfadety bndggevpannepgnseetnntoeeselb. sel ect specific peptide
sequences that tightly bind directly to nagnetic materials (s-Co, CoPt,

FepPt). By hgghhﬂ ?fae hQ&H&tI¥'Q8 §P§€i£ﬁclﬁ bde. PSQUENCES that 30

interact with Inity to nagne rc materrals, one can
2004/033é881ﬁ€fyLEa@66/Qéﬁ&ﬁ&thusckhyvamdoeamdlyo¢dbh2atyome@f|des t hat can
potenti al | used to controlgghe nucleat on of na netic_nanostructures.

Usi ng peﬁ?gaﬁgt?oleoﬁ%VBr the ?EéFYoha%? N2 RT3 O%anB%%rT?%W%El%nables

the qynt heabpaot i ARERCLAR RAPEShAUSEVARCage UBERiuAIDLENEhEORRh1iOPS. The
tradi tional protocols for preparing magnetic nanoparticles often require

el abor at 8izeyanfel RegschsRest andt &Rt ey vaOPdr ¢oRer@]} opver npl 3¢ nmpd hat
pepti de- Hﬁgp%t8959¥9L8€£68P mﬂﬂgghgfoghggn@aggcfsCpfagﬁé particles

have high magnetic permitivity. The particle can be long and
can rotate in the magnetic field, thus generating additional
15 forces from the shape effect. More powerful separation forces
can be achieved per mg of reagent. In localization of
reagents in vivo, magnetic particles can be injected or
ingested coupled with reagents. External, gpatially varying
field can be applied to a subject causing particles to collect
20 in the region of highest gradient B. Small size of particle
plus reagent can allow for reagent to access tissues or even

penetrate cells.

More particularly, the present inventors have used
combinatorial peptide phage display libraries (i.e., large
25 collections of bacterial phage that express millions of
different peptide sequences on their surfaces) and biopanning
techniques to select specific peptide sequences that tightly
bind directly to magnetic materials (e-Co, CoPt, FePt). By
selecting and identifying specific peptide seguences that

30 interact with high affinity to magnetic materials, one can
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alternative to nanoparticle synthesis. 10 One of the special advantages of
the present invention is that the peptides selected by this approach permt

pepti des w@ zof3sfgect ed to bind specifically and directlnisRoismaset i C
materials. These peptides have denonstrated an ability to nucleate

sel ectively magnetic nanostructures with controlled 15 crystallinity. To
dat e, Codnarlobarand|ezshiyelderni py epepedienft ek agnabdtyent osld ypdesked Co,

and CoPt_and FePt _nanpparti cl have begen pre d wit he | ayered
rystal | PRRTyES entranarns fustertien o e Sndtor e SR e cr yst a
struct uresigyhpdptidée targestrongries i gulestiseepbt hddieroé their
respective materials, and that these materials retain their desirable
magnet i cRPROPRFE I @kedt enaRleRatbRet Bt Rt P et AR YRt Weeshake

these, gl Al sup eace! &8s £80HS 0at A%, [ Oad e AT | gALi Qoo Aext generat i on

magneti c nenory devices. Currently nenory devices are 25 prepared using a

CoCr al | pyepating wauset o ohanépadrGhd le. offten snedibere s¢ kabafattchese
nanoparticles conceiyvably allows_the. constructioon of menpry devices with a
densi ty PRPERESLE PRTTTT naf aRBESTRY T R DTetett™ nVBRLY U9 Sitos
nanopar t hepesdés fiedi £Pad egut hak t POs SRSl dGR-&RE{ den SCGmedly séiddpad ty. 26 WO
2004/ 033488 PCT/ US2003/ 029555 Using peptides to control the nucleation of
t he nanopaberedbivel ke RALPPRYateke fRViH®S¥uncti onal i zation of the
nanoparticles. Nanoparticles prepared in the traditional fashion are often

coatigfl W th hydsophobi& syséagi a&&@aﬁ?ﬂé‘? of dRK thelsdmnciianal igation
(activity or active group attachnents) a | aborious process. Nanoparticles
pr epar edthat thscpepeidaer e¢henrgd by cioat apptdagemexest mépciey o
be selected to bind specifically and directly to magnetic
materials. These peptides have demonstrated an ability to
nucleate selectively magnetic nanostructures with controlled
15 cxystallinity. To date, Co nanoparticles have been prepared
of hexagonally close packed Co, and CoPt and FePt
nanoparticles have been prepared with the layered
crystallinity traditionally associated with the Invar alloys.
These crystal structures exhibit the largest magnetic
20 susceptibility of their respective materials, and that these
materials retain their desirable magnetic properties at the
nanometer length scale. These properties make these materials
excellent candidates for the fabrication of next generation
magnetic memory devices. Currently memory devices are
25 prepared using a CoCr alloy with a density of 16.3 Gb/in2.
The smaller size of these nanoparticles conceivably allows the
construction of memory devices with a density in the
terabit/in2 range. With the present invention, SmCo5
nanoparticles are prepared that possess HCP P6/mm

30 crystallinity.
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relatively easy to functionalize using a variety of chem cal and biol ogical
techni ques, as known to those of skill in the 10 art. Further

functi onalwozesdsusef t hese nanoparticles allows their gehlfysagsarzky i nto
conpl ex architectures and menory devices. The particles and nanoparticles

prepared using peptides to control their crystallinity possess the ability
to 15 revol utVerng eoeplel dagneei eontewk ditg nufdlmt?wrumef ttehe heir smal I

si ze, net u t N

Pepti de %Qngﬁgr %%ﬁeéég (gt Jlf%ﬁ“% %g%jl on and %r aacgrgér]:' zatl “on E%é Peptl de
sel ect i onhe Tlhm@mgteldle@l ayN@mop@mid]&é |gm'e3:vayredvas-1 ctchet atctaeiti b dria It he

sem conduct or, or e‘agr, stas j )ﬁi FQ'}:C1E‘fered | ine (TBS) containing
0. 1% TVEERERHON 187¢ bl § %15% p‘ﬁh{}% RYAERRRAR n SWE IHA G 8N ¢ er
rocking f@ftder hﬂ%c@iowp{&a@mr N 81 fh s W ases g&%@pwshed with 10 25
exposures to Tris-buffered saline, pH 7.5, and increasing TWEEN 20

concent r attarisménom (2 1%@@1”9015%E¥Q,9885I'he Nornra vier @l e | prerprad s he

surface t mll_lj N nsferred to a
fresh tug%s%nas‘?% éﬁ%%i%o%%o@%ﬁ%% %%%55@% neu%liegl ized with
Tris- HClrépdt Hvdly ddey etoit Banphages et udideredvanikty nsif ngheadifdali ency was
conpar ed. The phage el uted after third-round substrate exposure were m xed

with thefpd égwe?swccpﬁla ERFRNTEICR 0|3 DB L NILIOSS A FiptHt ddt dheLB
XGaly/d PT&\AE' atﬁ?rt}?é:?c@uﬁ@@léﬁﬁﬁéé{tﬁl?%f vx&{@séier{aw@ﬁa%pﬁééﬂeamwsor

ML3np19, ich carries the TacZa gene, phage plaques were biue in color
when pl atkeionsekiiasseobini ity dpeplex architectures and memory
(5-br O”Daé\}fé‘égr 0- 3-i ndoyl - p- D- gal act osi de)

The particles and nanoparticles prepared using peptides
to control their crystallinity possess the ability to
15 revolutionize the magnetic recording industry due to their
small size, high magnetic susceptibility and ease of

preparation.

Example I. Peptide Preparation, Isolation, Selection

and Characterization

20 Peptide selection. The phage display or peptide library
was contacted with the semiconductor, or other, crystals in
Tris-buffered saline (TBS) containing 0.1% TWEEN-20, to reduce
phage-phage interactions on the surface. After rocking for 1
hour at room temperature, the surfaces were washed with 10

25 exposures to Tris-buffered saline, pH 7.5, and increasing
TWEEN-20 concentrations from 0.1% to 0.5%(v/v). The phage were
eluted from the surface by the addition of glycine-HCl (pH

2.2) 10 minute, transferred to a fresh tube and then
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and | PTG (i sopropyl -p-D-thiogal actoside). Blue/white screening 10 was used
to sel ect phage plagues with the random peptide insert. Plaques were picked

and DNA se@uanpgedsdsr om t hese plates. Substrate prepar athcgiys:Fsasidsat e
orientations were confirnmed by X-ray diffraction, and native oxi des were

renoved 15 by appropriate chem cal specific etching. The follow ng etches
were tesnedtonlGasd whth| BPigulChcédpH MHLDH: H29 ¢luted, phggeHpere (1: 10),

glsgggnrz%{:nggnan%eas%dgil?de&g?%g??\tr%%&%ug%%é%g fcgr gzsesénghlengezz ched

surfaces was achieved using 20 HO: H20 for 1 m nute foll owed by a deionized
wat er rinse fohe @ha@auéhutéﬂmﬁéer shicé- aoum@mubsnmhydrexpdeuﬂé ch was

used for GAs.in the |aI cr enln of t brary,.this etch was used
for al | Cbere, maxad Wophi helr BEREFRLCRLR pob5 Lhr orel 1oPhiath ot n

sol utd onaph BatkQ én4QBf9@apw@pmnylste85 f@iﬁ@aveéh@ylﬁbﬂstfnpzsgemt er
rinse. Al surfaces were taken directly fromthe rinse solution and

i mredi at ekyei derodadefilrom thbevpbage Wibral g, @uud:hcearnieeonhe olacZoz
substrates, not. ex re characterized, and

oiect: vorben “ohSap Rl eauneie et obLle fa it ?5ﬁ%¢%@yp%%t§ﬁr? PEsal2’ ArM and

XPS. 4,03 03!/ f GaAs and
of Alo. B5EN5A00 A arh (BT 3Dy ol carra Beiey by (oSt B 100) . The
epi t axi abhy Qb?@’”(héc‘dﬁfépgﬂﬁ -SLrHOpes 4Pr by PEd) atphud pVEL tOf scPedni@ | cm
3. 5 Antibody and Gol'd Labeling. For the XPS, SEM and AFM exanpl es,

subst® at wesweegedekposelecd phage pbaquesowith ntite | sandonfpeptidal i ne t hen

|t roduced Lo anpantlsL0,Ragt STLRRRAISA BIR' L RORLUS Som LT POUY To the

plates.

Substrate preparation. Substrate orientations were
confirmed by X-ray diffraction, and native oxides were removed

15 by appropriate chemical specific etching. The following etches
were tested on GaAs and InP surfaces: NH,OH:H,O (1:10), HCl:H,0
{(1:10), H3zP0O4:H,0,:H,0 (3:1:50) at 1 minute and 10 minute etch
times. The best element ratio and least oxide formation
(using XPS)for GaAs and InP etched surfaces was achieved using

20 HCl: H0 for 1 minute followed by a deionized water rinse for
1 minute. However, since an ammonium hydroxide etch was used
for GaAs in the initial screening of the library, this etch
was used for all other GaAs substrate examples. Si(100) wafers
were etched in a solution of HF:H,O0 1:40 for one minute,

25 followed by a deionized water rinse. All surfaces were taken
directly from the rinse solution and immediately introduced to
the phage library. Surfaces of control substrates, not exposed
to phage, were characterized and mapped for effectiveness of

the etching process and morphology of surfaces by AFM and XPS.
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(1:500 in phosphate buffer, Sigma) for 30 mnutes and then 10 rinsed in
phosphate buffer. A streptavidin-20-nmcolloidal gold |abel (1:200) in

phosphat aygubfspie@dssal i ne (PBS, Sigma) was attached topbhRiS2003/029555
bi oti n-conj ugat ed phage through a biotin- streptavidin interaction; the

surfaces were exposed to the |abel for 30 minutes and then rinsed several
tinmes with PB8ilgblayenysihotoetestebrtEpecandstomild o R8).02The WeFeow ng

control s_were done for e e les to e that t gol d signal seen
XS VEESHE oY i B B nEPTRREL o R pecthe £ ant | body

i Nt er actépintakidliVegtahs baydrsewerd el pdepad eth-GaAsd)1 0y S UWdwaele oBis
exposed to thrge 20, conditions: (1) antibody and the streptavidin-gold

| abel, but* Wth&Wt phage; (2) Gl-3 phage and streptavidin-gold | abel, but

wi t hout the antibody; and (3) streptavidin-gold | abel, without either GlL-3

phage or antiRedypodPean® oISt LaWBNndisedrars 1 Bys| cady Bectamni cs Phi
25 ESCA 5700 with an al um num anode produci ng nonochromatic 1, 487-eV

X-rays. Skanphep] esubRteaten roee cexpesehe e g formedieielin gitie-
| d- t aggi ‘ tq ling ‘ ‘ f the GaAs
go1 o L a00L PRt L PLEOS (AR CRGLLORIAPRE)on Libd 1104 UL CBLI G Qe I e

surf aces, overni g vacuiumto reduce 'sa

out gassibgot int fenj3GatdS ahambetbodP SO 2K 44 RB 4880 RETH WSR2 008/ fY2ihb5
Atom ¢ Force M crosco (AFN) . The AFM used was a Digital Instrunents

Bi oscope' trbeh? eﬁnoﬂh%géé‘?%%l\g%%%%rtsﬁm)- fﬂ’i/_f“bﬁ‘_é‘r’g{ti% E?’?‘F%t’i}_ﬁe%canni ng
nmodg gwi tPiﬁséiisfﬁ”ﬁﬁcEspﬂ-Q@e haRges  Wek 6 d Akena M A L2 MSAR G S BRPifi mode. The
AFM probes 5 were etched silicon with 125-nmm cantil evers and spring

const antgobd Paked Nn2@R) vim peesphals rbuflrethtsdYiopiet®ysS, 71280400 kHz.

Scan ratggsmgégégﬁeér%%(%ﬁgﬁbfgtgé—gggf&gated phage through a biotin-

streptavidin interaction; the surfaces were exposed to the

label for 30 minutes and then rinsed several times with PBS.

15 X-ray Photoelectron Spectroscopy (XPS). The following
controls were done for the XPS examples to ensure that the
gold signal seen in XPS was from gold bound to the phage and
not non-specific antibody interaction with the GaAs surface.
The prepared GaAs (100} surface was exposed to three

20 conditions: (1) antibody and the streptavidin-gold label, but
without phage; (2) G1-3 phage and streptavidin-gold label, but
without the antibody; and (3) streptavidin-gold label, without
either G1-3 phage or antibody.

The XPS instrument used was a Physical Electronics Phi
25 ESCA 5700 with an aluminum anode producing monochromatic
1,487-eV X-rays. All samples were introduced to the chamber
immediately after gold-tagging the phage (as described above)
to limit oxidation of the GaAs surfaces, and then pumped
overnight at high vacuum to reduce sample outgassing in the

30 XPS chamber,
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| mages were leveled using a first-order plane to renove sanple tilt. 10
Transm ssion Electron Mcroscopy (TEM. TEMimges were taken using a

Phi |l i ps EWBQBosai33f38 kV. The Gl-3 phage (diluted 1:100 ipoTABI)030RYSES

i ncubated with GaAs pieces (500 mm for 30 mnutes, centrifuged to separate

particles from unbound 3ﬁ rinsed with TBS, and resuspended in TBS.
Sanpl es were §F8Wh§dF°ISG {RTo8FAPUNYRFML et aTRe AEMARFRY EPRciron

M croscogy %? ngeﬁuﬁggté ﬁbéQEOPédhbaﬁggdloAOQ 78: IBDx 16vErt NEsipat ed

with a fres eaved hetero-structure surface for 30 mnutes and rinsed
with TBSZtVThepéﬂat3n9hagetm9rEC@aggEg nwodé @Dthnac©l$©@@@$rgolﬁheSENIand 20

I l ] d h
rount od SACACR PRER CA00. FhoP i cie £ad oheRLia nitRgS ol SO ARKFEP R oo ot

mount ed oN-d ent'ss Stope at 5

kV. Exanpkeel étcBeaf Biicah Whehpwseﬂnm tanenl everhayedr eoogng zed t hat
organi c- inorganic hybrid nmaterjials offer new routes for novel materials
and devi €E88stapssa egn?PéFP%dNWanQE%YﬁEtH?QE BResT BPEPRANT yIEeduUer@Etrical |y

tunabl e BgopEpHLLBs RﬁzsegbsﬂnﬂaEEQrw§9eVEk299é/9§§é§8oPC¥193%993/029555

materials and organic additives nodify the inorganic norphol ogy, phase, and
nucl eat i dmadesewerenleThtednoabdgspef sedt narder pland otogrembvensanphbe s
makes thg.zgstenl conpati ble for highly ordered snmectic-ordering structure.
5 Using he“met hods of the present invention, highly ordered nanoneter
scale as well as multi-length scale alignnent of Il- VI sem conductor

mat erg al usingrgﬁgmibgabhyEeegtﬂeﬁrEdcrse&épya$$EmblingEMbimé@@scaére

nol ecul es, ML3 bacterlophag that = have a recognition npiety of
speC|f|ctgbﬁFcBﬁHﬂﬁt6rP§b}¥E€e§M 08 at 60 kV. The G1-3 phage (diluted

1:100 in TBS) were incubated with GaAs pieces (500 mm) for 30
minutes, centrifuged to separate particles from unbound phage,
rinsed with TBS, and resuspended in TBS. Samples were stained

15 with 2% uranyl acetate.

Scanning Electron Microscopy (SEM). The G12-3 phage
(diluted 1:100 in TBS} were incubated with a freshly cleaved
hetero-structure gurface for 30 minutes and rinsed with TBS,
The G12-3 phage were tagged with 20 nm colloidal gold. SEM and
20 elemental mapping images were collected using the Norian
detection system mounted on a Hitachi 4700 field emission

scanning electron microscope at 5 kV.

Example II. Biofilms

25 The present inventors have recognized that organic-
inorganic hybrid materials offer new routes for novel
materials and devices. Size controlled nanostructures give

optically and electrically tunable properties of semiconductor
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10 were created. Using the conpositions and net hods of the present
I nvention nano- and nmulti-length scale alignnment of sem conductor materials

was achi ewehobsdidgest he recognition and sel f-ordering sygtiam0ea854shed
herein. The recognition and 15 self-ordering of sem conductors nmay be used

to enhance mcro fabrication of electronic devices that surpass current
phot ol i t Re§eaphils eapgabiroieniesadApplivest medisy theséncokgfeifral s incl ude:

optoelech&ggb g%§00§%?§80haﬁﬁ bhgﬁ BQBhtEEPQ displ aysyeoptical detectors

and | asers eré¢onnéec O-met ér “scal e conput er conponents
and b|ohbgbdabp&esadraatﬁtbebfubesloglbhé havérliatscmekesdthsi agstéhe
present invention include well -ordergd 8gwd cr stal dlsg %S and

or gani c- CRBPLAPL €difOpI By Ire¥hREFEESS FiFrgT FFB@?SSEH btR&r structures

may denubﬂﬁbuéﬁe %etRiah- é%nﬁhbyp§egéaes1£95néﬁéﬁcth@ghpp §PBELegD! ecul es
i ncl udi ng bi 0l ogi cal toxins. O her uses include optical coatings and

optical sanoghEsr epﬂﬂ@naﬁlyelécaﬁfmuéthgéeﬂgth ﬁﬁaléaﬁligﬁmaﬁt505rléven
bone | TDAANL Sy HRYANE BONLEUEL &Y LUSIDOORE. OLTOLCeRls LDE, ARt eLL
or nultrpFPe

di scl ose erein, 1n ayers or even In strla |ons or
conbi nat kesembfl ingl wﬁb26@4ba33488e861éHSZ@O§/0295§5baan¢r®bphh@eethas will
be apparent to those of skill .in th art. O her uses for the present

i nvent i oRVRcPudECEBBEFAPRaMOighY ﬁggﬁB?F&fFﬁtE?WéEEQ uSFOEVEHrFﬁEeS

or gajd zat,.eR ehe3Pea . €l ectronic nanostructures for high-density storage,
e.g., for use in quantum conputing. Alternatively, high density and stable
storage of viruses for nedical application that can be reconstituted, e.g.,
bi ol ogi cal | y Uswpat tbeecompephbdons and methods of the present

invention nano- and multi-length scale alignment of
semiconductor materials was achieved using the recognition and
gself-ordering system described herein. The recognition and

15 gelf-ordering of semiconductors may be used to enhance micro
fabrication of electronic devices that surpass current
photolithographic capabilities. Application of these
materials include: optoelectronic devices such as light
emitting displays, optical detectors and lasers; fast

20 interconnects; and nanc-meter scale computer components and
biological sensors. Other uses of the bicfilms created using
the present invention include well-ordered liquid crystal

displays and organic-inorganic display technology.

The films, fibers and other structures may even include
25 high-density sensors for detection of small molecules
including bioclogical toxins. Other uses include optical
coatings and optical switches. Optionally, scaffoldings for
medical implants or even bone implants; may be constructed
using one or more of the materials disclosed herein, in single

30 or multiple layers or even in striations or combinations of
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adj uvants and vacci ne containers may be created with the filnms 10 and or
matrices created wth the present invention. Information storage based on

guant um deto paibBugss for identification, e.g., depart nmgriTod2oehaiesse friend
or foe identification in fabric of arnmor or coding. The present nanofibers

may even be used to code and identify noney. 15 Buil ding well-ordered,

wel | - contnyl bédthewe , ang wWirdde bediappazeohakosthaseupré skiitheinanbéengt h
scale is &he maj or goal of building next generation optical, electronic and
magneti c %Fdterials and devices. Current methods of maki ng specific
nanoparticles are limted in terns of both Ilength 20 scale and the types of
mat eri al s. Thethéesaaésiﬁm&nthenpresphoiiﬁvéheipnomacﬂhde eflesericadsenbl i ng
organi c or blolgglcal cules or parti ML3 bagterlophage to

c
expand t RRdMRGRREAC 1§F?€ agfid ' sOX EVER Fh@ 95ﬁ8 éFFF&PES Dwell as the

ranges of 3@ ¢eR4UCHahoERLRIdakest Fal ﬁ%?hbaeH§§€y 3BoThgepresgnt Epyentors
have recogni zed that nonodi sperse bionaterials having ani sotropic shapes

are an awﬁ@rnatqvén%HW CP@@M@QP@ wePlterdarédesyr ubighedenNahy- andAd

mul U1 1 el S6ebe Akl SN0 ! (SSHLEINOUGS OLURLET LRl VELS e

acconpllshe using Retical englneere erlop age
2004/0334&&OB@IAU82663/&2@555blbhaglaa$$gseoapae¢b@a|vaaalﬁesety (a peptlde

or amino acid oligoner) faor specific sem conductor surfaces. Seth a
comorker§dﬁ§Vén6ﬁaﬁ§@t¥PF?é§eF&°FFP&§e§ﬁe@FVcbeoFH@FFﬁ@ §FFBCFU?e§1%ﬂ%t have

bot h; @ PRSid beNAht2ides AiltllondnoLder prdBenE AL LALSHRUCt Ure of Fd virus
has potential application in both nulti-scale and nanoscale ordering of

st ruct ur gsifoambaii b BF@Kﬁeﬁsb@ﬁaﬁ endg8antiumedsetopakteakngnfrent of
nanopartH%g%%ifgggk?gh?pgqge N% par%ment of defense friend or foe
identification in fabric of armor or coding. The present

nanofibers may even be used to code and identify money .

15 Building well-ordered, well-controlled, two and three
dimensional structure at the nanolength scale is the major
agoal of building next generation optical, electronic and
magnetic materials and devices. Current methods of making
specific nanoparticles are limited in terms of both length

20 scale and the types of materials. The present invention
exploits the properties of self-assembling organic or
bioclogical molecules or particles, e.g., M13 bacteriophage to
expand the alignment, size, and scale of the nanoparticles as

well as the range of semiconductor materials that can be used.

25 The present inventors have recognized that monodisperse
biomaterials having anisotropic shapes are an alternative way
to build well-ordered structures. Nano- and multi-length
scale alignment of ITI-VI semiconductor material were

accomplished using genetically engineered M13 bacteriophage
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used because it can be genetically nodified, has been 10 successfully
sel ected to have a shape identical to the Fd virus, and has specific

bi ndi ng afbizodasemsfor 11-VI  sem conductor surfaces. Therafwimedds i s an
i deal source for snectic structure that can serve in nulti-scale and
nanoscal e ordering of nanoparticles. 15 The present inventors have used
conbi nat bhatl pggsesni agreregnsisonondienly M3 et &d¢ ophagfei co@ithi ng

bepti de pnsguhs. (B8t @pe ¢apablenplobhiding 4. 0l gonduct or surfaces.

These semconductor s aces inclu erial's such as zinc sulfide,

cadm um sul fide and iron sulfide. Using the 20 techni ques of nol ecul ar

bi ol ogy, bactgetbpimagecowobkensohawd chabaairer ciedesrd thatudi smksyeci fic

sem -conduGgtor materials andbhggterial surfaces were cJoned and anplified up

to concBREFEtTInthrgh ERdu oPaY$ ¢ VR T TRIEtIR™N. The fil anent ous

bact ey i oghageribfal h@sdaxr | ongneogmsbape sebudt @POths B0y Phys diagreter: 6.6
nm and nonodi sperse nol ecul ar weight (nolecular weight: 1.64 x 107). These

propertiBstenesyl tappliaat baot &ni bpHageukt 1 yerabpiand izpnesezdstal | i ne
behavi or | ighl yecC d i e ail ' r i£_ shape of
bacteri o;o)kg%gig sggxp€g§?%g§%§ %18Onﬂél?%%%n%odlbrﬂ%%{@sﬁm%ﬁ)@ogder ed

nanopart dé¢hensbyeas dYigseent OFf chagowasttiSBe0 200df O8334818age M13 was
PCTIU82003/829555 selectivité and self-asseqﬁ%g, %bquis erse bacteri ophage
vere prepafedPerrBighist 3ABaPe SFBFFFFRRY IRt Heds. P B8 present

i nvery i 0BucMg@s @1 By b BEctEHAPBNLOUS DHagh 5d ophage: caWaso denetpgal Iy
nmodi fied to bind nanoparticles such as zinc 5 sulfide, cadm um sulfide and
i ron sul vides, \esdshas espedéf i agbondbagtaf § phabes hésr bkerVHenonstrated to

fornlnangg%fégn LLasR g&rggggggrt&ﬁé%@foé@?ﬁﬁiB is an ideal source for

smectic structure that can serve in multi-scale and nanoscale

ordering of nanoparticles.

15 The present inventors have used combinatorial screening
methods to find M13 bacteriophage containing peptide inserts
that are capable of binding to semiconductor surfaces. These
semiconductor surfaces included materials such as zinc
sulfide, cadmium sulfide and iron sulfide. Using the

20 techniques of molecular biology, bacteriophage combinatorial
library clones that bind specific semi-conductor materials and
material surfaces were cloned and amplified up to

concentrations high enough for liquid crystal formation.

The filamentous bacteriophage, Fd, has a long rod shape
25 {length: 880 nm; diameter: 6.6 nm) and monodisperse molecular
weight (molecular weight: 1.64 x 10’). These properties
result in the bacteriophage’s lyotropic liquid crystalline
behavior in highly concentrated solutions. The anisotrophic
shape of bacteriophage was exploited as a method to build

30 well-ordered nanoparticle layers by use of biological
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nanoparticles are further organized into mcron domains and into centineter
| ength scal es. The sem conductor 10 nanoparticles show quantum confi nenent

ef fects, wodossansdae synthesized and ordered wi thin theplirfilshshsosasss al -
Bact eri ophage ML3 suspensi on containing specific peptide inserts were nade

and characterized using AFM TEM and SEM Uniform 2D and 3D ordering of
nanopar t el est wast wbssd veell 54 denvilphoutMdrived issregpt s . baddi r iopHamies Di gi t al

I nstruments_Bi 0sco unte on_a v oper ti intip
scanni ng” ?rB%IepW?#ead 54 ?ta%%rﬁhrﬁﬁ %ecr%tjtoa'ké?le%n u@? S%appi ng
node.  TheeAEM piwhas 161k £ wiThed sihiron wltarmelr%uanméfﬁs@ﬁraegea,nd 20
spring constants of 20100 Nm 1 driven near their resonant frequency of

200400 k¥ps FRugt il ieedi bied hee drird HNOPRTHfElas $yRlyaS Vi€ | evel ed
using a Li{giaQr d@édr?i@rﬁeswf{&émé(ﬁd f@&P's%ltf:f MlF' GURES 2A and 2B are

schemati ¢ dragrans smectic al 1 gnnent 3 phages observed using
AFM 25 TEM TEM i mages were taken using a Philips EM08 at 60 kV. The Gl-3
phage (dil ut ddedodddl ¢ nodBsyingref | bretbet srphigd hae heondirnarstugtted al f or

30 mnutes centrlfu%cﬁ Lo sgparal e arthi/&i Pfrom nbound phage, rinsed
Wi th TBSO AR AUITRAIED ST HANBe” TR AT St al MEP S t h 2% ur anyl

acetat e. n%ﬁ&@ﬂ@ﬂé@%%%ﬁéﬁ%r@ﬂ%intﬁ%mﬂ@ Pie@einglidnd ed 1: 100

in TBS) were incupated with a freshly cl eaved hetero-structure surface for
30 ni nuté%toa%%F“FJrrF%’is%IrV\HIPBtl"BS“aﬂf%?Glém’? rﬁﬁi‘@’émlé:'%%ged with 20 nm

col l,gj d S5\ e 5@% using the
N0r| an 3%?128‘%?%% sys%g%qqﬁbou%&% | ta 470@%@ em ssi %}L scanni ng

el ectr onsynchestzgd atd Sordated w1th1n the lquld crystal,

Bacteriophage M13 suspension containing specific peptide
inserts were made and characterized using AFM, TEM, and SEM.
Uniform 2D and 3D ordering of nanoparticles was observed

15 throughout the samples.

AFM. Includes Digital Instruments Bioscope mounted on a
Zeiss Axiovert 100s-2tv,operating in tip scanning mode with a
G scanner. The images were taken in air using tapping mode.
The AFM probes were etched silicon with 125 mm cantilevers and

20 spring constants of 204100 Nm' driven near their resonant

freguency of 2004400 kHz. Scan rates were of the order of 115
mms™!. Images were leveled using a first-order plane to remove
sample tilt. FIGURES 2A and 2B are schematic diagrams of the

smectic alignment of M13 phages observed using AFM.

25 TEM. TEM images were taken using a Philips EM208 at 60
kV. The Gl1-3 phage ({(diluted 1:100 in TBS} were incubated with
gsemiconductor material for 30 minutes, centrifuged to separate
particles from unbound phage, rinsed with TBS, and resuspended

in TBS. Samples were stained with 2% uranyl acetate.
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Genetically engi neered ML3 bacteri ophage that had specific binding
properties to sem conductor surfaces was 10 anplified and purified using

st andar d Wl #64/4334s8bi ol ogi cal techniques. 3.2 nlL of bactgerigRi@adesssSpensi on
(concentration: -107 phages/)iL) and 4 nL of overnight culture were added
to 400 nL LB iumfor nmass anplification, After _anplification, -30 ng of
pel l et was prggg]ﬁrtaFgﬁ.pﬁ%elggétgbﬁ s#bhgov\kﬁ’e{%?)ep‘ﬁ?’éﬂ BCHRG ¢ Na2s

sol uti onswt enZACE2esHOPEHl SdvelaBEL S§HS PEHSHONSral sl PR EARLT 8 UhEautlde

hi ghest concentration of A7-phage susgen5|on was prepared by adding 20 L
of 1 nM ZAGE2r4REefa?StEofBEi 0RBS Fo3pdchRaet yWeFe ot ad@ed 3091 thnR G nPhage
pellet. T : t )30Ng ¥@AS y { L ext] i fficient of
3.84 ng/n§85?83§§ﬂnﬁ§igé t he %gﬁgénéﬁg??%%n@?ggﬁﬁiig@% %%?%gggspension is

i ncredsedeohtaeted phase thatNboansadi dececoiah oysiesm mohotedte@nix phase t hat
has tw sted_nepeti tructure, .and snectic phase that has directign and
posi ti onal*b?d ?s4zgazélﬁigl?mé?ﬁlg%sﬁ?@%%?m§H§§%95ﬂ3§églﬁﬁﬂﬁﬁﬁﬁﬁ‘%bg%rved
in Fd vigkuyses that did not have nanoparticles. Polarized optical ncroscopy
(POM). ML3 phage suspensions were characterized by polarized optical

m croscope. Each suspension was filled to glass capillary 30 tube of 0.7 mm
di anet er. The BPBAFYCROAYARYhREAr8dsPbhshnteBEORER99 ouha3 aad

PCTI US20034029550 o{ ARTn0h e FNLDI 1805 L] 5356 o £ Ob O e LELs Updler 1 he

paral | el ed*pol ari ze Ight”and showed snectic texture under T he

cr ossk(pol ampz éflikdghhd( PhEURE8ANsindes cinodasd emdecyl axhesclagFdURE 3B can
5.concentration of suspension as shown in TABLE

be controll ed by varyi th
2. The piFEﬁgnFéHGthmggzdﬁ sBF DR Gha 1 ARDAF r TR I Wer e taken after 24

(concentration: ~10’ phages/pL) and 4 mL of overnight culture

were added to 400 mL LB medium for mass amplification. After
amplification, ~30 mg of pellet was precipitated. The

15 sguspensions were prepared by adding Na;S soclutions to ZnCl,
doped A7 phage suspensions at room temperature. The highest

concentration of A7-phage suspension was prepared by adding 20

pL of 1 mM ZnCl; and Na,$ solutions, respectively into the ~30
mg of phage pellet. The concentration was measured using

20 extinction coefficient of 3.84 mg/mL at 269 nm.

Ag the concentration of the isotropic suspension is
increased, nemetic phase that has directional order,
cholesteric phase that has twisted nemetic structure, and
smectic phase that has directional and positional orders asg

25 well, are observed. Thesge phases had been observed in Fd

viruses that did not have nanoparticles.

Polarized optical microscopy (POM). M13 phage
suspensions were characterized by polarized optical
microscope. Each suspension was filled to glass capillary

30 tube of 0.7 mm diameter. The highly concentrated suspension
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hours later fromthe preparation of sanples. TABLE 2. Chol esteric pitch and
concentration relationship. Concentration Pitch length (ng/m) (um 76.30
31.9 71.Rd Pdsfs3a886. 38 84.8 50.52 101.9 43.16 163.7 pei/tkdookihesss 27. 54
259.7 10 AFM For AFM observation, 5 L of ML3 suspension (concentration: 30
ng/ mL) of ML3 bacteri ophage suspension was dried for 24 hours on the 8 mm x
8 mm mi cd1gGbsgyalé erhibuasd srideedeby GodmrndSpropgertthethyl silane for
4 hours in_t ssicator wer.e ake Ln_ajr _using tappi node. 15
Self-assgﬁﬁﬁggea?gePP ??uc?agﬁ #BfeS % 3ﬂeauéctgef%%rea%?§%¥ropic
shape of tNk3ckagkepblahaged BBQham(FmGUEEan) andThé. éhelesteridth. I n FI GURE

3C, ML3 phage lie in_the plane o the photo and form snectic alignnent.
SEM ForPSEﬂhéﬁséFvggﬁHﬁE ?ﬁecéﬂlPFCQP“EEPhieGr?YnﬁarQBngaﬁb?es of

bacterio n S on (c i on of
bactgﬁlogﬁgggnggggégglg% gggbéﬁgkﬁﬁ)éazggbg?epgrg EEnQFIGEE%eQ%géﬁ
nanopartﬂehQShrweh meeasredndnbathermmphageaphehwareasamgneaﬁbserEed. The

| engt h OF 00 4/8 3488 PCT/USZOOS%OZQSSﬁ separation between
nanopar t 8P€§ ﬁaeﬁa &P §ﬁa85988F?8§88n8 P3P h8%r engt h of bacteri ophage.
The ZnS wurzite crystal structure was confirned by electron diffraction
pattern usTRBLECZ | utClonl Se0@rec obitdie Stk Cddic SuSEettsho nrail 4 thi M i(g-l GURES
3E

Concentration Pitch length
(mg/ml) (um)
76.30 31.9
71.22 51.6
56.38 84.8
50.52 101.9
43.16 163.7
37.04 176.1
27.54 2597
10 AFM. For AFM observation, 5 uL of M13 suspension

(concentration: 30 mg/mL) of M13 bacteriophage suspension was
dried for 24 hours on the 8 mm x 8 mm mica substrate that was
silated by 3-amino preopyl triethyl silane for 4 hours in the
dessicator. Images were taken in air using tapping mode.

15 Self-assembled ordering structures were observed due to the
anisotropic shape of M13 bacteriophage, 880 nm in length and
6.6 nm in width. In FIGURE 3C, M13 phage lie in the plane of

the photo and form smectic alignment.

SEM. For SEM observation, the critical point drying
20 samples of bacteriophage and ZnS nanoparticles smectic
suspension {concentration of bacteriophage suspension 127
mg/mL) were prepared. In FIGURE 3D, nanoparticles rich areas

and bacteriophage rich areas were observed. The length of the
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5 and 3F). Preparation of the biofilm Bacteriophage pellets were suspended
with 400 L of Tris-buffered saline (TBS, pH 7.5) and 200 L of 1 mM ZnCl2 to

whi ch | m¥ydlagiapasss added. After rocking for 24 hours apctragiiozeneed at ure,
t he suspension 10 (contained in a 1 nL eppindorff tube) was slowy dried in

a dessicator for one week. A sem -transparent film-15 mthick was_ forned
on the i%spatcatpion Neetwien MTMmepdrtiglehomd ivactRiGRmage serespaidil |y

taken using .a tweezers. ' di a fat 1.0fi [,S.-shown in

FI GURE 4B: q_ll%e Sﬁ%‘%‘%e‘?%g}#gﬁg%%%?ﬁ% mgfr%]nzgnssca“fqgr%%c% eérll%ép ae%ge al i gnnent
of the AFtAnSiitéd nwaereonbsened®dowse hectSk dif f madteion atatrann augisEM
analysis_the filmwas cut _then coated via vacuum deposition with 2 nm of
chr omi unf i Hiakemr SRIAP L &1t P splbe r eMe 4 ifh| SPReRslea ciddd STE'”&C{]F&%&E%:I@RE 4D
were 20 ohsefyed throughout the sanple. The average |ength of  individual
phage, 895 nmis reasonabl e anal ogous to that of phage, 880 nm The film
showed the snectic like A- or Clike |anellar norphol ogies that exhibited
periodicity bRrspayathen ehndparkiefelend Brcteriopmgr telatss waRe | engt h

of 25 periodicity corresponded to that of_ the bacteriophage. The _average
si ze of TEFRPA ?%c"l”eﬂi‘ 53‘5)%:% ﬂ’b’g%lfé‘”{fc?rc% n%b&eq%atﬁ}bﬁ o7

| ndivi duglapags el ose TEMORSELVRL Opat, B! Matk 403 paRgRartipleral i gnrent

was investig i ng e filmin epoxy“‘resin 37 04/ 033488

PCT/ US2003410225 Sfor WM tiepuforaoneoshayt ese ol wireey i e dysmmedBing 10 | of
accelerator. After curing, the resin was thin sectioned using. a Leica

Ul t Ahi ckeperinathese 250 Mim eRRIRGNEE WerdPg) s B RP1nidtisd 6 it er, and
pi cked uc[i)eé)sni<:t')a|;1t§a<911"< Pgédm%iwgese'k.Parflgeerrlli—transparent film ~15 um thick

was formed on the inside of the tube. This film, shown in

FIGURE 4A, was carefully taken using a tweezers. A schematic

diagram of the biofilm is shown in FIGURE 4B.

15 SEM observation of biofilm. Nanoscale bacteriophage
alignment of the A7-ZnS film were observed using SEM. In
order to carry out SEM analysis the film was cut then coated
via vacuum deposition with 2 nm of chromium in an argon
atmosphere. Highly close-packed structures, FIGURE 4D were

20 observed throughout the sample. The %verage length of
individual phage, 895 nm is reasonable analogous to that of
phage, 880 nm. The film showed the smectic like A- or C-like
lamellar morphologies that exhibited periodicity between the
nanoparticle and bacteriophage layers. The length of

25 periodicity corresponded to that of the bacteriophage. The
average size of nanoparticle is ~20nm analogous to the TEM

observation of individual particles.

TEM observation of biofilm. ZnS nanoparticle alignment

was investigated by embedding the film in epoxy resin (LR
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5 aligned nanoparticles in a |low, which corresponded to x-z plane in the
schematic diagram were observed, FIGURE 4 E-F. Since each bacteriophage

had 5 copiweso@osbiye A7 noieties, each A7 recognize one pgan@Ragsiohesse (2-3 nm
size) and aligned approximately 20 nmin a width and extended to nore than

two 10 mcroneters in length. The two mcroneters by 20 nm bands fornmed in

par al | el waack)béod seppadayednbypeolPfientiredhbg addsngepangy afy cone fromthe

tilted snectic alignnen%Fof t he gha e Ia%ers with respect to observation in
v

the TEM 3GARPLRTRECT, epBFF8Y BYTRAPvi hlGr TPl AYSS 2 BAPsSPRkECREAHRT ¢l e

layer 15,phaReagst 2ha@ceBEBmued 2hakbalshonhhaboehons warEl ARG ddr on The
SAED patterns of the aligned particles showed that the ZnS particles have

t he wurzdiethékagowatest r anpdupéckagMipberrhhanbngetdbgovidsm Harable¥ace
orientati_Qn _of Lral filmwas invest] e i A FI GURE 4C, 20
§atign ol hosouhak tiimuas investioahedousiogdoAgll Lo £1GU

phage” wer ave Ttor paraIVe al rgne I'rrngbone pattern that
have al mp3tnei gAt tABgkehbphveendtihgrand] aceat odseecéd; ROGURE 4§ beek eri ophage
axis) on_nost of _surface that is naned as,snecgic O _The fil mshowed | ong

range or §éPFRgeBFNNBRARETAPPEEEE, afaP TEPHBFsPLt BRE P4 TRESDESEerR2SH

m cronet @hS+ekBgA9B Shedh8ASpURELE1EWI2 09BN LAy eEaqNEEigREgh ot her, two
or three nultl-?ength scal e o? bact eri ophage ali gned paral?eled and

per si st eapprroxtimetehpclPcnmCior dewidghsandcenrendadnboandreuthan| ewgt h scal e
alig nt .of sem conduct or %0 erials_usin he recogpition and as well
s BT b derlebor 35 ol 3685 R 03588 Lt DESTOr 0258557 SystBnbeiiances ¢ he
future mferpkabihcphiraniel ehedt baRHCsepevheed. bfheseodedncesThaye the
potential to surpass current photolithographic capabilities. O her
potentiaﬂiéﬁﬁﬁpéﬁFYoﬁﬁy come from the tilted smectic alignment of the

phage layers with respect to cobservation in the TEM, which is

reported by Marvin group. A y-z axis like nanoparticle layer

15 plane was also observed similar to that shown in FIGURE 1F.
The SAED patterns of the aligned particles showed that the ZnS

particles have the wurzite hexagonal structure.

AFM observation of biofilm: The surface orientation of
the viral film was investigated using AFM. In FIGURE 4C,

20 phage were shown to have formed an parallel aligned
herringbone pattern that have almost right angle between the
adjacent director normal (bacteriophage axis) on most of
surface that is named as smectic 0. The film showed long
range ordering of normal director that is persistent to the

25 tens of micrometers. In some of areas where two domain
layers meet each other, two or three multi-length scale of
bacteriophage aligned paralleled and persistent to the smectic

C ordering structure.

Nano and multi-length scale alignment of semiconductor

30 materials using the recognition and as well as self-ordering
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of these materials include optoelectronic devices such as 5 light-emtting
di spl ays, optical detectors, and lasers, fast interconnects, nano-neter

scal e coniutgéyedERonent and bi ol ogi cal sensors. EXAMPhEThisheosfi9sse®t i on of
Metallic and Magnetic Materials 10 A phage display technique was used to

di scover novel peptides that_bind selectively to magnetic materjals. In
these parfYRRAM eTARFes, tHS | Mt wre (e TRIGRAEE Tt s Bl L SR 5 epar ed by

first symnidesidd Ng Raldoi )i b Sneded e YPorldift i BN Sr gL BrencThese
col | oidal solutions were then drop 15 coated onto Si wafers and annealed u ,
nder N2 tRhefepbithegrdphigcipaloi bityimsl $Hthen materfhisge attxlplcat was t hen
performed_.on these fill er Pt. and FePt)., d peptid wer e

di scover e%f t%&?saﬂi%&htesre]lrgzlc% ilvréc(%/u% Oéjatc%eqselfﬁ:sxior ate. 1ec§e2s Sp%%l itfes were
then @sedl igh thiemhiaat hdlrd DRiE] a0 padt i ¢d le Hdre b8 Xidr thesdBgeLxpr essi ng
the peptide of interest, the netal salt, and a reducing agent. The

synt hesi s*RFCHFERIHIRTES | BN TP OMATDIT SPRYE T fPTRIIFYsidDn i s of

f undanent@| pcg%-gaelcl"gg}[é}gggl interest. In the last few years there has
been a fl ur?y papers 25 describing the synthesis of nanoparticles

conposed of netals and sem conductors w th renmarkable control over the size
and shape of BXMELE W LT ng Frarmparen ctfedMetRdddm Iand tMagnetaen  shown t hat
pepti des i dent afé ex:diéllig phage display can bind selectively to inorganic
surfaces and can be tsed to control 30 the nucleation of seniconducti ng
nanoparticles. in this case, 39 WO 2004/033488 PCT/ US2003/ 029555 the
pept ides can wonghae tdiesslae, t sdtapsque g0 sidddto ahidscexan rdvel
crystallinity, of the resulti negl nan,o‘Palrti cles. Due to i
peptides that bind se€lectively to magnetic materials. In
these particular studies, films of the magnetic materials were
prepared by first synthesizing colloidal dispersions of the
magnetic materials. These colloidal solutions were then drop
15 coated onto Si wafers and annealed qnder N; to generate the

desired crystal structure. Phage display was then performed

on these films (g-Co, CoPt, and FePt), and peptides were

discovered that bind selectively to each substrate. These

peptides were then used to nucleate unique nanoparticles by
20 mixing the phage expressing the peptide of interest, the metal

salt, and a reducing agent.

The synthesis of nanoparticles with controlled size and
composition is of fundamental and technological interest. In
the last few years there has been a flurry of papers

25 describing the synthesis of nanoparticles composed of metals
and semiconductors with remarkable control over the size and
shape of the resulting nanoparticles. Recently it has been
shown that peptides identified via phage display can bind
selectively to inorganic surfaces and can be used to control

30 the nucleation of semiconducting nanoparticles. In this case,
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the success of peptides in controlling the synthesis of sem conducting
nanoparticles, there is a great deal of 5 interest in applying the

t echnol ogwd mogbdiess materials of interest. One parti culmrivyszood@ssssti ng and
commercially useful class of materials is ferromagnets, including particles
and nanoparticles. Ferromagnetic materials are the cornerstone of 10 the

bi | lion 8bEl BeppédegeaprnnaghetPeé EBEOFdRAg BRADSH r §OMPCHEE AR, dePfices use a

Qo0 all ayelotdakay st agh: PCaESEna roblie: 1hgNnIREPELLCcsusCePLOI Lty and
ease of preparation: er terials are curréntly Tn devel opnment. e such
mat eri al the setakbscoCopephidbhshas aonhgnélivganhsosyophesnsl18ft he range of

107 ergs/cnB. This _high nagnetic anisot[o ,suggests,_that. particles as

snal | asSf@lﬁﬁPpHCBFQ%EPQng8§h15£FS'agkggﬁgFg ofhf Ak aﬁalfﬁ ction as
menory ekererbse CHr beplyihgChRel egy¥hHeesoFeaBr Yt BEENRALErYALY grdomai n size
that is in the range of hundreds of nanoneters, so generating Co 20

nanopart igtegesh -t he 10 nm si ze range woul d be a dramatic inprovenment that
woul d | ead to nmuch denser nenory devices. More interesting ferromagnetic

material s areohgeggggﬁéhhsr%g'kBXér@EtEﬁgt?H&?Eéhﬁggg¥affgﬁgngguEDPt- These

materials have v ar ge ghetic anis opi es erg , due to 25

t he | nvaclekbect, manhentinth per farbatmagnsten fhelhdingcpartonseéanandaused by
t he Iayerin% of Fe.and at ons cagses tpe .Pi to devglog a nagﬂetic ftate.
The | ar gB2BRPEGELEHSS - poSEEESRAIRG St eBRCEFLRefsaETghRE t SOFRSF S hanopaf ti cl es
as sgral khasp210Abaalcdthrapeteyeapngaghst 8k +eeBrEenger AiuEery 30 i nplying
that they can be used in the devel opnent of very high-density nenory

devi ces. Cogrent2de¥iges4B8ePETIFESP003109668 data storage because of
the high magnetic susceptibility and ease of preparation.

Other materials are currently in development. One such
material is metallic Co, which has a magnetic anisotropy in

15 the range of 107 ergs/cm’. This high magnetic anisotropy
suggests that particles as small as 10 nm in diameter, can act
as single domains and function as memory elements. Current
technology uses memory elements with a domain size that is in
the range of hundreds of nanometers, so generating Co

20 nanoparticles in the 10 nm size range would be a dramatic
improvement that would lead to much denser memory devices.
More interesting ferromagnetic materials are the magnetic
alloys of Pt, specifically FePt and CoPt. These materials
have very large magnetic anisotropies (10° ergs/cm®), due to

25 the Invar effect, in which perturbations in the lattice
constant caused by the layering of Fe and Pt atoms causes the
Pt to develop a magnetic state. The large anisotropy
possessed by these systems suggests that nanoparticles as
small as 2 nm can act as ferromagnets at room temperature,

30 implying that they can be used in the development of very

high-density memory devices.
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Due to the | arge magnetic ani sotropies of these systens, a great deal of
effort has been invested in the synthesis of particles and nanoparticles
conposed @fp bdesasapterials. Several different synthetigcRugisebssshave
been devel oped for 5 8-Co, FePt and CoPt and they all possess the sane
fundanmental weaknesses. All of these synthetic strategies rely on the
restricted pr@sigitcattien W%ﬁ@mettll@ eaisptrhpipre9énthese sygkrastants at
el evated .t At S. t e e ;pr r S

pert or med ORERY B of0 AERsSohae Rt oy e rery 4t ERE BhkeRe TN e D
very expmﬂ@le&ndnmmmpemlmlm maipesnn oEurthlaeerrmae;artLlaése

preparatlons of te e wrefurther nodi fic the particl

i ncl udi ngSYiegRlt é]d%eg e SRSy Ptré’tgtcf’i ?’F‘F@ g&r; dgve éP?? aEPEnity,
and size sglectd o a a [ [ S ns of
parti %I es. %?I‘\e%ﬂglsgx?irag g?fﬁ%héb thg%’e%g&li %g?%gggogﬁe %gﬁé E?H?%eélg{ésgnt hetic
str at egi eakigwed.hezd Imaifetihalse awtctmmier eitabiegimporednyt onathevel

synthetic strategy. was desired. Applying the principle of peptide- nedlated
synt hesi S ThEGHEL P SFaPetitkiOT Py PAEOPSEEH C365a ﬁg FP@rP§??9€°eIH t hese
studi es @ﬁ%c@a’%ﬁ'sa%&%l%%'t% Ppe‘i%rth%@d an1t Be Amaaetic materials of

I nterest (Co, , SnCoS, and Fe to identify peptides that specifically
bi nd toﬂdl@pmt}n@thec pm@@maécllsmm mrusmi @Iea @feﬁfifntt‘m;zd Ant en igkatacterization,
thesg%peptldes were t.hen used t.0 cantral .the g at on_of mm

nanopdr t FCTESPAST S add SeRFIES Y SpRage e Exyr Ta&iA S%SFVaS%‘P%PSEHFerest

were m xeghdMridt tahe camatealtld @c&alet sipQf lFﬂQtBi%Tr&b&le theker psepafateddsi ng
agent (NaBH4) was then added to generate the nanoparticles. The
nanopar t iAtEd eIy R 6!‘1”9& fdcationg oS hGSTERFETREeS0 synt hesis of

the presepeifaiely 'h‘l’e};h‘“’%%nﬁ"errfa% Rd pden 1aBPEeNLet4dn the desired

crystallinity, and size selective precipitation to acquire

t hem

15 monodisperse populations of particles. These extra synthetic

steps increase the cost of these synthetic strategies.

Since these materials are commercially important, a novel
synthetic strategy was desired. Applying the principle of
peptide-mediated synthesis to magnetic materials provides such

20 an alternative. In these studies phage display selection was
performed on the magnetic materials of interest (Co, CoPt,
smCo5, and FePt) to identify peptides that specifically bind
to the magnetic materials with high affinity. After
characterization, these peptides were then used to control the

25 nucleation of magnetic nanoparticles. 1In these studies, phage
expressing the peptides of interest were mixed with the
metallic salts of the metals of interest. A reducing agent
(NaBH4) was then added to generate the nanoparticles. The
nanoparticles were formed and characterized using TEM. The

30 synthesis of the present invention was performed under ambient
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WO 2004/ 033488 PCT/ US2003/ 029555 conditions to provide a much cheaper
alternative to existing synthetic strategies for generating nagnetic

nanopart iwbeses/0$3488y Diffraction Anal ysis of Magneti c Nagenabéozebsss
Magnetic surfaces had to be generated to use as 5 substrates in the phage
di splay. To _acconplish this, magnetic nanoparticles were prepared in the
traditi of@ndiBEARBNtO APEOVHAS 2 cBt e FRPRRE S| a Lipg At 1B f i XL ifithge

di spl ay | £S. i mit . x-ray

i £ ot TSR B s L S P T
crystallinity. The XRD pattern obtained for s-Co correlated well with
patterns obt akrieay fPohfraet Lonckmalysis di s Nagreti e Nangpatt igflepeaks

bet ween 45 degrees and 50 degrees that are particularly distinctive because

they corr espopdelos e (22hlcs (40)co A0 Al 30y ysial gl anes of -Co.

The FePt and erns al'so agree erature spectra for

I(:ePtj”El V\bﬁhsl;‘:)ﬁaké% i(:mrtbép‘iﬁhﬂgﬁgd%@plm. (Ogi)ac&dxﬂ@?]islg(éﬂéﬁs, %ﬁgtﬁcﬁOZ)a
210), 112), an 202) planes of FePt and CoPt. The on agree
Wit h Iité‘?‘%‘?ﬁ?%t%:l-%%sw P PEEPIRTHS Ry ke kPR r R g dk (101),

(110), aggdok 1&&%:1?%%%%5@% dhiGatérd he pdidd _Er?é’?éﬁé‘é’e Sy Nes) %tﬂidié"e'? SmCoS

nanoparti cl'es. Ais a high resolution TEMT1nmage of "a SntCo
nanopar t vetre hegun Fl QUREBSGBE 2cea wete ctleak agtar bfed hel MEM irmge showi ng t he

electron,diffraction ern. Several, spots in the 25 diffraction pattern
corr el at & her bt R (REDL ER-e PRI Snd PR Sl f tne B T H ke Sc
i's aSTEMpragEeiofet FeystANERh£€y SMCOS5 nanoparticles and illustrates their
size, shape, and overall norphol ogy. 42 WO 2004/ 033488 PCTI US2003/ 029555

The XRD pattern obtained for g¢-Co correlated well with
patterns obtained from the literature, displaying a triplet of
peaks between 45 degrees and 50 degrees that are particularly

distinctive because they correspond to the (221), (310}, and

15 (311) crystal planes of €-Co. The FePt and CoPt patterns also
agreed with the literature spectra for FePtll with peaks
corresponding to the (001), (110), (111), (200), (002), (210},
(112), and (202) planes of FePt and CoPt. The XRD on SmCoS
agreed with literature values for HCP SmCo5 with peaks

20 representing the (101), (110), and {(111) facets. This is the
first reported synthesis cf HCP SmCo5 nanoparticles. FIGURE
SA is a high resolution TEM image of a SmCo5 nanoparticle and
FIGURE 5B is a selected area of the TEM image showing the
electron diffraction pattern. Several spots in the

25 diffraction pattern correlate well with the known facets of
HCP SmCo5 (FIGURE 51B). FIGURE 5C is a STEM image of the
annealed SmCo5 nanoparticles and illustrates their size,

shape, and overall morphology.
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Sequence Anal ysis and Bi ndi ng Assays of Binding Phage TABLE 3 lists all of
the peptides that were sel ected using phage display for their ability to
bind to the mwagemsigsc naterials of interest. 5 TABLE 3. rgaiesbhesth2edsenes with
magneti c binding properties. Mterial 7-Constrained Sequence 12mer Sequence
e-Co * ALSPHSAPLTLY (SEQ I D NO.:15)  Copt NAGDHAN (SEQ I D NO. :12)
SVSVGVKPSPRP BSEaenpeNanaligpisrapd Bingang Assays DoRPBind) ngnNRrPSTOPLA ( SEQ
ID NO.:17) SmCoS TKPSWQ (SEQ I D NO. :14) WDPYSHLLQHPQ (SEQ I D NO.:18) *No
consensus Sequggre 4asi@PLaknedof OnkNepdnCoast ehaEd,LIOr BtYeoheqs- Co. Al
of the sel ected sequences appear to be va? 10 sequences that should
possess hsghgaphaget@1Eplavhéonetheircabshltﬁce@ bHhdt tdi e reagaktese appear
in several of t? eq nces, Due to its imdazole side group, histidine is
an  excel'PEREIA; ﬁaﬂg eﬁﬁ?Bl so its presence in these sequences is
expected. Wth the exceptlon of the 7 15 constrai ned sequence on CoPt, al

of the seqremCEs3 i sualedted ofldhes Riiteh Iyt abihdi iy rparsiahie.
Lysine-Pt interactions are believed to be inportant in the function of

c1 P! at [ fa 8% JITPOT AL AOLL GAT Gl IEND, e [VSTenRl sLLERapT T on Suggest s

pr esent |nv&mﬂi()1 Is not limted to any e ARRHSARIGHLY] AEEQaIR iNen,: LEhown or
unknown B e ) 1T [n | at ed
phage ffr g ngk h@%b@%&%ﬁé N@md?ﬁL |§¥SV§E§E§%E5#§ ﬁﬁE fli r st
study severabt d| fewsulpemqueDZﬁoconUal ni mg}cpbas;mnw QSE(&pIISENﬂ) ta7p do

sur f ace| FMER U™ YHEst, [ ch o PET | SRl AT Ted e o TP

*No consensus seguence was obtained for the 7-constrained library on
e-Co.

-

Lr

All of the selected sequences appear to be valid

10 seguences that should possess high affinity for the metallic
surfaces. Histidine residues appear in several of the
sequences. Due to its imidazole side group, histidine is an
excellent ligand for metals, so its presence in these
sequences is expected. With the exception of the 7-

15 constrained sequence on CoPt, all of the sequences isolated
for the Pt alloys contain a lysine residue. Lysine-Pt
interactions are believed to be important in the function of
cisplatin, an important anticancer drug. The Lysine-Pt
interaction suggests that these sequences bind selectively to

20 these materials, however, the present invention is not limited

to any mechanism of interaction, known or unknown.

Specific Binding Assays. To determine éhe affinity of
the isolated phage for the magnetic substrate, two studies
were performed. 1In the first study several different peptide-

25 containing phage were exposed to a Co surface including our Co

specific phage, a random phage, and wild type phage.
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WO 2004/ 033488 PCT/ US2003/ 029555 Additionally, the Co-specific phage was
exposed to several different material surfaces. The results are depicted in
FI GURE 6. witneno@osageci fi ¢ phage possessed a rel ative hi gherusabdansisy for Co
than either the wild-type phage or a random 5 phage |ibrary sequence (Fl GURE
6A). Additionally, the Co- specific phage displayed a greater affinity for
Co t han fAsiditgionaddggedtienFatsmedidiied PhaekeWast exPopeto tthéelradr f ace. I n

t he seco a r.fa iJme d_i | Wt he
Co- speci ﬁ{cf%e#%é m%%e?is lug?s“fv\%s%ersépea %dréa{gmf% g%\%e;&tae:pq%it Pe&gnt

concent r RIGURE @&f. plThge CoPlsgiatdirfg ot phageoposekssads ar red aphage highethe
concentratjon of pha | GURE 6B) indicated that the adsorption of phage
onto the %o %@Jg%& I(tg\ﬁ&d et%g‘%aﬁ&‘?uf”llaﬁﬁa‘gpef 8°8s G pfi 5ﬁn§{°manal ytes
on a §Urfpﬁfaﬁ_1e JiMra ryh @ efiReidy | @ GURE-ZRYMUI hbdlt ia@Rengt i Rhelboa
reciprocal plot revealed a |inear correlation between the adsorbed phage
and t he clREfticaphage fesifvad a measespaffonityi Sor fo thaaglar to the
bi ndi ng nst in.th f g esse s of 2 x
To"12 1 i e edhe R e e e e et SuB SRR e

associ ated 20 with the binding between a phage and an inorganic surface,
making it dif fircihe tsedoriderginety, ablo tshe foemgniwbeda mokriskeids inbiondi ng

constant i s canparagble tqg several_.other biolggical interactions, This
apbr 0ach FAYIERISEA et G RASBE iend TRERr S Pam IS s, 1HeBEaiPRs *Ehoved
t hat 1phe figptided i TR détidiht e sdbIPLARGEC! eelichE iRgSEaased specific

bi nding towards Co and not towards other materials. It is this specificity
that cammunised Bes@dirhes phads Vitat dheakontentagitden odclbidiosg magnetic

naterial%ng%RE 6B) indicated that the adsorption of phage onto the Co

surface followed the Langmuir model for adsorption of analyvtes
on a surface. Since the adsorption is Langmuirian, generating

15 a reciprocal plot revealed a linear correlation between the
adsorbed phage and the concentration (not shown). The slope
of this line is equal to the binding constant, and in the case
of Co, the phage possessed a Kaas of 2 x 107 M. This is the
first measurement of the thermodynamic properties associated

20 with the binding between a phage and an inorganic surface,
making it difficult to interpret, but the magnitude of this
binding constant is comparable toc several other biological
interactions. This approach may be used for the CoPt and FePt

systems.

25 Both studies showed that the peptides selected using
phage display screening possessed specific binding towards Co
and not towards other materials. It is this specificity that
can be used to direct metal materials formation, including

magnetic materials.
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WD 2004/ 033488 PCT/ US2003/ 029555 TEM Anal ysi s of Nanoparticles Prepared
Thr ough Peptide- Medi ated Nucl eation In one enbodi nent of the present

i nvent i onwoaoopssugs cl es were prepared using peptides tgeroshobioaed/ or
control 5 crystallinity. High resolution TEMinmges of CoPt nanoparticles

grown using the 7-constrained sequence are shown in TABLE 3 were also taken
(not shown). T Ansdysidr Cic NegoPREE Licdesi Exeppaeingdbrongd. Peprsaden. 22 nm

whi ch CO&E%E%E%% AR e, attice spacing of L10 CoPt. 10 Hi gh resol ution
TEM i mages of nanoparticles grown using wld type phage were al so taken as

were images of CoPt nanoparticle grown using phage with a random pepti de
insert (not depicctee@mbadiniesith ofotheocpresedted nveandpar,t nenepastiiblesf or m
but they | acked the cr stallinité tha% t he pgrticl§s 15 %ro with the CoPt
sel ect i v&SFEPPEFLAFESs &8 PNRTETAFESC F8s MOFr &in 2P/ Plie SREEEREe of phage
aggr egat e r3Rd apneeigiyt.at erig refsols@khi @aM FRkges GEMcopagi ng nearly

i npossi ble. H gh-resolution TEMinmages were al so taken of FePt

nanopar t PEPEPAF LI F SFs IFHEWh & S3RggENehdr cerpr&adesdt gequeher aZe FBPYRde,

whi ch 1S s3ehAEE/S (Rrd 8ilad RakafeRhekedhowhl} ¢S TARRAPAGLLELES 1 £XBLDI ted
simlar lattice spacing to the CoPt nanoparticles suggesting tﬁey are
conposed hefd LB} tRhelt spadiects af @i.f10r actli On2panmer whiwkr ectrale@éatel t hese

same particles, e.q., FePt nanoparticle rown in the presence of 25 wld
type pha&@t%niiedjﬁggﬁgﬁ)?E&ﬁ% ,OFhéég %8%5particles | ack the
crystallinity of the nanoparticles grown with the FePt selective phage.

Al sogpnanopar Highe $e@cQut iich tiEe iabgescefohapbpaetagdeadatewandsphgci pitate
out of solution before they could be inmaged. 45
wild type phage were also taken as were images of CoPt
nanoparticle grown using phage with a random peptide insert
(not depicted). 1In both control studies, nanoparticles still
form, but they lacked the crystallinity that the particles
15 grown with the CoPt selective peptide possess. Nanoparticles
grown in the absence of phage aggregate and precipitate out of

solution, making TEM imaging nearly impossible.

High-resolution TEM images were also taken of FePt
nanoparticles grown using the phage that expresses the 12mer
20 peptide, which is selective for FePt (not depicted). These
nanoparticles exhibited similar lattice spacing to the CoPt
nanoparticles suggesting they are composed of L10 FePt.
Electron diffraction patterns were taken of these same
particles, e.g., FePt nanoparticles grown in the presence of
25 wild type phage (not depicted). Again, these nanoparticles
lack the crystallinity of the nanoparticles grown with the
FePt selective phage. Alsc, nanoparticles grown in the
absence of phage aggregate and precipitate out of solution

before they could be imaged.
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WO 2004/ 033488 PCT/ US2003/ 029555 Hi gh resolution TEM i mages of CoPt
nanoparticles grown using the 7-constrai ned sequence from Table 1 are shown
in Fl GUREORo04MéBe488at t i ce spacing in these nanoparti cl eedrauszbosmnressabout
0.22 nmand correlating well with literature values for 5 HCP Co of
approximately 0.19 nn1iFIGURE 7A) and with the lattice spacing of LIO CoPt.
A sel ect ed ar BaghaseapsetigedTEY ippgervel tfePk| e2RPBArHiFiPACETOW  pattern

of the n reicl es a r S in:the
G 11 ract RSLR8 EhE FocohPta SO Leg RENEL & oR oY 8 B RO i 10 i cat e
10 that FmeURAnGparThel tsttvbce, spacingt jnconpes etandp&PiCbes| hs gontr ol

i ith_eith i 1d-t h | GY ific ph
(R aURE 2BpuEnBnahabt CPascSEFPRar PR Bht Vobil theraF JEearAIiFSyEPhat t he
partisl egcgr ewnowi APpibRikaAPE1ySEl 86t hve (PePtREe7RPSsLgSwitangRarticl es

grown in_the absence 15 of Ehage aggregate and precipitate out of solution,
maki ng TEREtiAAgBERECHRdr Py Lipdsefhi e A HAGRESE $HED WYRTessiaad & TEM

popt de PRAE B R apber T oAl Te Fre B e BEREOER ot 1hhe SHRRERIFEL LS P

t hese par(hbel ehows) 0. 2Sanprahi bAnder wetat psesawt | imvi thet 4effraer admr e val ues

for HCP Co E0.19 g . A Sflected ﬁre i? chosen_for_electron,.diffraction
pattern P8FterRebR2haROpaftFEFe¥1ER L35S REHFF baAndRdaiRdbrFaent in

the 4i ffeagti PRePALhEHArt DAt esOLERL AL enWEL B | Neohi68E8 8 HIEP @5. Corn
i ndi cating that the nanoparticles are conposed of HCP Co. 1In control

exper i neaestiravoeypayieenher wikhdetfher ptiat@; typeoreipese f (EIBREe7Cbr no
phage, arti g di : o] i on t shown).
lore sioBRBRE LTS BIRbESFTeRRR RN ARl dtt 1eled oot hiRosaPt "G oun
usi ng phagekt baé expseaseinatf?2oratpepéi gerticles grown with the CoPt
selective peptide possess. Nanoparticles grown in the absence
15 of phage aggregate and precipitate out of solution, making TEM

imaging nearly impossible.

FIGURE 8 shows high resolution TEM images of Co
nanoparticles grown using the phage that expressed the 12mer
peptide that binds specifically to Co (FIGURE 8A). The

20 lattice spacing in these particles is 0.2 nm, which correlates
well with the literature values for HCP Co (0.19 nm}). A
gselected area is chosen for electron diffraction pattern for
these nanoparticles (FIGURE 8B). Several bands are present in
the diffraction pattern that correlate with the facets of HCP

25 Co, indicating that the nanoparticles are composed of HCP Co.
In control experiments involving either wild-type phage,
nonspecific phage, or no phage, Co particles aggregate and

sediment out of solution {not shown).

FIGURE 9A shows a high resolution TEM image of FePt

30 nanoparticles grown using phage that expressed a l2mer peptide
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46 WD 2004/ 033488 PCT/ US2003/ 029555 sel ective for FePt. These nanoparticles
exhibit simlar Jlattice spacing to the CoPt nanoparticles and were |ikely

conposed eofo tdogrodseddt . FI GURE 9B i s the correspondi ng el gairospooshizhéssact i on
pattern, and FI GURE 9C an i mge of FePt 5 nanoparticles grown in the

presence of wild type phage. In the absence of w | d-type phage,
nanopartE@ﬂe&tﬁaeké@rtﬁePtGrygb@BEinﬁm?pettﬁhéeﬁaﬁdbébﬁCIsémgﬁemm with the

FePt - sele ti.ve pha a |t| nanopar absence of

phage aggF&é&f@dsgﬁglngegPpgg Cp PanPBagku hgg g HeFor ?ﬁéy can be

i maged. Hogiposesiolbft Tap FEM I WBEEGUREFEBai§Otlﬁ@k@ﬁIrﬁés;$ﬂiﬁ.‘@ﬁ1g nelePterdn cl es
e that expresses the 12ner peptide that is specific to

grown usi ha
SmCo5 (Fﬁ@%ﬁp APn Ra&EPERY e@NdaFESURES 9Gs88 tH28BsefvEefhe el ectron
d'ffrécth%%q?%yuyﬂie%S geBWIRE QR prédehBe b@ewgn&fe9%blgﬁaa@tte&ﬂ showed

several bands that corfrelated with the facets of Cont r ol
experi merthe pdskeaces e iwwi i d-apSnbb8gsy shencpict dedesedakcked shail ar to that

observed for such t hat. nano artlcle aggre d and/ or

o ool bt SELPERIE 0 YoPk: LB MS0oRALhBRaBee Pl TR he Nt e sad.  TEM

i mages ofseselt iveaphagkes szlnowadu&am,cmabphktmeléerrgras:n but thee majority
of the material was_anorphous. MM Characterization of Nanoparticles

wagneticatﬁwwéewpér@@éssyagsrﬁpaﬁég G8edPrecdRaFaEeer PRE ©f5SPRBEARBNet i C
propesti @s fofid Q%S%agggagglg%g egtomc force inmmges of phage that were
e

used to nucleat nanoparticles were first taken (FIGURE 11A). A large
aggregate of nanoparticles was evident at the end of the phage, indicating
that the P3 pHiob mesmdpsicoonfTEM Lmageshwenachéari bakefr phieSmCoSs

nancparticles grown using phage that expresses the 12mer
peptide that is specific to SmCo5 (FIGURE 10A). A selected
area was used to observe the electron diffraction pattern

i5 (FIGURE 10B). Again, the diffraction pattern showed several
bands that correlated with the facets of HCP SmCo5. Control
experiments performed with the SmCoS5 system yielded results
gimilar to that observed for the Co system, such that
nanoparticles aggregated and/or precipitated out of solution

20 when nonspecific phage were used. TEM images of such
particles showed some crystalline domains, but the majority of

the material was amorphous.
MFM Characterization of Nanoparticles

Magnetic Force Microscopy (MFM) was used to characterize
25 the magnetic properties of the nanoparticles. Atomic force
images of phage that were used to nucleate Co nanoparticles
were first taken (FIGURE 11A). A large aggregate of
nanoparticles was evident at the end of the phage, indicating
that the P3 proteins were controlling the nucleation of the

30 nanoparticles as expected. Corresponding MFM image was taken
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30 nanoparticles as expected. Corresponding MFM i nage was taken 47 WO
2004/ 033488 PCT{US2003/ 029555 to confirmthese results (FIGURE 11B)). Here,

t he phageweouishizszgt be seen because they were non- magneichrags26idlozdsge
aggregate of nanoparticles was still clearly visible, indicating the

nanoparticl es possess a high degree of magnetic anisotropy. 5 SQU D. In one
enbodi nete ofnfihempreseat réavkhs i ORIGERE Lh@bhet iBepe opehe i pharad cdeld

nanopartjicles may be guantifie usi a_ Super conduct i n ant

ol erERE SBeutRs TR CHRg b S R D taghet e TS R ed 1o
further ofhasRepLrtz€lébewparsttlescldithy S @, roodi dethes aths e 10
hysteresis | oop for FePt nanoparticles grown using the 12ner peptide

expr ess U BPPRREHEL fRBPPARRRS (FI LRE dodyee o ki BAENeeke| IR IN IR er esi s

loop of the central portion of the scan was also taken to clarify the
presence of thguewerciNidie &bSHRRdZBIr dheserosoml emnpossesediel atively

|l ow 15 coercivity (approximately 50 Ce). The data represents the first
exanpl e Baghet ionpHPRET ciaanobakliée charopgoWcleRianay dpi @mntibihikd i ons.

! e . :
nanopar  FerAE EReiBREcahat-ERS DSt iy, Bl ORLELY BAIRAL CHsQiiRt
nanopar t megest 6i@be £) . SQOIThhasghiestbietay wxpecsed tSo NEertimer oScopi C

sanpl es of SnCos typically display higher coercivity values than FePt.
Magnet i cCRPpERFESEL PR pERARABRI PEEToat WP bt TRWED 1 2 oFfePRnBIBRSIEHt U t he

Presgnt Hhoveotl oy PRSLT BLES nihdfa FROSELE CGRERAVE S!Sy A5 P AR €d using

the material 25 specific phage that viere expressed on the p3 protein of M3
bact er i optpygede TeeppSsHedt en rpiiagenvys prakcent (DICERE B of A thhegh-od- shaped
phage and_ i s, prese imt number

Al t er nat F%%(P%/L?t}(ﬁl% ; 'sg%nlé Sk gf%c?% ? tshé Bégntggfipegr £In PIR98)e scan
was also taken to clarify the presence of the coercivity
(FIGURE 12B}. These samples possessed relatively low

15 coercivity (approximately 50 Oe). The data represents the
first example of ferromagnetic nanoparticles grown under
ambient conditions. Hysteresis loops were also measured on
biologically prepared SmCos nanoparticles (FIGURE 13). The
hystersis was much larger for these nanoparticles (400 Oe).

20 This result was expected since macroscopic samples of SmCos

typically display higher coercivity values than FePt.
Magnetic-Specific Peptides on P8 Coat Proteins

In one embodiment of the present invention, nanoparticles
with magnetic behaviors are prepared using the material-

25 gpecific phage that were expressed on the p3 protein of M13
bacteriophage. The p3 protein is only present on one end of
the rod-shaped phage and is present in limited numbers ({(3-5
copies per phage). Alternatively, the p8 coat protein is
expressed along the length of the phage, and there are

30 hundreds of copies per phage. For this reason, the p8 protein
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expressed along the I ength of the phage, and there are 30 hundreds of copies
per phage. For this reason, the p8 protein 48 WD 2004/033488

PCT/ US200800385d33488Was engi neered to express a CoPt - speqidlif[qszmpnbsggs and
CoPt nanoparticles were nucleated along the Iength of the phage.

exanple of the nateria ar at| resent ed beI Q Q her {n%% doI ogi es
appar ent H3° (% %F%ﬁr%éd é $ é?t B artt ?éﬁ qﬁ%ﬂ 1ol ogic
SCi ences mE@YyoRer tisETe M Wéw&ltnumtﬁeceﬂﬂ&fﬂ@HiH@t]&[gt}Umm mlgﬂﬁgeon of

magnetic materials, incl ud| n netl C articles and nanoparticles, the
pepti des, Wt??‘%iPPWt‘P\%u’f pfﬁ%’iﬁ"g HAR RN t'F REFITHSEA 18 134h

tenper at U:ﬁﬁ?e)ft éﬁ&ﬁéﬁépoﬁiés aé‘ﬁpa?fér{‘ﬂ N & Hdwe %ﬁ%f@lﬁ@f’%ﬂﬁﬁ %%?%eat ed

with the sca I'n a high tenperature anneal i ng process. For exanple,
heat i 159 t@r150®fC wat ey GOD Gednbhel egire | st eed gray theressachiveltIpruovi de

opti nmum bur% ard el |t_[n pation. The tenperatures can be also in the range
for metal “ANHe aef’f%e lrﬂ?‘v% re%y pol ycrystal | i ne domains can fuse into single
crystalline donmains. Methodology. Materials. Samarium (I11) Chloride,

Plati num (1) vUpsetmbeledohet eof Rhadrfesin) r%t&iwmpgﬁm}d&x:a@lnmgzmtaﬁd nat e
20 (H2Pt C16), . and Cobalt Cctacar bongll (,Co2(CO % wer e, pur chased fromAlfa
Aesar. | rRAT PR et AT RATIRRY B9 ESS . ddaIRERY 19es ook RF (BAELHE | ron

(I'1) Chlogrglee (Rell Be Héa@@ayécpwﬁ&eenm dgi Il (RQpe 2AdiAR B alydy i de

(NaBH4) , oI eyl amne, and oleic acid were purchased fromAI drich. 25
Nano;ié)rt iefe rsychteh]esnsn@tte Bigo. bmﬁmomem@leess awgecigreabaridd: byhe i r st

di ssol ving. 0 £, g of, A L8 LRS-l Qindlhlrohsnzgne. Ay s mxture was
example, heating to 500°C or 1,000°C can be carried out for
times which provide optimum burn off and elimination. The
temperatures can be also in the range for metal annealing,
15 whereby polycrystalline domains can fuse into single

crystalline domains.

Methodology.

Materials. Samarium (III) Chloride, Platinum (II)
Acetylacetonate (Pt (Acac),, Dihydrogen Hexachloroplatinate
290 (H,PtClg) , and Cobalt Octacarbonyl (Co,(CO)g) were purchased
from Alfa Aesar. Iron Pentacarbonyl (Fe(CO)s), Cobalt (II)
Chloride (CoCl;}, Iron (II} Chloride (FeCl,), Trioctylphosphine
oxide (TOPO), Sodium Borohydride (NaBH;), oleyl amine, and

oleic acid were purchased from Aldrich.

25 Nanoparticle Synthesis of €-Co. Co nanoparticles were
prepared by first dissolving 0.6 g of Coz{(CQO)g in 5 mL of o-
dichlorobenzene. This mixture was stirred for one hour to
dissolve the Co and 20 mL of o-dichlorobenzene, 0.416 g of

TOPO, and 0.2 mL of oleic acid were mixed in a 500 mL three-
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di ssolve the Co and 20 nL of o-dichl orobenzene, 0.416 g of TOPO and 0.2 nL
of oleic acid were mxed in a 500 nL three- 49 WO 2004/ 033488

PCTI US200¥®20pbis4snecked reacti on vessel under Ar. Thi spai/gtienso208s3 t hen
heated to 100 degrees Centigrade. The m xture was then exposed to vacuum
for 5 mnutes to renove any dissolved 02 and H20. The m xture was then

heat ed t dEskiad rgactdordeGeess aastargPade) The sapdxtyreoMas Shenaseatddd. The

mxture by e RateatedSutaed anel Al CHagatneAl Lepolantaut es of

refl uxi ng, e action was cooled to roomtenperature. purify the
parti cl esraciunl fofr Go miambgs ttice lIremeeleutingn duas ciivedd Oai 4hd 3H,Onl.  Gheet hanol .

After 1 hour, the m trifuged at 0, 000 for 5 mnutes.
The' pr eclBREAFE 188 FLEGSBEAKE 1f PEErg (ISP BRPOREa oy ™SAL) of

ethangl ail (Re soleftibn’ uga! i@est.ep THes migpeakedurhla pnaekphhant was then
resuspended in 3 nL of CH2Cl2. 15 Nanoparticle Synthesis of FePt. 20 nL of

phenyl etdfderat@d2@scdond P AOadREs. andter3s8g glisutespofegreidexangdi ol were
m xed an e .0 1 d j.gra r. af ter iech 16 L of
ol eic aci({cﬁ,é %Fe%%ttﬁ%no?ggl gq},lroq%% E\Eg)?tﬂg% gnggq%ugg'Fe%&fﬁ%%etaﬁded. The
m xt ur e wasrthediesd BomMOGL2CdegmeearCinilegsadetdpd wakl oxieeadf @i tBO3m nut es

and allowed to ool .to rqom tenperature. FePt nanoparticles _were purified
in a siMfy&E feéig’ﬁin&]r t oA(r)fFf@rC& pattfcleL RERoart FERET ;Hgﬁgsgg of

CoPt 31 g Pr eparid epn@sr2s infefftecdl theFeRecipteapt Gakb r8=0kpER4EEOI8 was
substituted for 0.13 ni of FeéCO)S. Nanoparticle Synthesis of SnCoS. An
arr est ed 3 plegifpiCHatl onf @bl Rowednt gkferetthenarlepark tfehoparticl es of

SMC05. Thi %, 51T 048128 2IRICY AR, Vi 9US LeLLQLR AL was then

resusgspended in 3 mL of CHCl,.

15 Nanoparticle Synthesis of FePt. 20 mlL of phenyl ether,
0.205 g of Pt (Acac),, and 0.358 g of 1,2-tetradecanediol were
mixed and heated to 100 degrees Centigrade under Ar after
which 0.16 mL of cleic acid, 0.17 mL of oleyl amine, and 0.13
mL of Fe(CQ})s were added. The mixture was heated to 300

20 degrees Centigrade and refluxed for 30 minutes and allowed to
cool to room temperature. FePt nanoparticles were purified in

a similar fashion to the Co nanoparticles

Nanoparticle Synthesis of CoPt. Preparation was
25 identical to FePt, except 0.16 g of Co,;{C0O}s was substituted
for 0.13 mL of Fe{CO)s.

Nanoparticle Synthesis of SmCo5. An arrested
precipitation approach was taken to prepare nanoparticles of
smCo5. This technique was adapted from previous efforts at

30 preparing nanoparticles. 38.75 mg of CoCl, was mixed with

16.0 mg of SmCl; and dissolved in 20 mL of phenyl ether.
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30 preparing nanoparticles. 38.75 ng of CoCl2 was m xed with 16.0 ng of
SnC13 and dissolved in 20 nL of phenyl ether. 50 WD 2004/033488

PCTI US20080088i354580. 357 nmlL of ol eic acid was then addegctraszig/onasss ur e,
which was then heated to 100 degrees Centigrade under Ar. 1.35 nmL of

trioctyl phosphine was then added. The mixture was then exposed to vacuum
for ten Ai.ABVesLtofrekeve anydrwaai nhey éd@¢@s©¢v©@60@inturﬂt)Wh@mﬁsolution.

After purging,the so t acuu wa egr ees

Centlgraag tgh88lpea% é Qﬁenéﬁ g?éreesn%nééﬁ¥r§%%e@% ¥ so %?on was then
added. Tbhe€ seligttphphaspliheownbl thehoadliedk |ﬂﬁ@dmﬂieﬁye whe bthewck m xture
was then refluxed for 20 nlnutes and allomed 10 to cool to roomtenperature

Fi | m For REPPERY 19 PrEPUFelPFI FENT BINPRET e i SPIAVE 2BY eEEFRHIRI col | 0i dal

sol utd ong9kspRYARaG] ISk Q%o\%ﬁd?l{ %m%%hed @@teragt&g%gd%hememehesﬁnt was
allowed to evaporate. In the case of FePt thé slides were then

annealedwathlﬁaiﬁﬁmdegte@@schﬁatgdad@ ao29@0d©§n@@%scen@egra@ettpfhﬂxﬁthe

%%gy agﬁgﬁFhBEé gﬁé%emaf Bﬁrggr gegﬂyéridgfséﬂﬁ oﬁl tﬁgn ensure

rial. Pept| ion el tse” o a phage displ ay

library atigefni qmnev\aslusednt eukhBdf pept btes ttdaamwd:ndlmgdwawwy to 20
c-Co, and the_ L10-phase of CoPt_ and FePt. Specifically, the Ph. 12(tm and
Ph. D. - 7 &Erf1 Phagk !mtas;bvé? PRBt FB@nLrﬁﬁhwedKf% %%ﬂélﬂ%ﬂ%@@%@ﬂ@ﬂ%th 1L

(or ahn ipktikab]appupldmo Qggg ? splay library to initiate selection
agalnst t% nagnet?c gu st atesu %n 1 mL of TBS). For c-Co, selections 25

were perfornmed in a 10 mM solution of NaBH4 in TBST. After five rounds of
panni ng, pept Fdés Eodmamidont tHe peppadesiwene fosophaed dbsbbayuences were
obtainedsg ggkggg,LgixgifEEXagfsolution of nanoparticles was drop
coated onto a Si slide. The solvent was allowed to evaporate.
In the case of FePt and CoPt, the slides were then annealed at
15 700 degrees Centigrade for 30 minutes under N, to form the L10
phase. XRD analysis was performed on all of these slides to

ensure they were the proper material.

Peptide Selection. The use of a phage display library

technique was used to find peptides that bind exclusively to

20 €-Co, and the Ll0-phase of CoPt and FePt. Specifically, the
Ph.D.-12(tm) and Ph.D.-7 CTM Phage Display Peptide Library
Kits were used beginning with 1 pL (or an initial amount) of
phage display library to initiate selection against the
magnetic substrates (in 1 mL of TBS). For &-Co, selections

25 were performed in a 10 mM solution of NaBHs in TBST. After
five rounds of panning, peptides and DNA of the peptides were
isolated and sequences were obtained from the University of
Texas DNA Core Facility. These seguences, which correspond to
the peptides displayed on the bacteriophage, underwent

30 analysis to determine consensus sequences. Analysis of the
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Texas DNA Core Facility. These sequences, which correspond to the peptides
di spl ayed on the bacteriophage, underwent 30 analysis to determ ne consensus

sequences wa\tmbnssugs of the 51 WO 2004/ 033488 PCTI US20034ER850b3/020048
sequences consi sted of percent abundance of amino acid per position.

Because of the possibility of non-specific binding in the first two rounds,
anal ysi sDivas sengnpesf conmedsordt b€ peastnthabendanodsobf apanni agidS5p&kndi ng

Affinity. Tq determine _that th epti des,bind pecifically.to 6-Co, CoPt,
And FePt PoBihdthg aPPEALES. Rbe bRePRFRRRbL. ¥ B TobuRPECIbHE BEPErAEG f 1 om
consensugnpeple @8 rspafRbngoshddi, eanang¢seanpasednlp betebreeanbs ohe W and
random peptides not raised to s-Co, CoPt, and FePt. Panning studies 10 were

t hen per f-@sfedhieengovndyi A§ B8ABERBrati ons of phage to deternine the
bi ndi ng constant of the phage to the netallic surface of interest.

Peptige- Medi a Nugcl konyof L At 8 u 3 e m xed
Wit h %oo L of tB?q%\lxlH ﬁ%hg%g}échooéeg[ﬁgégﬂalghégl ﬁﬁ?o*ﬁe?g?ﬁggo‘i%ﬁ% The
m xture wpecdeithylggiibatetof ocoBO, shaurest, anthdiwn dO0idif W49 nM NaBHA
was added. The sol ution was vortexed, and allowed to incubate for another 5
m nut es. deberMingA.a JAFEEI 6AUBFSTEPOCaRAtBIBPE AEPH CARESBFYEJPERCERRCL2

was then addedy Theatlyt Uhg WBRLYRELesd: 20eandogrnL! yragit ahadylnaod hour .

Over thi & time period the ayer ange ark grey. IS was

r epeat ed peipt-h desevetakradbbietent - phageort NCAndi PePtC0- lpak®idg st hdhidype
phage, and a TBS sol ution containing no phage. Peptide-Mediated Nucl eation
of CoPt. vese sheregerdprmsd ugsng yRryipw coTIensbRLIPBA QAsPhrgedtaith 50 L

of 1 MM H2RLGHEneSehi! bRaind BbnltaRRage EALULLRGeVES LHENmAPYEed;(Pfu =

surface of interest.

Peptide-Mediated Nucleation of Co. Approximately 880 ul

of H,0 were mixed with 100 pL of 1 mM CoCl, and 20 pL of phage
15 solution (pfu = 1011). The mixture was gently agitated for 30
minutes, and then 100 pL of 100 mM NaBH, was added. The
golution was vortexed, and allowed to incubate for another 5
minutes. 100 mL of a solution of TOPO and oleic¢ acid
dissolved in CH,;Cl, was then added. The mixture was vortexed
20 and gently agitated for 1 hour. Over this time period the
CH;C1l, layer changed to dark grey. This was repeated with
several different phage, including Co-1, Co-2, wild type

phage, and a TBS solution containing no phage.

Peptide-Mediated Nucleation of CoPt. For nucleation, 50

25 uL of 1 mM CoCl,; solution was mixed with 50 pL of 1 mM H,PtClg

solution. 10 ml of phage solution was then added (pfu =

1011) . The mixture was agitated gently for 30 min, and 20 uL
of 100 mM NaBH; was then added. The solution was immediately
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1011). The m xture was agitated gently for 30 mn, and 20 L of 100 nM NaBH4
was then added. The solution was i mediately 52 WO 2004/ 033488

PCT/ US2008/@®2Rpbis4ssvort exed and pl aced on a tunbl er for @Efr/o%3e030006ssf 1| nal
solution was yellow in color. Peptide-Mdiated Nucl eati on of FePt. FePt was
prepared in a simlar fashion to CoPt, except a FeCl2 solution was used in
5 pl ace ¥PrCe®e?. apépPlacere dhateduUNBEEEafPsn 36f MpcoSThedEanRéal to Co

She1s andoBEIPR Y Fetdst Y BRRRESTEasi on of Pept i des. Genetically

nodified E. coli 10 were anplified overnight in 20 nL LB nedia, diluted
1: 100 and th@ep@ddWﬁMBdi@t.d NugleatTetr afyEkPhe- FERL ( ¥860Ryepaded 0DMM

| PTG dded .t ti The | PTG th
or oduct | Bn SBLLRE FRETHAR o8 AP bt oPRCRPENAnEFRE: SRITE o0 YHRIGoed 15

i ncorpor ahizere oH#t edche. viral coat during 15 assenbly. The mxture is allowed
to rest tor 1 hour wthout shaking. Infection by the hel per phage after 1
hour is then followed by shaki ng_overni ght at 39 degrees Centigrade. Phage
are then sepaP&PéddﬁﬁNeS&PFﬁﬂeHuﬁ}eééﬁ?FlPGgﬁFP@ﬁ angdPEEPCﬁFeEPpFPatlon

i 3225'?51%%@“’“6‘9%&?%'?'*8 " WS TR ol Gt SR 1% s T haded

to 1 nL %phlEhegmcghqgﬁdsggcglwgfcf ﬂﬁ%ﬁﬁ?ﬁn spun down and the

supernat remove Ris s allowed to sh For 60 minutes, after which
0.5 nL of 100nNINaBH4 is added as a reducing agent. 25 TEM i mages of the
nanoparti cl es PReEspralsen oal ofgPepthdese 6GehettedlayemodiécedoR.debliaction

et LR3L SNoYed TNy, BaNgR: COhr 83PARILRIRES: LN CaSXRBELCT . YBbUSRal O the

then grown to 0.D. = 0.6. Tetracycline-HCl (1000x) and 100mM
IPTG was added to a final concentration of 1mM. The IPTG
triggers the production of the modified p8 protein within the
cell for their incorporation into the viral coat during

15 assembly. The mixture is allowed to rest for 1 hour without
shaking. Infection by the helper phage after 1 hour is then
followed by shaking overnight at 39 degrees Centigrade. Phage
are then separated and purified by centrifugation and PEG
precipitation. The amplified phage pellet is resuspended into

20 10 mL of TBS (pH 7.5) and dialyzed in 18 MW water. 0.5 mL of
both 5mM CoCl, and 5mM H,;PtC;; is added to 1 mL of amplified
phage stock which has been spun down and the supernatant
removed. This is allowed to shake for 60 minutes, after which

0.5 mL of 100mM NaBH4 is added as a reducing agent.

25 TEM images of the nancoparticles were taken along with the
gelected area electron diffraction pattern that showed many
bands corresponding to the expected values for the CoPt
facets. An STEM image of one of these phage with CoPt

nanoparticle grown along its P8 proteins was also taken. The
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facets. An STEM i mage of one of these phage with CoPt nanoparticle grown
along its P8 proteins was al so taken. The 53 WO 2004/ 033488

PCT/ US200®/00i085&853488 engt h of this structure correl ates tpryiodzzngdse of a
phage (800 nm. FIGURE 14A depicts the TEMinmage of the nanoparticles, and
FI GURE 14B the resolution image with the selected area electron diffraction
pattern (FheRFofAthis shsurhgranagrbahdcesoreethonténgthoof he rhapeet ed

val ues f the CoPY, t T f. of -t e phage with CoPt
nanopart?éPgs g own a%§ﬁ§ ??% E§p§ %L#ﬂ%g?%ﬁsﬁﬁgﬁeiéf Eﬁ RE 14D. The EDS

mappi ng hahoPhart bt GRE &AE)FaGdREb14BFtEUREeééEmti@diﬂﬂhgethaﬁthhand Pt are
bot h found along the 10 Ien he structure in e ual concentrations. The
n

present PRYEBREE aFFPu@%F&F paéé rarspPayPaalebe (EieHREo1fYkntify

peptidgles ghhat B mgnpobgﬁeeekbgraagsﬁa@hg tdNehel Qﬁﬂébéé&a%ilu“eé sggapi d and
cost-effective™and tequires few additional materials. These peptides may

t hen be uhedcoetlsaceDSrolThheSﬁEUIea@g@nobfonagqéttheaanph@9¢|wie@

granting user ver th osition, and cr stalllnlty of
t he resuF?PﬁgnﬁﬁﬁBBE gﬁgsgr$ Res f%% tlais Pﬁmﬁ?h%s Lynthe % T st of

nanopar t reerEuNdBr, amheeﬂbscmagphn@nﬁornaklngIGUREnlaEﬂeandaabe alternative
to current s%nthetlc strategies, 20 Phage display libraries and experi nental

met hods fBEGURE; épfhéﬁﬁFﬁa Rophnhi 79 %?@ PourererbaelciPued, a#%ﬁgeQQmple
B ofE 1 SEhBEhn e e BREEBELPUPLLCERLANScoRCERE EREIORE 2 (1)

"Bio ntro of Nanoparticle eatlon ape, and C}ystal Phase";
2003/0068900 publ i shed April 10, 2003; (2) 25 "Nanoscal e Ordering of Hybrid
Mat eri al s LbiwgecpnesenalﬁyveEngbneélbGSNE@bssapbagerd$sp12ﬁ03¢@058104

publ i shed_Ar {1, 1en: 20030662} el PhQBT 8ha POt hehndl s NAROPRL LI FL @57
identification is rapid and cost-effective and requires few
additional materials. These peptides may then be used to

15 control the nucleation of magnetic nanoparticles, granting the
user control over the size, composition, and crystallinity of
the resulting nanoparticles. These peptides allow the
synthesis of nanoparticles under ambient conditions, making

them a desirable alternative to current synthetic strategies.

20 Phage display libraries and experimental methods for
using them in biopanning are further described, for example,
in the following U.S. patent publications to Belcher et al.:
(1} “Biological Control of Nanoparticle Nucleation, Shape, and
Crystal Phase”; 2003/0068900 published April 10, 2003; (2)

25 “Nanoscale Ordering of Hybrid Materials Using Genetically
Engineered Mesoscale Virus”; 2003/0073104 published April 17,
2003; (3) “Biological Control of Nanoparticles”; 2003/0113714
published June 19, 2003; and (4) “Molecular Recognition of
Materials”; 2003/0148380 published August 7, 2003.
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publ i shed June 19, 2003; and (4) "Ml ecul ar Recognition of WMaterials";
2003/ 0148380 published August 7, 2003. 54 WD 2004/ 033488 PCT/ US2003/ 029555

Appl i cat i eg 267084388 Present i nvention, including nethodsp@tuaRs0RES
described in the follow ng references. Use of superparanmagnetic materials

in nmagnetic resonance inmaging is described in, for exanple, U S Patent No.
5,262,176 to Armlimaicions of thedwreset 1godntiomwl udicigpdisy gfetdwids=oi ds

and | Supesparamanal el Al ooVl idd A pUlUEL, Whigh des her eby

i ncor poraie erence Tnits en pararagneti c haterials are
al so desc&mlh)@cbammafg:ﬁetﬁxa:m@nm ﬁommncetreedonar&@mmgngaj a sChem,
1999, 10, .10 186-191, udl%%) |oco ati bl e dextran coate

super par SRFHER 'idllrrb'n ‘?CI% d&riatAdth My vﬁft:’rﬁQa'”pﬁe&Ci de sequence,

and i g hepeiyadMCUPYRL edNdY. IES ST RIS :ﬁ I Nind hR1181 USRS Yor ARPIISRI A
i ncl ude magnetic resonance imaging and nmagnetic separations. J. Manuel

Perez et siperparamagdnss ChametSbexidnoPverzsl wigioza mioaneme sdriidies s

viral -i nduce sel f tic nano artl es for use in magnetic
anosensd S2e PO TR S b b e et Ty AT Oy of - targets

i ncl udi ngsmp@fpamrwgm&mdnm@tmm aridhiafl geefdrencided Sin hcfypor at ed by
ref erence |n its entiret 20 Fi nall]}/ surfaces can be patterned by a

vari ety of*amRtod<esk RREPh e aral | ndARANY YARED| FRgr AP ard -
nanolsiat h a r I nol ayers, includin
1ig Oﬂéezlggw %éﬁf‘dﬁ? @?6@6@@&% 1elde Woﬁ%e@ y g

functional i sel'f-assenbl ed nonol ayers. maki ng and using
vari ous estperpErmgietie 1npcprescm:’tdé mmﬁairesarttenﬁimjmﬁ witldet ai | bel ow,
it wll be aBPreC|ated thaI é |nvent|oQéH1£ i des. man .
sequertice, &S y incorpora reference in
its entirety. Applications include magnetic resonance imaging
and magnetic separations. J. Manuel Perez et al., J. Am.

15 Chem, Soc., 2003, 125, 10192-10193, describes viral-induced
self-assembly of magnetic nanoparticles for use in magnetic
nanosensors, including MRI, capable of detecting a variety of
targets including nucleic acids and proteins. This reference

ig incorporated by reference in its entirety.

20 Finally, surfaces can be patterned by a variety of
methods known in the art including micrelithography and
nanolithography and use of resists and self-assembled
monolayers, including functionalized self-assembled

monolayers.

25 Although making and using various embodiments of the
present invention are discussed in detail below, it will be
appreciated that the present invention provides many
applicable inventive concepts that can be embodied in a wide
variety of specific contexts. The specific embodiments

30 discussed herein are merely illustrative of specific ways to
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applicabl e inventive concepts that can be enbodied in a wide variety of
specific contexts. The specific enbodi nents 30 di scussed herein are nerely
il lustrat mum20f/osgasei fic ways to 55 WO 2004/ 033488 PCT/ kEROODNENEES nake
and use the invention, and do not delimt the scope of the invention. 56
CLAIM5 1. A nmethod of naking a magnetic material conprising the steps of:
provi di ngraksyachetse theptinenriayntaist ide mast ded ieiprihe mFERPp&Lti on t hat
bi nds spagd fifaldesid0 the surface of a magnetic material; and contacting
one or nore nmagnetic material precursors with the synthetic peptide or
synthetic protein under conditions that permt formation of the magnetic
material. 2. The nmethod recited in claim1l, wherein the synthetic peptide or
synthetic protein is a synthetic peptide. 3. The nethod according to claim
| or 2, further conprising linking the synthetic peptide or synthetic
protein to a substrate. 4. The nethod recited in clains 1 or 3, wherein the
synthetic peptide or synthetic proteinis selected froma conbinatori al
library screen. 5. The nmethod recited in clains 1, 2, or 3, further
conprising isolating the nagnetic material. 6. The nethod recited in clains
1 or 3, wherein the peptide or protein conprises a portion of a

sel f-assenbling nolecule. 7. The nethod recited in claim®6, wherein the

sel f-assenbling nolecule is a phage. 8. The nmethod according to clains 1, 2,
or 3, wherein the magnetic naterial is a nanoparticle. 9. The nethod of
claims 1 or 3, wherein the synthetic peptide or synthetic protein conprises
a portion of a chineric protein. 57 10. A magnetic material fornmed using a
bi ndi ng peptide or protein and one or nore
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magnetic material precursors. 11. The magnetic material according to claim
10, wherein the peptide or proteinis a peptide. 12. The magnetic materi al
according to claim10 or 11, wherein the peptide or protein is wused in the
presence of a netal salt and a reducing agent. 13. The magnetic materi al
according to clainms 10 or 12, wherein the magnetic material conprises
nanoparticles. 14. A conposition conprising synthetic peptide that binds
specifically to e-Co, wherein the synthetic peptide is between 7 and 20
amno acids in length. 15. A conposidyi onprising synthetic peptide that
bi nds specifically to CoPt, mhereintﬁ#%gg%ynthetic peptide is between 7 and
20 am no acids in | ength. 16. A conposition conprising synthetic peptide

t hat bind spe ePt . wherei. t he . s thetl peptide is between 7
and 20 am%ho a E‘fdn fh%&gﬁlmﬁg?et'cm% 88’1“?515 Pﬁo(s%l ng synthetic peptide
that binds spegiokidagl d yyritlietiSpepide orvyathetioprote Bc)ﬂiﬁrhﬁigl £ pHEIPi kifhe binds bet ween
7 and 20 amno acids in length. 18. A conpagsition conprising synthetic

pepti de t BRECisplhe theswipes ofamagnetys mategabandmgnet i ¢ surface, wherein the
synthetic pept b&#ﬁac'ﬂﬁ B&d ¥LRBre! tlgglaﬁ:ﬁhln;? &Eéoqjsswid? the é%}ﬂﬂlfe cp ude'ﬁr met hod
of isolating a synthetlc peptlﬂe or synthetic protein that bih

speci f i calsynghetit progeimumgdee toralitipms that parmit dorpraiien eighe megrstiepeteufl 58 contacting
a library of synthetic peptide or synthetic protein with a magnetic

mat eri al ; renovi ng non-bi nding synthetic peptide or synthetic protein from
the |ibragy; amhemelhtd rdeled eldiaUnahayintitalhbefaptideorayntiyiipretings pr ot ei n
fromthe magnetic material. 20. The nethod of claim 19, wherein the

synt hetic ﬁ%}ﬁt‘FB@’t@F synthetic protein library is a synthetic peptide
library. 21. The nmethod of claim19 or 20, wherein the synthetic peptide or
synthetic protein library is further defined as conprising a phage display
library. 22. Tihee mstheddcosrdmgaibmida bror 20 furthiee cemprisitg lisking e syothsépt i de or

t het f defi ned mbi nat I
i%gm' gtlrspgpt@r §1';§r}/_nthe{1 pr%{e\(nt'osasu rther defined as conprising a conbinatoria

4, The method recited in claims 1 or 3, wherein the synthetic peptide or synthetic

protein is selected from a combinatorial library screen.

5. The method recited in claims 1, 2, or 3, further comprising isolating the magnetic
material.
6. The method recited in claims 1 or 3, wherein the peptide or protein comprises a

portion of a self-assembling molecule.

7. The method recited in claim 6, wherein the self-assembling molecule is a phage.

8. The method according to claims 1, 2, or 3, wherein the magnetic material is a

nanoparticle.

9. The method of claims 1 or 3, wherein the synthetic peptide or synthetic protein

comprises a portion of a chimeric protein.
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23. A nethod of preparing a particle filmconprising the steps of: adding a
solution of particles to a surface; wherein the particles are synthesized
with wuse of binding synthetic peptides or synthetic proteins; evaporating
t he solution of nanoparticles on the surface; and annealing the particles
to the surface to create a filmof particles. 24. The nethod according to
claim 23, wherein the binding synthetic peptides or synthetic proteins are
synt hetic peptides. 25. The nmethod according to claim23 or 24, wherein the
particlesgre RanepRfit k@Rl form@d uéxng%tmwn%)peﬂﬁklo?g;r@eiﬁ%alonm Shdral _
conprising the steps of: providing a synthetic peptide or synthetic protein
conpri si nfagngsiematesigl peetirsass.nds  specifically to a netal surface; and
contacting one or nore netal material precursors with the synthetic peptide
under conditions that permt formation of the netal material. 59 27. The
met hod acdor di ihe tmagwdtiai matétal avdvedisg o tlhen $§nwitesin chepgttide er proteity it et i ¢
protein is synthetic peptide. 28. The nethod according to claim1l or 2,
wherein tﬂ%pt@&nt acting occurs at a tenperature of 300C or below. 29. The
met hod according to claim26 or 27, wherein the contacting occurs at a
tenperature of 300C or below. 30. A netal material conprising binding

synt het i c 1pept Themagnstipmateriakpceerding e plaim £0 opklowheraindlnpaptide oraptotgintisl
particles j f al , Wherein the nmetal particles
are pepti Hseeié;igl/trlht-glli?ge&a?gg.kaH@%‘?MA@&L’W&?&T&'@%%‘QT@I conprised of a collection of
bi ndi ng synthetic peptide-synthesized or synthetic protein-synthesized
metal nangpartigcles that are annealed fro ol ycrystalline to single
Cryatal A8 mad B Fete suteri SRREato sldy | EFF B WiRteihe hengi st e et a
nanopart i @J),g?isag ganRpatitlee- synthesized. 60 WO 2004/ 033488 PCT/ US2003/ 029555
SEQUENCE LI STI NG

14. A composition comprising synthetic peptide that binds specifically to e-Co, wherein

the synthetic peptide is between 7 and 20 amino acids in length.

15. A composition comprising synthetic peptide that binds specifically to CoPt, wherein

the synthetic peptide is between 7 and 20 amino acids in length.

16. A composition comprising synthetic peptide that binds specifically to FePt, wherein

the synthetic peptide is between 7 and 20 amino acids in length.

17. A composition comprising synthetic peptide that binds specifically to SmCos,

wherein the synthetic peptide is between 7 and 20 amino acids in length.
18. A composition comprising synthetic peptide that binds specifically to a
ferromagnetic surface, wherein the synthetic peptide is between 7 and 20 amino acids in

length.

19. A method of isolating a synthetic peptide or synthetic protein that binds specifically

to a magnetic material comprising the steps of:
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<110> Bel cher,
Aggarwal , Anuj
NANOPARTI CLES

Angela M Reiss, Brian D. Mo, Chuanbin Solis, Daniel J.
Sweeney, Roz <120> PEPTI DE MEDI ATED SYNTHESI S OF MAGNETI C
<130> 119927- 1060 <140> N A <141> 2002-09-18 <150>

60/ 326, 583 <151> 2001-10-02 <160> 18 <170> Patentln version 3.1 <210> 1

<211> 12 <212> PRT <213> artificial sequence <220> <223> peptide <400> 1

Ala Mt Ala d

y Thr Thr Ser Asp Pro Ser Thr Val 1 5 10 <210> 2 <211> 12

<212> PRT <213> artificial sequence <220> <223> peptide <400> 2 Ala Ala

Ser Pro Thr @&

Qon%ﬁinﬁfeat liﬁ%fy %@yfﬁhaicpﬁ&tide or synthetic protein with a magnetic

material;

20.

removing non-binding synthetic peptide or synthetic protein from the library; and

eluting the bound synthetic peptide or synthetic protein from the magnetic material.

The method of claim 19, wherein the synthetic peptide or synthetic protein library is

a synthetic peptide library.

21.

The method of claim 19 or 20, wherein the synthetic peptide or synthetic protein

library is further defined as comprising a phage display library.

22.

The method of claim 19 or 20, wherein the synthetic peptide or synthetic protein

library is further defined as comprising a combinatorial chemistry library.

23.

A method of preparing a particle film comprising the steps of:

adding a solution of particles to a surface; wherein the particles are synthesized with

use of binding synthetic peptides or synthetic proteins;

24.

evaporating the solution of nanoparticles on the surface; and

annealing the particles to the surface to create a film of particles.

The method according to claim 23, wherein the binding synthetic peptides or

synthetic proteins are synthetic peptides.

25.

26.

The method according to claim 23 or 24, wherein the particles are nanoparticles.

A method of making a metal material comprising the steps of:

providing a synthetic peptide or synthetic protein comprising a portion that binds

specifically to a metal surface; and

contacting one or more metal material precursors with the synthetic peptide under

conditions that permit formation of the metal material.
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1510 <210> 3 <211> 12 <212> PRT <213> artificial sequence <220> 1/5 WO
2004/ 033488 PCT/ US2003/ 029555 <223> peptide <400> 3 His Thr H's Thr Asn Asn
Asp Ser Pro Asn Gn Ala 1 5 10 <210>. 4 <211> 12 <212> PRT <213>
artificial sequence <220> <223> peptide <400> 4 Asp Thr An Ay Phe H's
Ser Arg Ser Ser Ser Ala 1 5 10 <210> 5 <211> 12 <212> PRT <213>
artificial sequence <220> <223> peptide <400> 5 Thr Ser Ser Ser Al a Leu
G@n Pro Ala Hs Ala Trp 1 5 10 <210> 6

27.  The method according to claim 26, wherein the synthetic peptide or synthetic protein

is a synthetic peptide.

28.  The method according to claim 1 or 2, wherein the contacting occurs at a

temperature of 300°C or below.

29.  The method according to claim 26 or 27, wherein the contacting occurs at a

temperature of 300°C or below.

30. A metal material comprising binding synthetic peptide-synthesized or synthetic

protein-synthesized metal particles.

31.  The metal material of claim 30, wherein the metal particles are peptide-synthesized.
32. A metal material comprised of a collection of binding synthetic peptide-synthesized
or synthetic protein-synthesized metal nanoparticles that are annealed from polycrystalline

to single crystalline materials.

33.  The metal material of claim 30, wherein the metal nanoparticles are peptide-

synthesized.
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<211> 12 <212> PRT <213> artificial sequence <220> <223> peptide <400> 6
Ser Qu Ser Ser Pro Ile Ser Leu Asp Tyr Arg Ala 1 5 10 <210> 7 <211> 12
<212> PRTw@®idzossuss fi ci al sequence <220> <223> pepti dep@r/siifs/@06ss/ 033488
PCT/ US2003/ 029555 <400> 7 Ser Thr His Asn Tyr An lle Pro Arg Pro Pro Thr
1510 <210> 8 <211> 12 <212> PRT <213> artificial sequence <220> <223>
peptide <400> 8 His Pro Phe SerSEQSRNCE urdMmucleu A n Leu Ser Ser 1 5 10

<210> 9 <211> 12 <212> PRT
<110> Belcher, Angela M.
Reiss, Brian D,
Map, Chuanbkbin
Solis, Daniel J.
Aggarwal, Anuj
Sweeney, Roz

<120> PEPTIDE MEDIATED SYNTHESIS OF MAGNETIC NANOPARTICLES
<130> 119927-1060

<140> N/A
<141> 2002-09-18

<150> 60/326,583
<151> 2001-10-02

<160> 18
<170> Patentln version 3.1

<210> 1

<211> 12

<212> PRT

<213> artificial sequence

<220>
<223> peptide

<400> 1

Ala Met Ala Gly Thr Thr Ser Asp Pro Ser Thr Val
1 5 10

<210> 2

<211> 12

<212> PRT

<213> artificial sequence

<220>
<223> peptide

<400> 2
Ala Ala Ser Pro Thr Gln Ser Met Ser Gln Ala Pro
1 5 10

<210> 3

<211> 12

<212> PRT

<213> artificial sequence

<220>

1/5



<213> artificial sequence <220> <223> peptide <400> 9 Ay Thr Leu Ala Asn
A@n Gnlle The Leu Ser Ser 1 5 10 <210> 10 <211> 12 <212> PAT <213>
artifici alyepayenesg <220> <223> peptide <400> 10 Hi s Ghyrésoodangssseu Pro
Met Thr Pro The Pro Ay 1 5 10 <210> 11 <211> 12 <212> PRT <213>

artifi ci% %eg%encg <220> <223> peptide 315 WD 2004/ 033488 :

PCT/ US20037029%B%5 9% 400> 11 Arg Leu Gu Leu Ala Ile Pro Leu Gn Ay Ser Ay
15 10 £340>.3 12 <211> 7 <212> PRT <213> artificial sequence <220>

His Thr His Thr Asn Asn Asp Ser Pro Asn Gln Ala
1 5 10

<210> . 4

<211> 12

<212> PRT

<213» artificial seguence

<220>
<223> peptide

<400> 4

Asp Thr Gln Gly Fhe His Sexr Arg Ser Ser Ser Ala
1 ' 5 10

<210> 5

<211> 12

<212> PRT

«213> artificial sequence

<220>
<223> peptide

<400> 5

Thr Ser Ser Ser Ala Leu Gln Pro Ala His Ala Trp
1 5 10

<210> 6

<211> 12

<212> PRT

<213> artificial seguence

<220>
<223> peptide

<400> 6

Ser Glu Ser Ser Pro Ile Ser Leu Asp Tyr Arg Ala
1 5 10

<210> 7

<2il> 12

<212> PRT

<213> artificial sequence

<220>
<223> peptide
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<223> 7-Constrai ned Sequence <400> 12 Asn Ala Ay Asp Hs Ala Asn 1 5
<210> 13 <211> 7 <212> PRT <213> artificial sequence <220> <223>

7- Const r aimadod®gaessice <400> 13 Ser Lys Asn Ser Asn || epk@nsaibifross210> 14
<211> 7 <212> PRT <213> artificial sequence <220> <223> 7-Constrai ned
Sequence . <400> 14 Thr Lys Pro Ser Vval Val dn 15 <210> 15 <211> 12
<212> PR#O®213> artificial sequence <220> <223> 12mer Sequence <400> 15

4/ 5 WO 2004/ 033488 PCTI US2003/ 029555
Ser Thr His Asn Tyr Gln Ile Pro Arg Pro Pro Thr

1 5 19

<210> 8

<211> 12

<212> PRT

<213> artificial sequence

<220>
<223> peptide

<400> 8

His Pro Phe Ser Asn Glu Pro Leu Gln Leu Ser Ser
1 5 1o

<210> 9

<211> 12

<212> PRT

<213> artificial seguence

<220>

<223> peptide

<400> 9

Gly Thr Leu Ala Asn Gln Gln Ile Phe Leu Ser Ser
1 5 1¢

<210> 10

<211> 12

<212> PRT

<213>» artificial sequence

<220>

<223> peptide

<400> 10

His Gly Asn Pro Leu Pro Met Thr Pro Phe Pro Gly
1 5 10

<210> 11

<211> 12

<212> PRT

<213> artificial seguence

<220>
<223> peptide

3/5



Ala Leu Ser Pro H's Ser Ala Pro Leu
<212> PRT <213> artificial sequence
Ser Val Sgb2valossdsy Met Lys Pro Ser
<212> PRT <213> artificial sequence
H's Asn Lys His Leu Pro Ser Thr G n

<212> PREJB% 3ﬁlartificial sequence

Trp Asp Pro Tyr"Ser His Leu Leu Gn Hs Pro Gn

<220> <223> 12nmer Sequence
Pro Arg Pro
<220> <223> 12ner Sequence
Pro Leu Ala 1 5 10
<220> <223> 12nmer Sequence

<210> 16 <211> 12
<400> 16
1 5 10pcraS00030Z95s211> 12
<400> 17
<210> 18 <211> 12
<400> 18

Leu Tyr 1 5 20

15 10 5/5

Arg Leu Glu Leu Ala Ile Pro Leu Gln Gly Ser Gly

1 5

<210> 12

<211> 7

<212> PRT-

<213> artificial sequence
<220> _ ‘
<223> 7-Constrained Sequence
<400> 12

Asn Ala Gly Asp His Ala Asn
1 5

<210> 13

<211> 7

<212> PRT

<213> artificial sequence

<220>

<223> 7-Constrained Seguence
<400> 13

Ser Lys Asn Ser Asn Ile Leu

1 5

<210> 14

<211> 7

<212> PRT

<213> artificial sequence

<220>

<223> 7-Constrained Sequence
<400> 14

Thr Lys Pro Ser Val Val Gln

1 5

<210> 15

<211> 12

<212> PRT

<213> artificial sequence

<220>
<223> 1Z2mer Seguence

<400> 15

10

4/5



WO 2004/033488 PCT/US2003/029555

Ala Leu Ser Pro His Ser Ala Pro Leu Thr Leu Tyr

1 5 10
<210> 16

<211> 12

<212> PRT .

<213> artificial sequence

<220>

<223> 12mer Sequence

<400> 16

Ser Val Ser Val Gly Met Lys Pro Ser Pro RArg Pro
1 5 10
<210> 17

<211> 12

<212> PRT

<233> artificial sequence

<220>

<223> 1Zmer Sequence

<400> 17

His Asn Lys His leu Pro Ser Thr Gln Pro Leu Ala
1 5 10
<210> 18

<211> 12

<212> PRT

<213> artificial sequence

<220>
<223> 1lZ2mer Sequence

<400> 18

Trp Asp Pro Tyr Ser His Leu Leu Gln His Pro Gln
b 5 10
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