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WD 2004/ 033488 PCT/ US2003/ 029555 PEPTI DE MEDI ATED

SYNTHESI S OF METALLI C AND MAGNETI C MATERI ALS RELATED
WOAORLA3GASBI ONS Thi s application clains benefit PafT/US2003/029555

provi sional patent application serial no. 60/411, 804

filed Septenber 18, 2002 to 5 Belcher et al., which

is hereby incorporated by reference in its entirety.

STATEMENT OF GOVERNMENT SUPPORT The research carried

reBtpeTuh NS BCioABEli oot Pt B RGP

DADD19- 99- 0155, the governnent may own certain
rights. In addition, a nucleotide and/or am no acid
sequence |isting is incorporated by reference of the
material on conputer readable form 15 TECHN CAL
FI ELD OF THE | NVENTI ON The present invention is
directed to organic materials capable of binding to
inorganic materials, and specifically, W 2004/033488
PCT/ US2003/ 029555 RBWAFED sHBREFFRTHeP®i de sequences
that tightly and directly bind to netal materials
i ncl udi ng nmagnetic materials. BACKGROUND OF THE
| NVENTS QP11 ¢R thi 1 ogff s et ff g el sty Rag-ent
ap§?§?£t§bmr§£P%¥?9k§.'fﬁ%ﬂ*ﬁ#sd&”ﬁff@dﬂ%’ eddlor 18, 2002 to
uclTeation and mineral ' phase of 1 norgammc materials
Bebtitdr ast cal cj uvhtar hondieratnd irstdrmasatant pyerefidhweence in
. assenply of building blocks into conplex structures
1TS Rfak +ed¥or biological function. 10 Materials
produced by biol ogi cal processes are typically

STATEMENT OF GOVERNMENT SUPPORT

The research carried out in the subject application was
supported in part by grants from the Army Research Office,
Grant No. DADD19-99-0155, the government may own certain
rights.

In addition, a nucleotide and/or amino acid sequence
listing is incorporated by reference of the material on

computer readable form.

TECHENICAL FIELD OF THE INVENTION

The present invention is directed to organic materials

capable of binding to inorganic materials, and specifically,
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soft, and consist of a surprisingly sinple collection

of nol ecul ar building blocks (i.e., |ipids, peptides,
wana4neesei ¢ aci ds) arranged in astoundi ngl y POKEN3/029555

architectures. Unlike the sem conductor industry,

which reljes on a serial 15 |ithqgraphic processing

towari oHRer ¥ ot C PR YR TP IHE S rdla et Ihtedat ks D estly

bihd &I AL EHh GhdCat{ald | MO PEARI R e iR ritdel 1
architectural "blueprints” using nostly non-coval ent
forces acting sinmultaneously upon many nol ecul ar
conponents. Furthernore, these structures can often
el egantly rearrange 20 between two or nore usabl e
forms wi thout changing any of the nolecul ar
constituents. The use of "biological" materials to
process the nextBAGEHRORAD &F FHEMIEVEETEON oni c
devi ces provides a possible solution to resolving the
limtations of traditional 25 processing nethods. The
criin dalofe@ierl systens, amasHch warlecyldshtgXattng t he

ot Cibilitie onbi nat | '
re BRSOt e L IR A BntDnineral
phaned esfi ad isoraandi ¢ heatsymntdlesissiadf dshecalappmopradomate and

Cbui I di ng. bl ocks.. SUWARY OF T . NTI 5 The
S1 ‘”eil:'erﬁr(igcil ERE or e HBRAS | @gg%%ﬂ%g\l@% into complex
st Pfoadused ﬁéc?ﬁpﬁé&afoﬁ%féﬂ@i%élh@urfgtri%. and control

the assenbly of inorganic materials, including
metal lic and magnetic materials, into controlled and
sopfaety tatePredyerd nediddfogigali auagessasersest tapdcally

sof ARSI 0 1 il AU PG, TR T
moleallogr dali Indiirey il scko € eat,e laind dsde Jept ird=er iaalds nucleic
ac%cs]s%t tahrarvaenc_:ijel’]é elrr?sattsitncguneéierggtlr}j Ccaolrr'lplréa Ij’;lertcihcitoerct:ures . Unlike
the semiconductor industry, which relies on a serial
lithographic 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

between two or more usable forms without changing any of the

molecular constituents.

The use of “biological” materials to process the next
generation of microelectronic devices provides a possible
golution to resolving the limitations of traditional
processing methods. The critical factors in this approach are

identifying the appropriate compatibilities and combinations
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optical properties my be used to decrease the size of

features and i nprove the control of, e.g., the
woptaisdseet i cal 15 properties of the material , ParUsEI0B/029555

as control of material fabrication. For exanple, room

t enper at ure net hods, have been devel oped in the

of kgl crheIHRHe TWisddlfy fadeiba Syniesis of the

JoTdvi=Tg iyl yed; hgrgenperat ure preparation
apémc%%dése./e A clonblfr%’at orial peptide phage display library

expressing 20 a large collection of bacterial phage
that expresses mllions of different peptide
sequences on their surfaces was conbined wth

bi opanni ng techni ques to sel ect specific peptide
sequences that tightly and directly bind to netal
materials including nmagnetic materials (e.g., Co,
CoPt SntCo5, or Fe%%%. 25 The present inventors have
found that these MARA N etV EENBE Y i al  bi ndi ng

nol ecul es, including peptides, can be used to control
the nucleation of inorganic materials, as has been 3

VO Do FFEERIEs PeTUIsacD 3130750 555 L et manSTate s and
; I em qﬁgﬁct I f r [
pr%@sﬁgﬂr}gl%%lnﬁlolm%%ﬁ%&sfeat| or(lﬂ olf% Cr‘reetafﬁd,3 éz%rﬁdcﬁdﬁ%
assagky icf imadmeraral s, ma tteent antegn eitricd uthimgp arettiecll leiss smdl

t hei r applications. could he prepared, nuch .cheaper and
T b TRHAT AR 9 A S b PP L et ed
st ROl eculer gt sulard nigldedidiy nBan el rchdragiet i C

material, may be used, e.g., for mcro or

ma it hi 1tS , PRt ty St i s iRegghisting nanapage iculate
maé%rfﬁ@%ﬁﬁf¥ﬁe '6fu5f5¥b%£§?ffgﬁﬁ%fﬂéﬁérgg H&te and

magnetic or nmay be magnetl . er use for these
dediymataerewml sl s scthar nodid yirttheeresurifrgr e lafctimeitcadl,, magnetic or

op LUSF e A0S 4, LIRS, oS oIS £20 2
fesifasanrf 1fe-MPONatd ontrol of, e.g., the opto-electical
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
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
gsequences that tightly and directly bind to metal materials
including magnetic materials (e.g., Co, CoPt SmCo5, or FePt).
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
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material, allow ng the self-assenbly of conpl ex

nanostructures, which could formthe basis of novel
webaatossmes c 15 devi ces. The present i nvent or SPOBWE2003/029555

recogni zed that this approach of selecting binding

peptides (using conbinatorial peptide .libraries and
dentHHi g8

TRF e cHhitqiee /Y idd e Ve G PGMLoFs -  If

pr&H Dl c dh e NG LAt PR 1R aindTRERNIAkS orl BE Weichd ,

- magnetic 20 materials. O her techniques being _

inqlagbiare eagnes igyntmedsivia 1 svettdlerpaadngitds, napepbgditigles and
magnet 1-C. nanopart j par on..a hi :

B SR B e R, ol sPlelper, apd easier

thdmerdimd mspherien:dl ngtexpensi e eagenicd eatud aaf tretals,
require further processing and purification after

InGWHING eI S Fh Mg arat@red !l i fevudiengsed, e.g..

o AP td:€lehonMdih e %ﬂéﬂ%@;, @@%a@%@s, magnetic
crystallinity. The result “is that "preparing magnetic

stqrampart iahesthen Renldiadittiansalf draghiter iied sexpets iane

and .not_caonduci ve to | arge, scal e.and/ or. vagl u
magbnreodlucct(?rorﬁT.l"’lyl'?}Déa ar\np? noeatl_‘c Z%f)ir'es%n o&%eﬁeygen%iognggﬁgfeal 'y
ma e fOrdreik ato meEin 3@ Heemparfalody e usithg ,i Aexyersinge

reagents yiel ding nanoparticles wth contraqlled

magEsish Gl M98 2 edudiffy RO 166§t Pgr e 3F Wonkers for
at@&qﬂr?gﬁ’éf Ratd¥S20Q3/Q293R5 suildeesiss tofe R letic

parti I ncludi ng magnetic nanoparticles, W

ma ot a lo) Iaél;:llcmiyvg dlhestaaidt-wssead y orfi @omatlicon.
Pept i de- nedi at ed nt hesj s of tal _materials .
RTRIARA I 5 MG 16 Tt F1d] ST pPii des fa THilGH ©lectzonic

deeihwaper and environnentally friendly approach to the
synthesis of netal materials, including nmagnetic
nangparticles. Current protocols far prepariqglnetal

na&ﬁﬁﬂﬂq§ﬁ§§£ Hq%ﬂQRﬂﬁﬁ;have recognized that is approach

of selecting binding peptides (using combinatorial peptide
libraries and panning techniques) may alsc be used to form and
control the nucleation of metal materials, including magnetic
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
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
temperatures using inexpensive reagents yielding nanoparticles

with controlled crystallinity, reducing the cost for the
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magneti c nanoparticles, are tinme consum ng, expensive

and 10 yield nanoparticles coated with organic
waaokaci4ast s. These surfactants are not am cabCEUSZN03/029555

further nodification of the nanoparticles. Advances

in the field of nolecular biol . enabl e the
Syrfvh%ﬂ%rfaﬁei%%wadfrmﬁel&%'déﬁc et SRR i el es
narfish AANORAL il €5 Wb T dispid e s ] de@les arfze

easily 15 functionalized. Peptide functionalization
orfeqeidtix@ites their incorporation into electronic

devices and integration into magnetic nenory devices.

Ong f SEMH UM O 518 JIRIAALILT snciuds

usi%ég&gg%{fmé%gaet%bﬁei gtbk%erobl ogi cal nolecu eels%,q e. d. jnetuding
madyaet Br i ogptheges 1 s 2brndaitdess @ gerdt iadeddperergidneered to

bind to tals, nangparticles-, and nagnetic ar other
IR LG 15 B gARERE SRt -6t dePo IR RRsSy &, metal
ma tIESE] S} I ied MEShdTMadid L 1 € rhnod Aol aiayserf

particles and nanoparticles. Using bacteriophage as
PrefiPexmi el RegFarifcs M Galg IHsIRAitdal e Hacdnicing

' < i fic bind Br ppert | .

malh 28 PSR e (06 O M P SR, and
yidhe nanoopd:t e e teeyd teph age and- dare arethvdds tleanrght  These
Su{ggein may be used to .create mell-ordere%”structures

THRN RIS I TGRS - Wb FG04MPsEdgFacion of the
nandgd MS2O03 0298hmndY & rPaiHd aulard s trrt&e@uf@%%ntbiology

i nvention includes conpositions and nethods for .
enahlattihy hinctionaldrisdion dihdaptiivgsraghetiefore, particles

' . [ tj cl.es. e .
and HSOR PG bl AT RN Wy a8 s seny
funadtcd erth higzedgnetapt iph tiwloe, i dmadliditrigrt facstldpatefs their
. providing a nolecule conprising a portion that binds
in ??Q%RWWPQQsz ectronic devites and integration into

magnetic memory devices.

One form of the present invention is a method for using
self-assembling biological molecules, e.g., bacteriophage,
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
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.
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nmetal surface, including a magnetic surface, and
contacting one or nore netal material precurosrs,

WO nai4wai4aeg magnetic material precursors, W t hPCh®S2003/029555
nol ecul e under conditions that 10 permt formation of
the metal materjal, including the magnetic particle.
Théoks Rafltet FyA D, - et.ckg? PILERH JgivEit 1R% dad @ 9eSuch

cofSo St AANG AL IR OO RIr UrRARtHGe tENE ol dGAnBrs, My
be, for exanple, between about 7 and about 100 am no

inglidiong |reane e madrer ipalre i Adrdrialeshetamse maglsmprticles.
and ,about 30 .15 am i n r.e .

On?xﬁ |%éj@ﬁ%%'ﬁ%éﬁﬂkgﬂgﬁgcg%g£QE%5}%hgﬁﬁ%ﬂaaﬁﬁgﬁ%%%,

indndi iy e tpiad tpaft iac leoniimAahatirg) dHdradaps afd @roviding
include a chinerjc nolecule. The types.  of netal.

a TRERFLE SOMRIA IR G RRJTeA Ehsdr i/hlade%,saeﬁdif igedly to a

me@iﬁ%m@,erﬁ{ﬂd@ﬂyné’ea fn%rgq&ifcr Wrfadk, ardd htacting
CoPt, SnCo5, and/or FePt. ot her net hod of the

ongrassamre el omtarclalderesunssrsd figreliufimg fmaamgtic
nol ecul es t hat _ bi nd. t.hrqugh non- netjc inter.action
MR b SO 2 B i R TG, LR St GpE g 1onY That
pei®it aftdrig: iaoh adi Ntheatiett aloInig@irarall i birarlyudiiridh the magnetic
magnetic material to select oligoners 25 _that hind

Palechd i callsy AR Srliietic Materi & RiRdogifgingiolecule
sudil08e Bl IS S fRto DINSINGS! fdialide L0 e dTRGNGILC may

material. The oligomer Tibrary may be a library o
be sefidr easmants i fgptwdat st ¢ gnd alghagd 40 Bmamp swudchls

as an 3 hage |ibrary. The |ibrar eve e
Lo el T B A R oo S s G agpoue 30
amind efdtiald Y.ond, WL 0RO F3AEE RAHAIS AP RA295%nd About 20
nmet hod of making a_magnetic particle may al so incl ude

aniie AP ofordntaRrd ity LR &fte hat Jamkinaterial library
and RIS O dBl LG S AR QR N MRgNet i ¢ mater i al

precursors an

The types of metal materials, including magnetic
particles, that are disclosed herein may be formed from, e.g.,
Co, CoPt, SmCo5, 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
that bind specifically to the magnetic material and eluting
those oligomers 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

bacterium and may be assembled externally.



10

15

20

25

30

reduci ng agent. The nolecule that initiates nmagnetic

nmol ecule 5 formation with magnetic material precursors
wong4bs3ssont acted at, e.g., roomtenperature PCTHS2008¥029555

a tenperature of, e.g., 100, 200 or even 300 degrees
centi grade, Trl;e | ecule may be an am._no acid ,
ol i heg © .f@a?llb%twe%lﬁ PRI 100 AN 7ol Sadintitude

thé Mgep e MUl thdaH thdl &Y D {60t {GRs mgeRYic
10 or FePt magnetic particle in the formof a magnetic
™o kit 2 nf ot t Im eddeih andgniah i o tsidiid ledraqursmr spvdnd a
ecogni at i o) I r t.he
reéﬁ%gln%]iacz:geeprgr]'t [ cr{kgeg rm%llq%c 1oé; Z:J’ Qante (r?Lg.l ?Lnt%r?aéygogb z“agons‘? |Co rﬁn éD ecule
formataion dei s sdmenic afiateliex], gdreeurduts may be contacted
t hr ee-di nensi onal | ocati ons, Sh%P and the 15 Ili ke

es,

at'_f dt - par tiQ aFre”_&%ee‘”s“’.‘tuF_?f’e Br & i%\F&ﬁrtHedi?té}%eo of, e.g.,
104 noj alesy nBgnetd © R+ Lent draddanoR hdlLs,1BARy be

by the nethods disclosed herein.” These nmagnetic '
an parine | asi dregd faomea Por td .an ofteivden edrated agid @M tamino

fixi etic mterli Lndin eptifde t

acg%sdglgs}ylﬂ)'st ?121 e;n?a%‘%% i%agﬂ%ncgleo?(laﬁgr% r?aé%rée)’t ftéo;gc, Shcos,
or NP idgne et Yraaos 5c e tim tdtee mMagmetdfc armayriedlic quantum

bi ndi n eptjde under conditjons that faorma nagnetic
Ao 1B arfd 1y mi TR & ninite AR Y5 05 L orF q4pehize that

copsddalts Jhemaneti s erdial mdydudiing pentide smy
be linked chemcally to a substraté, e.g., 25 silicon
disrl edrk rhesesyire orbu o rosudsitarsde . 11T e wiainetssortment of

articles of the present .invention may be ysed to n'ﬁé<
On“gr)r'e’rmtr""ycf_ S %rttr}reoér) lor?}egq%leornrﬁelstlc?rcéagté&éllsden#} 5t 1% The

1iley sttt iyl aiseusddat the skilled artisan will
recogni ze may be made of these particles. Exanples of

ot her used for the nmagnetic m.crq-,. 30 nano- and ,

f eniRe AR ost BT PTG HHEIRA SRR Gu@articles,
e. 4N Crionip NaNQ-1EY Qfsde dWPAMRS rtthddie diid@.0sed herein.
These magnetic particles may form a portion of an integrated
circuit made by fixing a magnetic material binding peptide to
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.,
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-,
nano- and femto-particles of the present invention include,

micro or nano-motors, dynamos and the like.
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WD 2004/ 033488 PCT/ US2003/ 029555 Anot her form of the
present invention is a nethod of creating

woOamapas4sss cl es that have specific alignnent PCT/US2003/029555
properties. This is acconplished by creating, e.g., an

I\/[L3bt h t h f
tﬁf e?o Hb% ° 33%4%%?%g3%?'| &Bﬁadé %o"ﬁF&ﬁd of

cré&mcr@gtrfaﬁid &&1(&&@ it HatC uRAld @peefi fiphage gniehar y
wi th bacterial host culture to allow infection,

Praraxtiies i ofhisnd Ss ASSETIRAETISET Pri CAERPSATSH @i-Bus) an M13
bac%drdu{pgﬁaﬁeg%%{ ng, e 99 Hl %1%%"%@@‘%'}(3Qe@y AMP1ifying

ate act errophage tha three
thdlhnuuhﬂmqphagd itrre hilyds eoncentivaedionendle . gr.dernnicubatthen of
tic phase, .a .twisted_n netlc truct ure

ph ac,c—’r?o TENYe Wi s Pachid 5dt ROftr ERtlitowEl Qn&lgfﬁ”‘ diggtion,

refl &l id) HRCIdbdhasmt IJurdFe 3%ARe! Jfh& iR@Ientand
invention is a nmethod of making a polyner, e.g., a

resfygpggndigigprihs madee steps 15 of, anplifying a
sel f - assenbllng blologlcal nDIecuIe conprising a

IOOHL R %3P TS CRRAUE! &yt 8Y o%%%%e that

concentratlon and contacting one or nore
haw&emhmnahkﬂqm1dnnnysuallpnscmm@@E§Amakiuﬂagtlonal order in

S T et % IO AP AnCURGE S Ormict P

chdﬂéﬁﬁﬁﬂld'ﬁﬁﬁgé(NéddSHBHH“Hiﬂé@tldﬁbﬂabhﬂgp051tlona1 order
nanoparticles that have differing cholesteric pitches

in tf}meﬁhr;g prasg. df VRS PERest dhfafecerat Hayspdden is a
metsf dat]&n%)hg%c%l%n%q:m %o@dUCtaorflsin %%%ﬁ)trﬁ%ng the steps

resuspen e t'o 25 various conce
of ,Armmﬂrﬂelrfyfmgnaofsd]rfe qmmrminngw\bemﬂogncalls e Lietuiied of

arln%ia castln f|| Wi h aI| . hanoparticles
co%%x @%ftuﬁb gﬁ éP dCNf§ iconductor
sulb@a‘é@é '&Pf}ﬁgﬁ @aﬂqd&ltmm %91& ke RactarHORMRIST more
semiconductor material precursors with the self-assembling

biological molecule to form or direct the formation of a

crystal.

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

of preparing a nanoparticle film comprising the steps of
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Still another formof the present invention is a
nmet hod 30 of preparing a nanoparticle filmconprising
wo b@4983gs of 8 WO 2004/ 033488 PCT/ US2003/ 0295B6T/US2003/029555
addi ng a solution of nanoparticles to a surface,
evaporating . the solution of nanoparticles on the ,
adddiig gt 80 iHd AhifamaiPPatid Hdrofa B QU acs 1 f¥yaporating
the WdAnG o YRS & dip Nanenald i ehaalfir FRFCLNE annealing
nol ecul es. The surface may include any 5
t herirarofrdrt icaltes tsolting swrffase + wvhgtriec i hepnegwires tigl es are
attach through either cqval ent or .non-coval ent bonds,
ma%nuecthlCf_an[hog1 c’iurLi?esBodzyf;qet sflllﬁ%sc,e éqagssl?mgd’lﬁlget i%cl)1 alized
mi gt cShrigetamnidsnid Sdfers JOTRhidonessiagiare, w@al ldtwsch
arsenide, gold, silver, or any materials conprising ,
thrgrgy, e iddra0,8A V2 tehito 0T NPy G IaHe 0 Bandsti Gvgh Langmuir-
BodHAUP Sy NGO! RArALLd QR &3l ACe g 1AM aldd¥hani un,
eneral ly occurs by high tenperatures undér an inert
silgason ( €TFE, malsgemeneAngdidii roremssinides godsentsilver, or

i nventi.on is a_ nangparti.cle fil repared hy th
any, TR Sl R i el oo e ydrowyl
furldtGdRES rdigds anturaetietohumndersirgideng ehrdad ing
features and advantages of the present invention,

geneel Bh QETE HW TR ({ETRHE s [VEdisde $&Y 1RSI 95
the inv ' al ' ' FI; GURES i :
(eﬁ£1bHﬂﬁggﬁgggdnd?%8“%5%232951fﬁﬁﬁﬁgp%§¥?%%¥eﬁt FIGﬁﬁ%SlS @
narragfeart 1ol e drirles poregiargeddnt Srenddathashijotst 2@ sRHr@URE .1
are X-ray photoel ectron spectroscopy (XPS) el enent al
conposition determ nati on of phage-substrate
interactions through the intensity of a gold
4f - el ectron sBiyhal PESCYIPTHNIEPF SFHpHAYEIRES
di scrimnation for sem conductor heterostructures (D)
and exanpl es of bivalent synthetic 25 peptides with
t WE@orponere gegdgriie iwmenstasidms o Ehe) 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:

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

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;
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FI GURE 2 depicts schematic diagrans of the snmectic
al i gnnent of ML3 phages in accordance with the
worea®ai4ss nvent i on; 9 WO 2004/ 033488 PCT/ US200B¢DR95H5029555
FI GURE 3 include inmages of the A7-ZnS suspensions
using (A-B) _POM (C) AFM (D). SEM (E) TEM and (F)
IGERW | Inden e G diler Pcdnén SUeRens i opsqUREy  (A-B)

POM ”C'did%)ﬁMmg(%% @feM he(EN'l%é@ﬁcta@fd qma%m%@%r tdighe

phot ograph of the fil schemati'c di agram
elegft ndre diffifiracftiare tise rt(;C) AFM i mage (D) SEM i nage,
(E-F) TEMimages along the x-z and z-y planes; FlGURE
5is (A TEMinage of anneal ed SnCo5 nanoparti cl es,
FIG(IB)E 4TEMd1lvedye iwades I sdice t18d barcg® relopdiaigen nanoparticle

on tt nd ( ST e of anneal.e
25 IS TRRSTAR et IcORE ¢ A 3 ORI s QoAb g Te
fll&(ﬁ%&)ﬁ:ﬁldﬂdr{@tr i 2gFM Almdcee  (SNeSEM Gintageqf (Ehe) TEM images
Co-specific phage for Co and (B) an isothermof the

alaog dhecifiz Pihge YoP 1@ accordance with the
present invention; 15 FIGURE 7 includes a series of
h| h resol ution TEM i nages of CoPt nanoparticles
& éf USHIng )1y O Tt RANSSdFCe ST Gpe nanoparticles, (B)

TE%@%%rﬂt%%k%e@él%%tg@tar%%J %Clte'c\{:%l&h @1 Tra (é)gﬁpbattern

age that express a random pepti de,

andm (- oM plhveegpes; o fFla@iREB 1&d SMCAK miaglvpeesdlalteison TEM

i mage of Co nanoparticles 20 that have been grown

using a 12mer peptide that selectively bind to Co and
FIQRE téhe reoresesypdret rtgf édiectimgn adsisfafyrmdﬂjl@mstrpactitr@r HA) the

RE 9 are (A re IutlonT ge

DA e Hoh 10 TERAS T SR T 1 e &
1 sEHETRS DA £ 12D Ch2Bie Qentd %a@édoaf@osqlrﬁ@tdd&dfawce with the

FePt, wherein (B) shows
present invention;

FIGURE 7 includes 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
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

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

10
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10 WO 2004/ 033488 PCT/ US2003/ 029555 the el ectron
diffraction pattern both of which are conpared to (O
wo-ed/opmsOparti cl es grown using w l d-type phage¢T/ERI80BRE29555
10 is (A) high resolution TEMinmage of SnCo5
nanoparticl es_grown usi ngtatta 12ner that sel ectlvecy
Eheyi pkfc iR 511 BT ACH A mAHRE D @9 arewtiGopre compared to
<c>d'ﬁéﬁtaqtargfb£@éltcetéb ercs:tvr@elsqqtge%aﬂoeacﬁe @Nagand (O
SnCo5 nanoparticles grown using wld-type phage as a
control FI QURE 11 is (A) an AFMimage of Co-specific

FIdRase & GO WaneparddclePaung ﬁr%gjé S BRI ein
and (B) the 10 corresponding MFM i nage; FIGURE 12 is

nar(dt)aza;ltwls&%rgamvm lwoimafa ﬁtzmeocgltd’@lu yeprespared y kePds SmCoS5
artlcles B)., a .hi ghe sol.ution ano he
as caerEt er’t| r{ %11 toroogfl t%frﬁearl lfrt t?ea rei 't‘EX/;
selFé&ﬂ& a];:'c’ea Soff A{)A)a dnest @r) e%n&:d@@@rﬁpa@t@cﬁ@isﬁ@ﬂdﬁm using
epared 15 SnCo5 nanoparticles and (B) the central
ﬁ%rttmfn RPN b Ot sttied on a smaller axis to

clarify the coercivity; and FIGJURE 14 include (A TEM
of CoPt nanoparticles grown using a phage that has

FIGE Geriet | CHl 130 MY nerast Ao Coqpmess td camage with Co

SR t@d)n B)
ne hi ghee; Cgloélsrzel’%%f%%&ﬁq%M% ge tof r?t?g{&s)a%e %he(

comarpardinggd ¢EM (Madehe correspondi ng el ect ron
diffraction pattern, .(D) STEMinmage of simlarly
prepared particles, (E) STEM mapping for Pt, and (F)
F I BTHEM e pips n@.)f e tﬁcsﬁermrldmpceamliﬂ@]td@a'qwld%mepared
%Eventl on. ’5%0@1)033 88 . PCT/ uszq 03/,029555
TATHS e SRt & Sire

ceﬂﬂﬁﬂﬂ“@d%ﬁﬁﬁﬂtoﬂ”tﬁ&QMkﬁiQﬂﬁbﬂ%ﬂﬁﬂﬁ the coercivity;

FIGURE 13 is (A) a hysteresis loop of biologically prepared
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
resolution TEM image of the same CoPt nanoparticles, (C) the
corresponding electron diffraction pattern, (D) STEM image of
gsimilarly prepared particles, (E) STEM mapping for Pt, and (F)

STEM mapping for Co in accordance with the present invention.
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application serial no. 60/411,804 filed Septenber 18,

2002 to Belcher et al., which is hereby incorporated
woyometasence in 5 its entirety including theP€T/yazms/p29555

summary, detailed description, working exanples,

claims, and _sequence listing. _ Al though maki ng and

Using var | GRS HEI PRSFRL B ONNGF TRES SNV ENRYEN | on

are discussed in detail below, it should be

appreci ated that, the present invention praqvides _nman

10 BT | H KAt (G VA T rReSI S 1Rt FERTY 6 o g e

appThi &M e sddrd1etne Ofs SRecl fddu ot istpc i etPa® f 202 to
enbodi ments discussed herein are nerely illustrative
Belofhepext fale. wagst ato 1ardiesr el s ndve atededyl orefegegice in

.. do not delinmt, the s e of the invention., 15 .To
iof Tt ety T dilihg T80 onals, | AURALLON 4t 112
deswiiier i, twimE iy exdegsird Hed faimd)eranie lsesuetsaiSe6Gt ing .

herein, "metal material"™ can be, for exanple, a
subst ance that . enconpasses, but, is not |jmted to,

met/at ERAYDY SakEth I AN DU HEY VATd PR € et AL P

préfedYi RAAndRWE dhe JBINBIdQ 3G apd/an rnimagReldiould be
properties, may be crystalline, polycrystalline or

apmm.tw ai_hamr@raea?lts ir:ﬁf}eraii@l @roxti deisn meavyer al
appsipla tallbail!e fioﬁvr%Bﬁt iIV%CLFLé%%c{%)BtPSa%Ha | &an %%t te%%%g,ed in a wide

surfaces or layere e term "parti can
varedtef 40 sgdral Kizeankaimpe e et ifaice landtlosi ramd s
~includes but, is not 25 linited to nmicron-scal ed .
dl%ﬁ%‘ftﬁ"’%‘i éé‘?rer%h@%%é‘leé{fl@’arlt]i]d%%at(lé’ﬁ Iodd specific ways to

mai@napartd£les) i it I BB HotTRials iRt @HAlS R of
ot her sizes and shapes here unsaid but controlled by
the henvetdsiori bed bi ol ogi cal net hods. 12 WO 2004/ 033488

PCT/ US2003/ 029555 The term bi ndi ng nol ecul e i s hereby
deffcpefjaﬁsliata@ ecGnlg %nderstanding 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 to, metal alloys, metal
oxides, and pure metals, that may or may not have the magnetic
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
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 biological methods.
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t hat binds, recognizes or directs the growth of a
nmetal material. Exanples of binding nolecul es

WO p@oess but are not |imted to peptides, anP@DUaZI08/029555
ol igomers, and nucleic acid 5 oligoners. These binding

nol ecul es may. be selected fron1 combi natarial_|librar
scriehi tRE™ RindAftheq AP e onff PSRy gt ifdmAsatdedolecule

thw%ﬂﬂ@e%% r{lozessq-@m diMad ahe E}merpldfdlangnetal

nol ecul es may be coupled to a substrate, i.e
mateni algat dikanples s ficwliong te lswaflfes daiclagsts dstMEGe not

iruses_wher.e the bindin ecules are |
iy F e M. IR h S EASR. SR RIS gt
ol Sddhetslr eBhe i rmiaty oxfcﬂdaﬁmesarnew wlsyalsdmm tfraim
peptides, can  bind to sem conductor materials. In the
corﬁw%%frﬂr%e&/emwy FHSSTHVISht SHs BEHSIRZa%e piugated or

£ ot oL 1 "Dl &G ERn d P NG 1D, Pepld Hess C@%ese binding
specifically bind to nmetal materials, including

mokegnkts onamtles iaduplethdse qo@ptb&tetetttvave Iseerrdnirdedgred to a
devel o e into of _n clea nan%partcheSG%w

SUL afceeCtI ng t e| r se%/sf aSSLJSCerTbaIS tj\)[]%e mal n Sf ealﬁ ures binding

moXdeu peptd ke sd el atdi®ion am:&alt yedax g eﬁogmrzlewdnbidldag
technologically inportant 20 materials with face

mo Lefeiel § 1 ¢9RINIRE G RA B %G e- const rai ned  crystal i ne
sem conductor materials, and to control the
crystallographlc phase of nucl eat ed nanoparticles. The
pepth ?Je%n‘é%ﬁ%ﬂ 5 NEBhIGT Vs L phawny s gfertHéles can

r th
b R g PR Fm s b Lo,

th@s&mmmmprmnkmmm%tmﬂnphﬂeat@mndxmmnuﬂ@amiaﬂw 1nclud1ng

e ERSHLISLY SR INERER) .00 RAAChE o S

ma@éi%étf@ﬁlﬂfm befawa: igepx isddd IHafvd Q:f‘ehﬂrprfux%er
particul ar val ue woul d be nmet hods that 30 could be

deyphPped 1Pt &fdvalat iudl sxitiste siannpadtdalieshisagpdirecting

their self-assembly. The main features of the peptides are
their ability to recognize and bind technologically important
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.

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

could be applied to materials with interesting electronic or
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properties, but of which natural evolution has not
weebmmsads f or i nteractions between bi onol ecul eBCBMWE2003/029555

such materials. The present invention is based on

recognition that 5 biological systenms efficiently and
optdcadr Mrsipeasdsenbelt Rfnyddahe Netur@ilngVELEERST hp§ not
' || | gtigat LUCHUr €S ch
B L o
mateonpdsi.ti onal uniformty. - Peptide Sequence Sel ection
10 One nethod of providing a random organi ¢ pol yner

po IS _using.a_ Phage-di.splay ljibrary, based agn

PO arSAenE Era oY Btsh Senressdtisned ARG
bidRIgaren Eyandnk? «<fikaG enddivdsinuseduratiehy pkkkemdoat

protein_of ML3 bacteriophage, providing different
nangEsa e PUiHE nFe g A& EC tLed QWCORPLS X pyst dlichéonally

so§H¥Eé¥H§%€H‘ytfﬂdEH¥é%f%%thF%& hp%%&%%cQﬁthecBhk&olled size

coat protein are |located on one end of the phage
andpardripeise,t i cgpdowmtiifiegrfigyy .10- 16 nm of the particle.
The phage-di splay approach provided a physica

It Le@(%%icfeﬁg/\ee@ré&%e s%el%tcitq%él substrate interaction and

ncodes that i nteraction. The exanples
descri bed here used as exanples, five different

si ngl e-crystal sem canduct ors: As (100).,. :aAs .
(1 PSR i Y AR Ro0) TR Cro0) crRaaymer pool is

usisips s - dldpesd Ifidrasyst emiddc ctval dahibanatbrtihe
__peptide substrate interactions and confirmation of .
1ikseyg e i@ HaBF sl s KOS5 1R R0 FSItoGEof’ tRE 12 amino

aciQfsesjﬁfged L O If.‘LCir et %rr%@tei%rﬁgft b BRcteriophage,
structures. Protéin sequences that successfully boun
prawd digy shiddfidient peptides that were reacted with
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
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
methodology of the present invention for different crystalline

gstructures.

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
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crystal were eluted fromthe surface, anplified by,
e.g., a mllion-fold, and reacted agai nst the
wQuotsisase under nore 14 WO 2004/ 033488 PCT/US2003/029555
PCT/ US2003/ 029555 stringent conditions. This
procedure was repeated five times to select the phage
styipgans |qandtiais h THE Rigcesped Mae 1sheditsst LAveetimes
. ' f.qur [ T.QU p ey
to gse eecctt% E%fet gjr}{/ eall?gptg% %qg)%ah%gll\}\:glr gq%soogtte%’%%%&féc
bindieig. DS tsequenced. tPepttitderdhi ddugbhasidbdarfth rounds of
identified that i el ective for the cryst.al
Phagtsiqd o o1 % NPEGiMG FEEF o XA R arse 854
thad) md Ldrddd ne daqna dd oireiaiPiess daleddiid@nitd fied that
. (100) GaAs, but not to (111)B GaAs). Twenty cl ones o
is g leatda e Hom ¢4 (ROt ader@mea i t(dorlexgerdeni kanding
j indi 01:1 t rface... T
co SALARE A 02 SSIT R RS FA o Ganele,
bimpMird topr@tosi)n Gares shovn riat TABLE 11,) Br @adad)i.ng sim | ar
am no-acid sequences anong peptides exposed to GaAs.

TABLE 1. Parti al i.d f di fied pll
15 A S e s RS A A CarE ogTpss < apfveed) co
detddIN@e ebitopt AiSRQAP MNAIing tIP thHeQcand UG5 The

DTPNQLj A~SEQIDNO: 3 AHT MNN GL2-3
paxtial peptdds PR RSS 9f) thespodifigg 411 or pVIII

protein are shown in TABLE 1, revealing similar amino-acid

sequences among peptides exposed to GaAs.

TABLE 1. Partial peptide sequences of modified pIII or
pVIII proteins.

|
J

G13-5 DT P Y, SEQIDNO.:
G12-5 T | P A SEQID NO.:
G12-3 'SP QlA SEQIDNO:.:
G1-4 |G F S R S:S S]|A SEQIDNO:
G12-4 YA L P A/H/ A W SEQID NO.:
G14-3 4P 1S L[D:Y RJ]A SEQID NO.:
G7-4 i1 PLRYP P Ty SEQIDNO.:
G15-5 P LIQL[S S SEQID NO.:
G14-4 {A LT G SEQID NO.:
G11-3 L P G|H SEQID NO.:
G1-3 G[S|G[Q/L P I AL L R SEQID NO::

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

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

15

A A OO ~NO D WN =
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Gl2-4 TSSS ALQPAHAWSEQDNO:5 Gl4-3 SE S
SWP | S-LjDY A SEQ IDNO.:6 G7-47S -T-- HINY QI P
WOROR/B3ESSEQ ID NO.: 7 Gl4-4 L ~ F 1 Q Q N ~PATIUSGR3/E29555
SSSEQIDNO: 8 SEQIDNO: 9 GL1-3GPFPTMP

L P.NGH= D : - | L
cols B LG TR e VoG AL, L dathdd 12-nex
peXPassir £soh oowr CGaidsr sty f angygddtes mimdrerirafe nenothiasige et ween

pol ar and Lew s-base functiopnal groups _increased.
LePhager et orids FhomaRt 19ES (M LIERRT 3914 1P rigimdn the GaAs

suBLAENEL P &P Bd NGtk Wk BVE! ABe B0 P %:a0ih A4% B8} &lhese
20 functional groups, respectively, while the fraction

clofiesewi s- base functional groups increased at the sane
time from41%to 48%to 55% The observed increase in

o e AP AL S o T P 0 o sotecees

frémnche ohabrapro upsy | e raam do ridare rcorpeptmadeisorf r ovhictlr seems
library, suggests that interactiqns between Lew.s
Likelecdh TR rte T and e S ot P e Rager than
r e Fat et lect i iending i Qi :
ehd GAECCITY [ERAUL) BE Lol TrPrRElien0 Ry, Bnkdd Binding
domdih § | ol P - e rse et et e df of ridie tdepdide ary ymyodiel 0 a GaAs

CTEAbR T dCEhSTAKITHGT § HPeHT QPTG JHURH SHETEC LT TABLE 1,
co%@éincﬁzfiﬁé— Eon )t 19fe S ie - AN f Y on PN Y &M dion to the

inding 10 domai ns woul d be necessary for the peptide
presenee oghi eline degis drysel . SUHe SRS SRPATIERS dand

glgggiﬁirﬁ‘é: P 95‘%1 eg;_t}herﬁje'&J%%:bi&?{ﬁgf"&&?éﬁ@ee; A
reonine-tich regions in addition to1he *presence of
suafihdes Lesws hasesscsemedswaspaslagtteer dnibraries, including
7-mer 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

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

gold-streptavidin binding was, therefore, specific to the

16



10

15

20

25

30

glutam ne. To determ ne the exact binding sequence,
the 15 surfaces have been screened with shorter

wo ptasi4es, i ncluding 7-ner and di sul phi de copeT/Ua2008029555
7-mer libraries. Using these shorter libraries that
reduce the size and flexibility of the binding

Phagistreati! Frevigld is&HIrd ©Fs (Pt 3ot SiREtEn§ ot substrate.

Usidld WRd, i o WRldiNgd e #Ped8d tificicaase diBnkh8solated from
stTength of 20 interactions between generations of

Garselldul)i drourPhapecitfigged ywitich GaArse(ptO@m diut- natvelted

55 Gt Dt e T IRy L e TRES eBarte o2

c1dHOt ldbeMIE® ddachsftor hguantoot) atSlV%ur&%%%S;S@h@ENe@f poor
speci fi c b| nd| n% X-ray photoel ectron 25 spectroscopy
bin @000 M3ds gt ad&t-er ni nati on was

perforrred m)nltorl ng the phage substrate interaction

t hrough cddie didgRRSidsPhddie 3l s‘ﬂlfrf%lc%cbrfo'in%" grab) ,
(FI GURES 1A-C). Wthout the presence of the -

anqjmege zitrlve dtridsor raxgd uitiee idiled b@tsrl@pmfv itdtien S@ul@cr@otve
nd to.t Ga (lOO) substrate .
b s DRI din 1 1 e, SAURSAd, BpBleFrEcpge is
st JI]hl.e urﬂcﬁaﬂ@rﬁ%“iﬁ@%&‘iﬁﬁl PCWrU%M&/l@&QS&ie phagenaed o&n
i ndi cator of the phage binding to the substrate.

natyisia PR (0 \idle S AT IR en e 23 terohge

selectcgla} Q:grfJfO e Cé‘r’l%% QW ikeund specifically to
10 but not to Si (10 (see FIGURE | A). In

corrpl ementary fashion the Si 5 clone, screened
agﬂh%tpneh‘@r(ema)alSispsqufa@e b igidawmed OpfO@Ihe ilndi sgone to
th 00), AS 13ur I I 0
Gapt%@é I'f ace of 1?%3& 5%{%%g?ﬁrt%{%n%%ﬁ%éi de 3 Ltli(h
(arsddriicd Ltfeﬁcmﬁhs&:elﬁHSIfﬁadéf dfh@ael ecls demddistdiangd (FIGURE 1B,
V\,het her it is chem cal, structural or electronic, is

]i)gﬁﬁIqliﬁuﬁﬁoqq“ﬁ%ﬁﬁﬂﬁ%IQﬂ¥CQQ¥§iﬁiqﬂ RS ggeater on the
(1dyesanse, 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
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
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

energy from substrates that were exposed to the G1-3 phage
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native oxide on the substrate surface may alter the
sel ectivity of peptide binding. The preferenti al
wa p@aioBi4es bi ndi ng of the Gl-3 clone to GaAs(1BOY/USTM&D29555
the (111)A (galliumtermnated) or (111)B 15 (arsenic
term nated) face of  GaAs was denonstrated (Fl GURE 1B,
clage helattrd|ighd GHHERLE codEeMPastad aemytdst gesults

in g‘gdt}t@s (HO0Qnswid a;cpe,mwrlglltvy%% W3Rl FRIS idrS the Gaas

ection, than on the galliumrich (111)A or
(1r)seniick iz hrid 1018 durfadesesTkese indidfserlontproportional

rfaces, are knqown .t.o _exhi hi.t djfferent .chem cal .2 .
o, g'hectq i iceosrfceggcora}tthnss ‘notbllhseurdﬁclrs%aﬁge tlﬁlat%rgt %é)r elni%senSlty
on SRl:eddad twyi wermigidmiced d 1 drike tRRage iduidegith@ ttib®s was
various crystal faces. Al though the bulk term nation '
dugft pdihe iIncreqnd ddesUfiinea rovenngydométys phage. XPS is
& chen i ffenene }ﬂvi iAs,
R e R
angppament  tesre foorgardsn g heutdhecdreeco st tlnet icogsinicTReyer
. conposi tign of, th i des .of .the var.ious As surfaces
inqrEdSh, iR ¢ 158 T PO SR o & (Rt eases-
ThiRbfdeait 1die warntubedl afo tdmiept idahivhd nitefR8ty of
intensity of Ga 2p el ectrons a?t;i nst the bindin 30
golgrteRtam Siubstasatidsaadaduer® &foda@sesachetGPhage

qae 7 / P - /Sgﬁﬁé 0 [
c° p= otqt{alerl ian%%%é %@%15%2{%3%0 t%gser gzjlsnul%:fals(,e %iuﬁ:face
of Ha@URE Hixdire sGardies neersigaremisened aorided aGeAsrith
(100),.(111)A and (111)B surfaces. are i.nversely
ehd) KB qdest o WA 4] PRty ST Lo e eo clgne s
werd) &hoded MEREAbud TR MdubJtir@tels with equal
gol d-streptavi din concentrati ons was due to the

sunfrdedieds sUHlabe YRsy erlage sy nch& yavmge Peripg des ingert)
didsq{ét?czﬁﬁc‘fgmy'%% W A S G AR Qed) . For the G1-3

appr oxi na
clone, the eluted phage population was 12 times greater from

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

The G1-3, 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 900-nm length of the
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
are involved in substrate recognition, including atom size,

charge, polarity and crystal structure.
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angstrons; therefore, as the thickness of the organic

| ayer increases, the signal fromthe inorganic
wagoinsisa8e decreases. 10 This observati on was PSEUS2003/029555

confirmthat the intensity of gold-streptavidin was

i ndeed due to the presence of phage _containing a

cr yhalClkpeG¥one bg'fﬁﬂalng‘- e it He SRFmRPuE to a

Ga%a?ﬁ[y%ﬂdﬂ L sidsies; wange Reh qrn{%% t e GOIdBl)at € The data

e XPS data, where equal nuribers of specific
comphiages & foate o ikl vwg evask pbiset ttegl Jar itdwes newsthi foiered pdtIdr

substr ith equal_surface areas.. WJld-t Ccl ones
PrQte a%g%_\ge’ptrfog:etﬁ%nrsoe%q B FEOT 'Cnolq%oe)gic Fifo With
thd | @as wwite gladecied) . THefe fidi® ,Goedbt iddaanaf e present
el uted phage popul ation_was 12 tines greater_ from

Inepsl QLMY it Febhe bl 1ats speqific pepfida-eemigonductor
intdE ilichs %'&%&Qﬁgﬁ r%lrgféecsrm%st %r@"}r%(tjé}@steirﬂl%tures

I nP(100) were 1 naged using atomc force m croscopy
(FIAM .1EDhe | nP crystal has a zinc-blende structure,
i sostructural with GaAs, although the In-P bond has

greater ionic character. than the GaAs bond. The 10-nm
i dt F Snd SO0 T Tergth G TIE 28 Bhebrved bIEJETT = o the

pré&fFtdrad iclie s tithe-lhdn s Oshaefe the Med ihagendibsemfede in
by transm ssion electron mcroscopy (TEM, and _the
CloRR PEPHEMEY dourl W iacs &t iddéoéee@r\ﬁeﬁél%w@d

stM&lo cén%éjlr@ﬂ% ( daf ‘fhé'éqlecﬁmre -Bla%tlélpn WJ &hed

has a hi gh concentrati on of phage. These data suggest
intdad ey Wador Schil) @ite dy eorrth ine B ubgint dtites of GaAs,

recogni tion, including atomsize, charge, polarity
andrdt 1o yittal Spa ¢ UBY uke. ba'gwa 290t 0BB488(FIGURES 1A-1B) .

P @Jéﬁo 3/ 029555 The Gl- %aon ( at | vel y..st.ai neq)
o Haieh DOUNE (45 5 GRS A i S GG SRE PEerned
subdBga d Nafagha)o rdudiation -Gpd i tWiald Big)disg wagged
~directed by the nodified plll ‘

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
to Gl1l2-3 binding only to GaAs. The S$Si0O; 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 was exposed to the primary antibody and TMR (FIGURE
1A) . The same result was obtained using non-phage bound G12-3

peptide.

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

essentially identical lattice constraints at room temperature,

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

AlxGal-xAs can be epitaxially grown on GaAs substrates. GalAs
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protein of Gl-3, not through non-specific interactions
wth 5 the nmajor coat protein. Therefore, peptides of

WO b@4psEs8eNt i nvention may be used to direct BEEUSI008029555
pepti de-sem conductor interactions in assenbling
nanost ructures and heterostructures (FlIGURE 1E).

andk Al{yang &@rv@sczeﬁ’&e Rieg1dss COpF hids SEaE Hug e mbiSt (thige G12-3
c1di e %}q o?rs%qtécaénﬁltttﬁqwhdqfngp%@ﬂ@ tQ ¥ans. A

Zl nc- e surface in close proximty'to a surface
mu]dfllchyfefrersmcgstod‘ae:m owls amﬁd,stqqymwtalngcmfp@@ttelrmtmg

10571 5, A S RPLLTD VSN i P 1 e

cl &SI SPRT i ddueinmen-eatied iwieh( EHEURES -BAcliBhe .15
The Gl2-3 clones were interacted with the GaAs/ Si 02
patterned substrate, washed to reduyce non-specific

bi A1 2mid st Wehig H ke lisdmirélr 200mas &8 pr obe,
stxté‘ﬁimlwlna{r{%@ﬂﬁ e(sTNR)Exam-Enl%ttli‘ﬂngQﬂ/ @E%Qﬁu‘@%r @lectron

found as the three lighter lines (red, in color)
micreBadny cEiMr sdwws |Qha=|a@umr@81n@orlr8em@mfngsam ead

Gl-3bnd|n onI The .Si th
Al"p?f%taér" A?enlia E%C%Aé %ﬁ%c%%%oez p"e%d[gfﬁ I cole}%rray

elehrgcal e&wltysr@s d’ﬁl)tgaolb]Sﬁ.frr\/%dldNalamﬁ.@ﬂirﬂ dlad hafedV@® map the
not exposed to phage but vvas expgsed to the primary

L 9 R AHE T IVR AT GRS SKQLUSHE Lyarke rtéeuﬁal\ﬁaslayers of
th@ﬁ{&&dﬂs&w&lf@n@mt@% N Ch2re3 hidp REIYIAL ofTHE nding

GaAs cl one Gl2-3 was observed to be substrate-
spepieli diity fior Gssnicsdr Qﬁmt(lrell’GURErﬂ_@)I.GLmE‘Alean@ model

. As.n:[aﬁ ssential |y identi.cal ice nstrai.nts
o ST Aot e o el HE ok s o BERe PSR Jergiuctor
hetaéhdoéthuﬁ:mﬁrerw vaaldeays 0f tH: AlxGalestAhceamme SEM images

I taxi % grown on GaAs substrates. GaAs 19 WO

‘PCT/ US2003/ 029555

The present invention demonstrates the powerful use of
phage-display libraries to identify, develop and amplify
binding between organic peptide sequences and inorganic
semiconductor substrates. This peptide recognition and
specificity of inorganic crystals has been extended to other

substrates, including GaN, ZnS, CdS, Fe30,, Fe,03, CdSe, ZnSe

and CaCO; using peptide libraries.

Bivalent synthetic peptides with two-component
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,

sophisticated electronic structures.
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and Al GaAs have zinc-bl ende crystal structures, but
the Gl2-3 clone exhibited selectivity in binding only
WO 00dassi88 A mul til ayer substrate was used, CONBCHBUSIIY3/029555
of alternating |ayers of GaAs and of A10.98Ga002As.
The substrate material was 5 cleaved and subsequently

r edtated Mid mnhdlagretd IMRter IMe G12- 3 cl ones were

| abel ed with 20-nm gol d- streptavidin nanoparticles.

Exafy naf %é&ér&cﬁﬁﬁiéﬁﬁl@rﬁﬁéﬂ%lﬂﬂ&m&@% &M

shows the alternating |ayers of GaAs and
reqAlqIvig8iEED. R Asinditnig motlies WHetse riss toxemgrest (1F-1I QUREPEC)-ed
way)g ;taé/useg:at r‘rPtnt al%nqlr%é Iu 1neqpt%§l}:! %nrp gg.r i ellélimt%urﬂagnetlc
an&@ﬁt&jtﬁé&jr}éﬁﬂ: tn’(&e@ﬁ;%&d a;iefcslxmflng Iﬁ:&rtlcles and

het er ost ruct ure, denonst ratl ng the hi gh degr ee of

NanR g 1 &heciff |C&W ReRt ICGPESas G splgy library
exﬂzrle%ﬁ%gl 1% PGl e tq.%Qi e @ ikt HAIGRC iHEN AL sses
of phage for sem conductor 15 heterostructures, as
milglgigms pft mﬁﬂamsmm@d@@ewmqmg@@ t(hléHGJRE@faceS was
A-C r.esent vent j.on dem)nstrat es..the
coﬁ£%§gq qﬁl%lq? %’ %@ﬁl UES ele i% S elﬁb

Seq:mihcaimhﬂfat tbuglrdjl@g abﬂ \me;redmg;ammdow Iadﬁ equemics
and i norgani c 20 seni conductor substrates. This

metﬁépt@%f@#@é@gnl%qc&hld&ﬁ@ “?@é’cﬁtﬁcclnﬁ}:e&flallﬁorg(ﬁmgc' Co,
smcBy St hagy hean eXt %rte%e‘?lt e eSSty @Ja%%» found that
i ncl udi ng GaN, Zn 304, Fe203, CdSe, ZnSe and
the(%(:@&qmﬂmg: pTWGId@JJ |bk;rnahnes pe@mﬁmtcagyrlﬂehetsed to
s Vl\,lln}c A nent %%lrceco n| & | (El Gg"RESbeen
ctirr eﬁ:ﬁ g &St gne<5n peﬁ'ts 55
derﬂaﬁﬁ/sa;xtahﬁdaoﬁremaltairei @ma rlepttmqmam Ia&ideilt W
specific locations on a sem conductor_structure. These

SeTHQRUHIUCTAE i ndrig L PaAT £3hEA FSHDFHUIEPERSXS dihe
nu&%a{tfjld?g &“_l Q@fﬁxeft le tn{&%efrel%rl'scatt'h%'?l Qrfag%e@el‘@ nanoparticles

generati on
could be prepared much cheaper and easier than using

peptlde

traditional methods. The nanomolecular magnets and magnetic
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
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

of selecting binding peptides (using combinatorial peptide
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30 sophisticated electronic structures. 20 WO

2004/ 033488 PCT/ US2003/ 029555 Metallic and Magnetic
woRwenBH8S | N the present invention, specific BCTVUS2G3/029555

and recognition of binding nolecules is extended in

~unexpected ways to netal materials including but not

lihnan tem ansl MagHemc 15 FRY FUSS) o kdgn 80tc begtetisgiks, with

' ydi rficl jcl
e L i M P e R ppom woed o
corextprlesdiengre lesrtgeorc alfl ectgret icf neaetrerilegphafdcdratare

expresses mllions of different, peptide s ences _on .
I8 R H S5 Hids ECONDIHET Ao FoSERORG S O Synthesize
madrRAWE G datSeleE. spaai i hrpld dg fol Sequeneesd on a

~that tightly and directly bind to and recogni ze netal |
hightteaming Bt yne [Qditie ey idEtc Wattebealper foangd i an inert

o P LI TR e VA S i gurcrer

prasedingised tpuriduintatalort ke treuc |syattihers i6f tiondiedramicate

materi als, as has _been 15 d nstrated i n natuyr.e ,and
nafGpAI q1HE ST G S GO SO ST iRy The
re&@nt bes Uused H-GRINITR] ddife il Raldei-tafc1mrgnet ithe

material s, then magnetic nanoparticles could be
trastigpenmad e ichiederveiitl essingi iehamdygiayg conducive to

traditio S I : :rg?g t
Scanlaegﬂie‘;% [ c% :%1{3% a h % Ee %sj&éél%qéglg{ o?)%m%cero grmed at
rod@namsditates;es dynanp s naggreeTsaive ;e agEgitet iyd edtdimage
or any. ot her . plicatiaons. for material that are .
nanGRAI I T iy BRI S YusBHGrG fifs@ much
chdB&F | AMprdaxt e dmdid ¥ e S TAC hRfnadBAN@droparticles.
materi al's. The peptides can act as 25 linkers for
This tapiigrrhotiet ehalusad ttheonhicdc € wystigde structure

an ong\fe%tlxacl rga]}ieerﬂtqit,ioag'l owi ng the sel f-assenbly of

Peptide-mediated synthesis of magnetic materials provides

a much cheaper and environmentally friendly approach to the
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
nanoparticle. Advances in the field of molecular biology 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

devices.
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nanostructures, which could formthe basis of novel

el ectronic devices. The present inventors have
woeaa@si4zed that this approach 30 of sel ecti nBChiUsziiosyg29555

pepti des (using conbinatorial peptide 21 WO

2004/ 033488 PCT/ US2003/ 029555 Iibraries and rPannl ng

t e i) SR D e JSRP AT Mgt manoparticles

ardalg5d 3 Sye a¥h Peitd desnhaviedenefuikesly Usiefh tt@mperatures,

control the nucleation of magnetic materials. There
ln%arte atdmsrmlregﬁ MERRPINEre (RESgH oS Cbéthﬂgrsrcer@ar ched
thhesj z t rtigcles of t e
pur]f é/ sl%r?e base[rgacggnke aéﬁh%%%tpc:rﬁpoéﬁ a udraetlsoynn hesrliri"gss new
tect}ila:tqumsﬁoﬂaq)wafmm@dnagnmc nefriop Atymsiphe s gy peptides
expensi ve reagents and often require further
£O JPsticlss RPENE rf It 1 Bh At adhat 1fdsh ©f fhese concerns
alf&@fﬂ§ aﬁ&mﬁ@p@rﬁa@&%ﬂa tih e rdesid §thshape alfhithesis.
crystallinity. The 10 result is that preparing
rmgiﬂeucm,ndm‘qzraﬂ |¢,¢Iésr@h athervstadi t9tonst Ursslrsh i s
or VELY, e(%§q%\g% %gﬁ conducive to scale up. The
approach” priesen erein can be perfornmed at room
t enper atures using i nexpensive reagents Yyielding
narkpard i tod asn Wadds aent red ek ryes treddduidd yenawmfd mepittide to
a nuc@I15 chea er ap roagh to the s ntheS|s of

o By
de @fgersie £ 1 Shs Qﬁégﬁtk?é ﬁé&@dlrpﬁ:ocﬁf& ctrnéstpaéptlde or
or1 ent at| on. Peptide-nedi at ed synt hesi s of nmagnetic

pepfatdrs aﬂ’fs Jp“rt'eﬁm“%ﬁés érhﬂjmm@@ army émunracmxﬁeaﬂtallne;d in
ond 4 ie : éiq‘lé rl)ef 2% OJ o g;gltr Iq’lg The

nanopar IC es. e current p Ot OC Ol' pre

badmgneipitad@neparde cf st her bmdlgnermaoratgmmreahdo express
expensive. In addition, the current protocol vyields

th %éﬂﬁﬁaer]tri driidiional Goate 1A% 6 gafiur thermore,
baSWL AL 8RS d88€ coli, 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
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
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,

gides or bottom of an opening and the like.

Magnetic nanostructures have a variety of applications,

including memory devices, sensors, ferrofluids, etc. The
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surfactants are not amicable to further nodification

of the 25 nanoparticle. Advances in the field of
wonbmemas4as bi ol ogy have enabl ed the functi onaPCras2m8/029555

of peptides, suggesting that nanoparticles grown from

peptides will also be easily functionalized, which
mateysi 31 atRA §IRIGS i FeYt PR IGies daseailss) ferein are

Vigese andl dnt egr atdon it q@gnetic menory 30
ap evcl5 ces. 22 WD 2004/033488 PCT/ US2003/ 029555 Current
techni ques for preparing nmagnetic nanoparticles are

expEmnsi v ef writhas e heo el gL o eqd miaggetiigh materials of the

._tenperature i nest, at her e expensi_ve . ts, .
YTORP ST BuriTicat] Ohs, Aitd Post syt Reta o rons which
indmetid i wrad | sl owhliics. Newldh tieatdl s Ifiesa ticepariingd ude
magneti ¢ nangparticles using peptides to nediate ,
th?)Y%ﬁRfFlttlJé%:orﬁg%?%lq%vi%@%ﬂqlf&r tHhegd ceon&&gieering

prédd O DY JRICK S i€, APi 13 4 NOXXRRNTME RRfldrtla
synthesis. |In addition, better control of crystal

appt et igns andonrdxemudts o magnedcid eraisirat 1t sKivewn be
t echni uqes may, be us dltko roadlf_j1 e ensou%h lpeIpti decato
CATFArET ar s G (L SRR Pt dred T8 &E4 I y
prétess gitefl Of gani irmrdeadisad) .t 0 heduepdliegpdpinsddnclude
or peptides of interest. The peptide(s) my be .
PutidntFHckAned §HPT G hE QAT RRTIHB i Yof drgiggdelivery,
im%%%)ac%r%favso@%%nt@,e R DACLRNIRPNAGE TR )D& f Wl i cs

signed or engineered to express the protein in
whigddi afeorestt o]l Jyr cidsines sahire -heDmigs delldotearyi &ansugtelude

endSip COLL o R8 ol neergd L0 expross the - pept] des

0] one or nore gns O
fol vy XealdiA{din iaduay agrlyobywsiagepapt ifdes dsor
Pr Rl RS dasiah can Yield Bellilar penctration,
Another application is blood-urine detection. In engineering
applications, display devices can be made with controlled
aspect ratio magnetic particles coupled to optoactive
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
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
triggering. In cellular modification, the size of the

magnetic particle can be adjusted to allow penetration into
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is that they do not have the limtations inherent in
sem conduct or processing, which is generally limted

WO eo04xee3488li mensi ons, e.g., using photolithograpoyusXios029555
peptide(s) of the present invention nmay be used in or

about_ a matrix that 25 permts the three-dinmensiona
thepdéﬁi’]t]i oﬁ’ﬁ@-‘%]rn ﬁﬂﬁ R L fe tfe cob’é’&t Sddd thrRedgagent.

MadifPl 1 des; dRys thgh e JQigmed; a8 @ dilddMedite |f'cﬁe§>e91retratlon
Strrations, layers, dots, in grooves, on the surface,

This§ desn dre boteor o’c'foxartr@geqﬁemgmam e dduaes lvagmetqedlular
nanostr uct es have .a r 1eeté’ of a | |cat| ons,

EEIIRF Uty oY eV ¢ s, SEhord i PN S atrtmle can

entldie ke V&ﬁﬂ%&&i}{b&ﬁ oG] &&&Qﬁ?dgoa%'igﬁﬁtmtfefelais&can be
particles, and nanoparticles described herein are

usea%)pw HBIIT90 HITERAN e el Stil | further, the
netallic and nmagnetic nmaterials of the invention can

be misechidls e hods, étfﬂ%%gd&@ﬂ@ﬂ Gafd1oRe \Wiaehical
i nclude the follow ng. Additional applications include
afﬁmx@pém&e,@, sariea@rtdsma:smvéwg‘imem glooaiema@mon of

ct I , ,
o Gy TSP B S g B e

nars@Rartalc s ©an theve cat rddctmidgd inddigieng e smaller
_separatjons in large scal e 10 processi ng of reaction
S135 O%Q%S]e%]ﬁge qu?ﬁ'ctap’iﬂqjtoat ik 9909wt |5‘1}r iFiedatSicss and

shder #RAUL 11650 1 dH 0C ARAHY |ddvbntdded deliirveny parftlcles

I'magi ng contrast agents, localization (in vivo)
havegmiegh cm;agrwnm mmme»at\elruml | ;Tlmjmga:mee cabr dpgs long and

deliver |nclude &G li.n articles to,., .
Ca%rﬂ%%eto% crhe st st npeetu | cs e(I)l'éiof &kﬁlom&?@berﬁt&él iPrRritgenal

forded herdwdyhdsHmgneififedd el dore E‘de@QrfLﬂarstdp@r%tlon forces
design can yield cellular penetrati on Anot her

cadif i 2 IBHET P Sl iTREIdttect i1oh. LA ldrgitisy iadg

reagents in vivo, magnetic particles can be injected or
ingested coupled with reagents. External, spatially varying
field can be applied to a subject causing particles to collect
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
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 sequences that

interact with high affinity to magnetic materials, one can
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appl i cations, display devices can be made with

controlled aspect ratio nagnetic particles coupled to
woptmasisye 20 material s including fl uorescent Pan@s2003/029555

birefringent materials. Sensor devises can be nmade

wher ei n bi nding events change the nonent of inertia

quiL yrergite 938 Iaf tiqEs o MsiRed 466 Bilddi fgn acémpatislly be
used'& BN Af dierdia Lhange o(fa%a%‘?#eqqtce%ta%%stt%%%gﬁies.

epoI ari zation decay, i1ncluding use of a coupled
Usioygt ireadt idesctiovececagerttl.  tArotnverl egpiplanc atfi owgnetiie

e R 858 ok SIS TORRE S IR MDD cuces

unddrelfpiEMt Wdrlditg iep Miye tiradaloieniingikg cebla for
specific noiety to a specific address. Cellular

Pregailincatnashe b It IANORS Y1 el AfcEn Givgvdng Gdiabogete

syr{gﬂeg:qq | Uherdk Geld Wale 3)ef' Qﬁt"fqr&:’attj]%%,s'i 1yin _h(Ehat
magneti c particle can be adju ted to allow penetrati on

pep tnitdee - ni I\AD 20 04/ 3B rPFHUIS2 G385 B5 mutche abelaper
wherein the particle .is coupled with a reagent.

al ¢ fqoelrb‘?ocpaﬁﬁkfé: séap%ilefﬁ%t ive force for

penetration. This can be useful for transfection

pr agrdweshd sl ildll ardvantagesy 0T t HN@rer@@Ntinvention is
coupled with the magnetic particle can 5 enter the
thate|gheaRerticie s it SRAHRA Ry rrige RPN Pecdr th@ept ides to

be WAL 4 d PP RS 41N R L Hilre FPIMRIELHBhet ie

magneti ¢ separation 1 nclude classical affinity base
matsepiarla . ohdge \napta dard Haomaldermnistiragfed eeagditlsty to
i-n-vivo, JIn. affinity based separation, the netic 1
nuq AR R e Ve IR VR g e Do of G trol Led
cryi®lliemi 5t ze mdda g asReiparatiicd.e AMA VB0 Lo Rreplared
over size and _shape distribution. Another advantage

of jhexggansd yartixdePadidre I grIfaGRRtt @nseisRG vity.
naﬂgﬁaﬁ¥¥3fé§(%é¥¥1ﬂgéﬂ(ﬂ¥¥ﬁ¥¥%d with the layered

crystallinity traditionally associated with the Invar alloys.
These crystal structures exhibit the largest magnetic
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
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

crystallinity.
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additional 15 forces fromthe shape effect. Mire
w@onBiss separation forces can be achi eved preT/g2008/029555
reagent. In localization of reagents in vivo,
E{ﬁtl c particles can be injected qr i ngest ed

& WmeaRt IRy dift Sonbacdr rhie nysdEad iR wir gy
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a1 SHIRECTHe Ah UAPI i SRR iRy, Sich 2z
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artBt enidlier e @BIbnadS 2H012004/f033d8% nanoparticles allows
PCT/ US2003/ 029555 Jﬁ&l ckly and easily identify

thejgptgadds agaamitlah Potemammley Fe chides s e o MefRey
devyglgation of magnetic nanostructures. Using peptides
to control the nucleation of magnetic nanoparticles
enabl es the synthesis of magnetic nanostructures 5
undére gretitemtlesoradid iwpaﬂt@qh@dime@@meqomi@@ommides
for r-epari.n etlc nanoparticl es.oft U|re
£ GROTER ST ot B AT 5 A VLT

remruﬁ‘ldmtz@rthe mRlotiatgi d hdcorerply dediedingt ethe to their
nucl eati on woul d provide a nmuch cheaper alternative

snglg rfHsharttish é“aéijffﬁtrﬂé”a%lscf@ta?éldft}i [F&%s Fé§ealot
pré%ia%lqggs of the present invention is

Example I. Peptide Preparation, Isolation, Selection

and Characterization

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
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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that the peptides selected by this approach permt

peptides to be selected to bind specifically and
waol2eoamBi4gs t 0 magnetic nmaterials. These pepti dBET/EWO3/029555

denonstrated an ability to nucleate selectively

magneti c_nanostructures with controlled 15

ne%%]t%ﬁqdr iR Tro sgdle, @5 rarddparticcedites #heesn were

tlﬁfé@rﬁﬂa i erzgawﬁldﬁér@ PSR PIKRAEy, and CoPt and
nanoparti ¢l es have béen prepared with the

Iayered crystallinity traditionally associated with

t heThandragsl |edys-edTpdde 1t rositng - reunge tshss et Isixpashae

| ar £st e { [ of hej e Y
werdodie YN i R A (B S VRS st
andlesl £adud e;m&wemai/prmrpmaa&sat mmcm&mmmrdr@ngﬂﬁge

scal e. These properties nmake these materials
werx gt israd damd ddite s Sdon B ed cathiieh shuidas the lacZa

t
gefie B 2 ; a%@r"%?&’g;ae U APUAEs Wl Sl WP eaia
com @ -BYdn2-4 -the cyRld ansyae pab-asR toside)

nanopar |é1es concei vably all ows the constructlon of
andreT®Iy  (esdprep il -iih Da tdengjdlpndtodide ) .t @laki/whit2 screening
range. Wth the present .i nvention,

SnCo5
wa%]mﬁﬁarttq SBE % @fmg@pérl@dm%tw%% 1aeelopE MARtAGe
m&%ﬁfét 3é1alc{1detsy were YR AN Q38435 REHUSZ2B/1A2P e se

Usi ng peptides to control t he nuclea 1on of the
platawparticles also facilitates further
functionalization of the nanoparticles. Nanoparticles

e e A

coﬁﬁﬂﬁﬁédﬂﬁyIXHﬁayNdiﬁﬁﬁadﬂﬂqn(ManﬂﬂnaHEW¥WMﬂ1des were removed
attachnents) a | aborious process. Nanoparticles

by FRPARAEE e PRRIdT R E S odHe ARipwing etches
weRERldHesy MIEHAAIH1d InP surfaces: NH,OH:H,0 (1:10), HCI:H,0

(1:10), H3PO4:H;0,:H,O (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
HCl: H,O 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,0 1:40 for one minute,
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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relatively easy to functionalize using a variety of

chem cal and bi ol ogi cal techniques, as known to those
wobomhidssin the 10 art. Further functionali zaPCDUSZTN3/029555

t hese nanoparticles allows their self-assenbly into

conplex architectures and nenory devices. The

parfi bl et TP 1ITIS Frepart Usitdy pEpeicdeds were
grc%v%h f%wz@iem%f Bt 4 d 1 oS $8es L Ja,b' ljfey to

utioni ze the nmagneti'c recordi ng I ndustry due

epitaxiwlyy il Isivers higpe rihgiteipnes] ssdeqpd)bidt tay lawel of
s £ se-,0f _preparation. Exanple |I. Peptide Preparation,

Fsol atf8n,” Selection and Characterization 20 Peptide

sel ection. The phage display or peptide library was

Corkmcisiyi drl tdeel & andtsonidiect orEororchad s, @R talds AFM

in_Tris-huffered saline (TBS)_ contai ni anl 0. 1%

&

eXW'ZCfukf%qm@fe%ﬁ@ﬁﬂ%@gé:q @S tiVng GPHthdn Tris-
pbufthfaE & a A HArkitd-dlicdd P Wn aindi0ay foacztSeriophage-

~tenperature, the surfaces were washed with 10
biexosteebudar < ian uftfidrady dat ithee gdd I7 mBotendr of f£d phage,

i easi EN-2 oncentrati ans from.0. 1% to
(1 P80 Wb 1tk e S e 4 o The bR dng per
rinded atdipharproft glyci e HOA (qrtepta?)i di+Bovine,colloidal

transferred to a fresh tube and then 27 WO 2004/ 033488
goktF o8y (EYH55in Rl tasPwhifared iseliae (G, Higua)

wad N €l &S Rhage \wirc@ciﬁiéc?r{ﬁ%aae& YN G HBIJUSH @B otin-
was conpared. The phage el uted after third-round
st sepisavialin edpostact ioger e xed Mdads el eRgoiwad dd &he

coli . (E.,cali) ER2537 st 5 _and, pl ated.on .LB .
1l srS s S dhin ik P harB s et ges
fromthe vector ML3npl9, which carries the |acZa
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
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
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

XPS chamber.
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gene, phage pl aques were blue in color when plated on
medi a contai ni ng Xga

W@ 2008003888 4- chl or o- 3-i ndoyl - (3- D- gal act osi de) PandStBI@ISS5
(i sopropyl - (3- D-thiogalactoside) Bl ue/ white screening
10 was used to select gques W th theeéindom

pedti el c i FErs Mt |ck§3“é difeh&ed

pid{om tﬂ@é@rm@é@é@s}alo%bgé Hu&PaAtd ok i SBUNSEIAAEt 100s-
orientations were confirmed by X-ray diffraction, and

2t\nat¢m%rai><1réﬂssllwé?@ reEGAVEdNg 1848 wight dprG AcATEIRE cAhe

eC|f|c T f et.che r est
im FAR . B R (e ] Sl e
wefé.éﬂbhed{%iikbon}ﬁﬁﬁh 1320 X akithid)ewdrsl aridutper iard
10 m nute etch tinmes. The best elenent ratio and

corp%ra%l%t%ﬁ%ew&%t%n dl’(%}éﬁfrhgn%@"smﬁlrearﬁss%q fFequency
of e EELh § Wi ACeS WS- A axed Usi Nh2Q el dﬁ@@rmn{ls 1,

m nute foll owed by a deionized water rinse for
ImagertwsrHovewaked sisiceg an @mﬁﬁmwﬁmmmedet@twqm sample
sed for GaAs in the initial screening of the
ibrary, this etch was used for all other GaAs
substrate exanples. Si(100) wafers were etched in a
sol Tt droamiod s Hn H2I0: dt #h ﬂ\ﬁrcmm:crp'}nu(ﬂeEM)ZS fIEM adweshdyy were
rinse. surfaces were ta

d d wat .
talfh SETRE 14 Gt ePS (B0 8 A O e i thApe (diluted
1144 roduess) tiperd e daged Ivblr@d wa@rglaaf&% 0<fs<ﬁ<prartnr Olfor 30

substrates, not exposed to phage, were characterlzed
ml@@mmﬁbﬁu%d € | SenREs ©fpanthe las Hinan pmmsggi phage,

5 B Lo R s Y oyl e eainea

witH BaAsrandl ofcAl{:H8CGao. 02 As were grown by
nol ecul ar beam epi taxy onto GaAs(100). The epitaxially
grown | ayers were Si-doped (n- tyPe at a level of 5 x
10f%c%ﬁﬂ lg Electron Microscopy " (S The G12-3 phage
(diluted 1:100 in TBS) were incubated with a freshly cleaved
hetero-structure surface for 30 minutes and rinsed with TBS.
The G12-3 phage were tagged with 20 nm colloidal gold. SEM and
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

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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5 Anti body and CGold Labeling. For the XPS, SEM and AFM
exanpl es, substrates were exposed to phage for 1 hour

wo nooknssss buf f ered sal i ne then introduced to aPCEUS2008/029555
bact eri ophage- biotin conjugate, an antibody to the

I1] protein of fd phage,., (1:500 in phosphate buffer,
maEAmTS (A SR aATR e YTt Y i TS hat e
moid Bbay A S S0t aidli fu2Rs M ol d gkl i o100l driieabel

(1:200)° i n phosphate-buffered saline (PBS, Sigma) was
morpd beprised naeurs ofi iiaigaaledigirigiea khmdgie he system

bi ot i bl Hiey ¢
cofiemtie T M PRSI A S R B e
Usiieyeflad rhétiwsds dh RS prdsent aynRiratiasl edtirgily ordered

Spectrosco (XPS).. The following contraols were done

nangjpe g AFPES t3F s thath REalsoidt igmgefe of II-

VI SEER dSh KRR Y8 Snd £ oM H0 1k ek A e Rhagey @b rdt self-
non-specific anti body interaction with the As

assamblhceg, el gyigal atblGms(an0)e s f Atls e tepiendhge that

to th _condi { i ons; i b d t
nalf SRR D S RO oy guepaces

weagee@ed st rept avi di n-gol d | abel, but wthout the
anti body; and (3) streptavidin-gold | abel, w thout

ei ther GL-3 phage or anti body. The XPS instrunment used
oSy e SO G T me S e B0 Rate
inwd i S anedes i aglucd NG JNAE QR 101 5 St @F

X-rays. Al sanples were introduced to the chamber
senigrtiee Py wdteriact dasagihEee YWhdye thes hagniifden and

Q o, 14 n9><cid§’éf" PhhdNg GaAsysur ' %‘1]

e it hE BT AT S N Vactum 1 reALa L gnd
se fH @edst g | o tdeEmi AEhHRGE chsanizgr b2 134A 200413348 micro

PCT/ US2003/ 029555 Atom ¢ Force M croscopy (AFM. The
fabipg ek vls glectronic devices that surpdss current
photolithographic capabilities. Application of these
materials include: optoelectronic devices such as light
emitting displays, optical detectors and lasers; fast
interconnects; and nano-meter scale computer components and
biological sensors. Other uses of the biofilms 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
high-density sensors for detection of small molecules
including biological 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

or multiple layers or even in striations or combinations of
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Digital Instrunents Bi oscope nounted on a Zeiss

Axi overt 100s- 2tv, operating in tip scanning node
WOWRe/03348 scanner. The 1nages were taken in aPCT/US2008/029555

t appi ng node. The AFM probes 5 were etched silicon

wth 125-mm cantilevers and spring constants of 20100
anwff dhissesm marviheile ragsrat fhreddary ofofskidd+4go the

Hz. Scan rates were of the order of 1+5 nmms-1.

mages were leveled using a first-order plane to

renmove sanple tilt. 10 Transm ssion El ectron

M dtdseopysdsTEMr tREM pregres vierveenttigken ngsliusg a&lectrical

hilips EM08 at_60 kV. The d - hage (.dil uted .100
anq PaglSt R g i e U (Y CoAs i BeRE 500 Py 3P
el & rdfitresofenidd fge df 410 rSepardirss itaf tdtdegyd,r @g., for

unbound phage, rinsed with TBS, and resuspended in
uSerBS! RATHIES SRTRI ST ned ! TR TRtV 2% ursih dedwidive and
st%? ning-Hect# ap ML OScapy, SEM:. ayiﬁi@a?t'i%rp & can be

ITuted 17100 in TBS) were i1ncubated wmth a freshly

regdrestvisdit bt er .a¥ st riuict Lo calrlfyacronfoart 130 evivaatcasiesnd

rinsed with TBS.. The 2- 3 phage re tagged wi.th 20 _.
20 HRE SRR RS ST IG S 7 SRR A T gs £11ms
andVese e 1 ied £ b rtisd e tuhie: INQTHeA b r GRIrAC tiirBfe riYisire m

nmounted on a Hitachi 4700 field em ssion scanning
InfpEa N Mg Pk \Fuamtaiip ey Patgiesmy P25

iadhe Presenn | ”é’.?‘.t,ord?e tendrRC QNI &4 fhats ArgaNi G- foe
I norgani ¢ hybrid nmaterials offer new routes for novel
idemtieficdtsiandindefaloes; & zrmeontaw|dosti ngan o silreu gingsesit

i Vi optically and el ectrically tunabl raperties of
nadd i her A= WS SHRE O RSP a SO RS ey
materials and organic additives nodify the inorganic
Building well-ordered, well-controlled, two and three

dimensional structure at the nanolength scale is the major
goal of building next generation optical, electronic and
magnetic materials and devices. Current methods of making
specific nanoparticles are limited in terms of both length
scale and the types of materials. The present invention
exploits the properties of self-assembling organic or
biological 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.

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 II-VI semiconductor material were

accomplished using genetically engineered M13 bacteriophage
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nor phol ogy, phase, and nucl eation direction. The

nmonodi spersed nature of biological materials nakes the
wayaumaz4sgonpat i bl e for highly ordered snecti cPOT/@e2G08YY29555

structure. 5 Using the nethods of the present

i nvention, highly ordered nanoneter scale as well as
thaf|Rqsgesfyth RWPFH iYghdisetor (& Pept idericioffidiprcid

; hal [ [ | [ r -
LSy R s i

bact eri ophage that have a recognition noiety of

spedstth amtoormketdrhaig fdeen ety werce Rt edtas smectic

I | ti d ds of .th
T N | DT AN Bt a1 GRGTh S E1% Bt of

di e iU G de 1AL ETHE SnettS At eadies g Hderirus has
recogni tion and self-or derin!r;% system descri bed

PotRitEi . 2RRL YR oE tibrPdi ™5 HelSeaderichgagroscale
orofé;ﬁr?ﬁgwcé&r&mesbecd'%lt&_ﬁm%%i@rférlo and 3-

ation of electronic devices that surpass current
di g igiria h gyl igpinentt apfabidridpices. i el i ¢ &dcre wifoptegee M13 was
terials include: opt oeltectr ni c_devi.ce uch.as
usq HROTR (1Y il R I S Al R e & D e
sud AR Ril Hasde - dd &I € ANRCIS ;siRe NARAURIEAr tscae Fd
~conmput er conponents and bi ol ogi cal sensors. O her
vigkes BT this FRAGH S dieutiaw l?%fl”}@lttlf?@ frogs dft- VI

¥ |anoy nelide-wel | -grdered d i gyid 4 algeal
Serﬁdﬁrgs{ﬁgz%/%%an%r gan%/%-i norgani ¢ di 2431 ayl%tr )eég{wngeggy.soll"]ﬁece tor
smdat] ivs,stfiisrnsrandhat sm starvet uresiutdy el d reldudenoscale

5 high-density sensors for detection of snall
Orcfﬁﬂlé'b%loe’g IR %%‘glefﬁ'ol ogi cal toxins. Other uses

i nclude optical coatings and optical swtches.

Optrien g desersc afdwdrti d¥gs Haofe U@ edmdimt@tisi10lsc@é@ming

bone i nplants; may be constructed using one or nore

megiodhd reftigtd A A PSP IR GPR G Ky IRePE0 A5y inserts
tha[(;ef‘“e{femceaﬂeﬁyleé %P b EYEhd T S ddrlddNi: Wor® Y ARIILONS These
semiconductor surfaces included materials such as zinc
sulfide, cadmium sulfide and iron sulfide. Using the
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
(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

well-ordered nanoparticle layers by use of biological
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w Il be apparent to those of skill in the art. Oher
waoges/0Bass t he present invention include el ectrPCBUS2@8Y029555

magnetic interfaces, or even the organization of 3D 5

el ectroni ¢ nanostructures for high-density storage,

seleqfivitet angd 9L REFRUHYConPIRIAd) SPALSEr haqtrelypphage

' ' 1B, g1t r Qf; MiiUse ds .
We%%%%ﬁaéﬁp?‘ﬁ el affda?a@‘ﬁ i l?éﬁ%ﬁémﬁ‘%iﬁ{" &g, 10 the
préxdaitogimcan i agonmpétl ble sdacidiared,ilaadiniprarst daantgriophage,

vacci ne. cant ai ners..may be .created with .the fil 10 .
wag, T TR Yo QTG b S TG HETISREEEC Ty SRS Zine
sul ff i medd i ek QalgE ased arcilantiymdéot patterns for

identification, e.g., departnent of defense friend or

foe identification in fabric of arnmor or codin

Th
pr SRS SIS DIt QAT He WEPa G0 e S dlemonstrated
to 'fjcﬁ}ﬁ i fahd®nele hor R | o Rl ardIed, These

we controlled, two and threé dinensional structure

- narmparttsl qi@wlergtiugde e drgartieadhjioto gdairaf duidigisngnd

._.next generatiaon optical,, electronic and netic
T S R G T et o oBLS B et
narsfse i € R tqudresun ey d il ifdneht R fifeidfs ,0fardidtdan be
| ength 20 scale and the types of materjals. The
syiyrhasited mishtamsieresk ridiiia the griched icgysgrl -
sel f-assenbl i ng organic or biol ogical nolecules or

pargd &l &Sioghdhe M3 Nagisld opDagm 0 niePaMtdife ¢ peptide
al i gnnent, "si Ze, and scal e of the nanoparticles as
ingwfts atenehanaden gardfchsamaarivradonsimoe AFd s THYht agwh SEM.

be us 25 Fﬁg resent i entors have recoani zed th
un{folifth £ U BESEHa | IS A SR R

thdeglasutaldiey nadnpleesvay  to build wel | -ordered
structures. Nano- and multi-Ilength

AFM. Includes Digital Instruments Bioscope mounted on a
Zeiss Axiovert 100s-2tv,operating in tip scanning mcde with a
G scanner. The images were taken in air using tapping mode.
The AFM probes were etched silicon with 125 mm cantilevers and
spring constants of 20+100 Nm' driven near their resonant
frequency of 200+400 kHz. Scan rates were of the order of 115
mms™'. Images were leveled using a first-order plane to remove

gsample tilt. FIGURES 2A and 2B are schematic diagrams of the

smectic alignment of M13 phages observed using AFM.

TEM. TEM images were taken using a Philips EM208 at 60
kV. The G1-3 phage (diluted 1:100 in TBS) were incubated with
semiconductor 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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scale alignnment of I1-VI sem conductor material were

acconpl i shed using genetically engi neered ML3
wotact/@sissphage 32 WD 2004/ 033488 PCT/ US2003/ 0 225A52003/029555

t hat possess a recognition noiety (a peptide or am no

aci ol i r LfLc, sem con or surface

Set El\é{\hd gg%}%{é% h‘zgg&% %r%\’c (garilznegf@d) VITUS Yhec a|1tced
wibhder fngssiy ucl emesd t hat e haver bodthure postta@natoarsb ninutes

nal order. The snectic structure of Fd vjrus

%irecti
an aglnﬁ%ge‘ﬁﬁlél TBHpI TRatFon T PhrA® RIR 1T/ D BHA 20 nm

colBBD§5 8! 80181 del N @f o BLREE AL %éﬁiﬁw' ithges were
2-di mensional and 3- dinensional alignnent of
cohbpopadtiiel g . tiBadier i ap hdgfee MIB WY S e dndrated eon ta
. e et I i fied, has be 0_successf ul
1 E8MBRa B60 CHERY S IRELI ating TR MGt ot 5
kvand has specific binding affinities for I1-V
sem conduct or surfaces. Therefore, M3 is an idea
source for mectic structure that can serve in

mul FFRSLAF R PACTHEIORTETE Mbi S Hiyr BIPhagfopdiat drasd.
spd8ifhe PILSERY HRYSHEO!Ss Ny esdisRbt A N ALt Bl ces was

screening nethods to find ML3 bacteri ophage
ampbhf d¢@i A peipe i teed nseing stanrdart anglagablar dfiological
teglllﬁg Qgst 0 ?eﬁnr&ﬁncgfjcgé)étgﬁ{(%%ge e . s S%‘lsion .
Sém conductor surfaces i nclu ecfa terital & such as zinc

(cSHEéheRat LadM ™S Wiodes /Qnd 1ahen 4sHif bde ovdshngntheul ture
20 techniques of nol ecul ar biol ogy, bacteriophage
verondilaed ok e a4 00 IMbribk yned brest eharads inglpecidatcion.  After

e et (M D s ST PR Sl o

sudpéns 1 ons Overy Shedpd o dreby andd ihive Ndlsaeeniueusns to zZnCl,
bacteri ophage, Fd, has a long rod shape 25 (length:
dopgd M PRIt EFRE TS BN 2 ta P b IR S Go| i drighest

concentration of A7-phage suspension was prepared by adding 20

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

extinction coefficient of 3.84 mg/mL at 269 nm.

As 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 as
well, are observed. These 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

tube of 0.7 mm diametexr. The highly concentrated suspension
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wo 2@uioss488 yst al | i ne  behavi or in highly concenpP€®USZN03/029555
sol utions. The ani sotrophic shape of bacteriophage

was exploited as a rrethod to build 30 well-ordered
(1armpant) cehikitegd i dpreesit mcail@gu &l urglenyphe

para %/ Pg’éé?% gg%\?tészlgl(%{tp?a%d55 cfgén#vé Lllyc atréq(ture under

ass erse bac erl

th@rcem@bctmmugéd s]t:ag‘rdar CFH}HHE firgat i Oll‘hel‘r&ﬂhﬂc&tdmc
the present _invention, a simlar fllamentos

PlihgoriopghagRE %/%scad’eﬁé?ucé%ﬂqlg})%?d# Yed' &% Bihdhe
cofIPPAL 1 & &SF SUb A MG il de ©afdm um sutld @8 cch
and iron sulfide. Mesoscal e ordering of bacteriophage
letmish e it d el the rtigiregradst lerartadgn gifter 24
nan rgic The g@_q icle e further
ho%r ggaacze% %Ie ﬁ]e rsp Oclol%{c,ﬁ anéd Ssa}r%{l Jcent| nmet er
Iength scal es The sem conduct or 10 nanoparticl es show
THELE (m ¢ atifdlrertenti cefofiects angndonarenteratsynt hediazédnship.
and ordered WI t h| n the li qU| d cr ystal . Bact eri ophage
ML3 suspensio ptat-hg Hge Aserts

were mede aﬁ&ngﬁHFﬁegéPPzed isi rPgltA%Mrieﬂ‘:"l\t?l and SEM
Uni f or m_2D_and (38/BE ering of nannna@Fﬁrlpq WAS
observed 15 thrd@gBBut the sanples. 3AFM | ncl udes

Di gital| I nstrun@it82Bi oscope| nountedblord a Zei §s
Axi overft 100s-26%,.368perating|in tip &canning npde with
a G scanner. The.spages wer e takenibm.air using

t appi ng node. 1Re, AFM probes were egghed siTi¢on with

125 nmm cantit BVERS ) and 20 spfing CORGEants 0f—20100
Nm 1 drirvenrnea rr—resonant—f1 epcy—of—200400
kHz. Sclan—rat colzym?g of—theorder G?rg?.ulf RiiE) ; |rmges
were |leveled using a first-order plane to renove

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 propyl triethyl silane for 4 hours in the
dessicator. Images were taken in air using tapping mode.
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
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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sample tilt. FIGURES 2A and 2B are schematic diagrans

of the snectic alignnment of ML3 phages observed using
WABM4/026STEM TEM i mages were taken using a PhPCT/S2003/029555

EM208 at 60 kV. The Gl-3 phage (diluted 1:100 in TBS)

were incubated with sem conductor material for 30

SeRATARN RYHFTT PR Kepaatand hatiediepiagsmeorrespond

| sed Wit TBS, i
o b e R !
St ME 200 /0884881 PCTHLdS200 31029556 GEMrafitd phagetern using

(diJuted 1:100 in TBS) were incubated Wit
3 LR PR ER e (Ve (LT S (AP 00 A 8 cig CURES 32

and i®ed with TBS. The Gl2-3 phage were tagged with 20
nm colloidal gold. SEM and el enental mappi ng i mages
were 5 collected using the Norian detection system

MOURRRRPIGH 100 19 ddif FRIG- 1 el PaGHISiRhastamalAgts were
su%%%c%gé)nwfgk?rlﬁ&&gﬂfhogf{ Tﬁrai(fk—\éuf@eer}f%td Cs%x!llni Ieﬁg&l}iée,erp 7.5)

act eri-ophage specitic o
and®rARENIT, &€5f 10 e RONdu6t Qhi3HN I ARCRaYBSwad Ca@iPh | f iRk or
and purified using standard nol ecul ar bi ol ogi cal
rodleicimifipres2 4 Jhrurd. Of dysot eramgyErEgelsus ferss isorspension

(concentration: -107 phages/l) and 4 nl of averni.ghf .
(AT ore hdtod 0 00 L S le diAm T HacE 124 in a
de MRLd 14 Lo OMn &y . APl ddntCALI M p a3 T8 1Qfm aqldd Fin thick

was preciplitated. The 15 suspensions were prepared by
wasadithrmeNa28 ot utnsidse taf 2@ 2 ulopedtAs ghidge shown in

ensions at ro te rature. The hi ghest .
FIGHRIE i 319 it Br AP D h A SRS Gh WIS orcar &y Spematic
diafHmn b2k hd Wiofi M A dhbwand MNaZS s utg .ons,

respectively into the -30 ng of phage pellet. The

concentration was neasured using 20 extinction
coetiM cfi’ké?ﬁr‘fﬁt%o.%@ﬁrﬁ?lﬁ{fle@tm-ZG&%ﬂﬁscale 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
observed throughout the sample. The gverage 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
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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As the concentration of the isotropic suspension is

i ncreased, nenetic phase that has directional order,
w@bokosi4es i c phase that has tw sted nenetic stPODUSI003/029555

and snectic phase that has directional and positiona

orders as 25 well, are observed. These phases had been
whighglerfasd dne Ry \Ardisesl yneati 2sidd motadeiiveg 10 pl of

acc%feolpaatr tf cl %fteF?)f()lCaL{Il‘lzrsgdCth‘% ;C&aelggr |mz gﬂ(rj:los‘g (a:-:r I%;@elém'v"as using

suspensi ons” Wer h

a E&)idacajltﬂanﬁrdmﬁ& Eamew&ws&norse&asld‘né lwed-d Floated on
glass capillary 30 tube of 0.7 nmmdianeter. The h|%yly

di glonkkatt MataF s kiR gied 3 W e Eisl grids.  Parallel-
a1f§ﬂ¥&ﬁ%§9§k&%¥%¥%s(ﬁ?7 @%Jn%gﬁggigﬁégifl%éﬁ%f%ﬁix z

col or [5] "under the parall and
plmweml tsl‘rﬁecaqk@ntas:atmr@agm wehe ccrhmvmd,arHIz:éIRE 4 E-F.

i FIGURE 3A The S ster.ic he Jn FI
S1 ca‘% P C?R}éat?eby Vg iﬁ? Jtar‘lg'e g‘nc dG‘rJJreoSf each
A7 SHsqRIsi 0 dafe showpdt TARL H22.3 e faidenh aﬂoe@atl@d&@s
nmeasured and the m crographs were taken after 24

PRIt Ier 3G g tHe reistiaEnch St iRl é© mpagLEDAn two

[ nd
i A A SONOSUALRS YY Bp pana
forie@2irbhaxralik13&8h Sark) £al@le¥l K8, 2F 63 inv. This

di s:-)’c7reop4an:|'c7y6 mlay 2c7or115e4 rso%n 7the tilted smectic alignment of the
phage layers with respect to observation in the TEM, which is
reported by Marvin group. A y-z axis like nanoparticle layer
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,
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 O. The film showed long
range ordering of normal director that is persistent to the
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

materials using the recognition and as well as self-ordering
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10 AFM For AFM observation, 5 L of ML3 suspension
(concentration: 30 ng/nlL) of ML3 bacteriophage
woaepesssson was dried for 24 hours on the 8 mETAUSB00310R9SSS
m ca substrate that was silated by 3-am no propyl
trieth sila of. 4 hours t.h es 0
sy % U § }kel}]cel%ntgkllér %Sti.t%]réeotnqalcrofabfld:adcllcé{ a% erlec!tr@c%l
devitds as s € Hev tes s ngasd rihed Wesemeirael ahsegwmlasme:urrent
to the anisotropic shape of ML3 bacteri opha , 880 nm
Photo] BrRRIE SRR C 6S PR + HE 3Gt h.Othe IR B! \pplications

of P €e IS d P dNe phangofo 651@143@&1?6‘%4@{&%§@HH%S

ignment. SEM For SEM obser vation, the critical
lig)}mtt ﬂntmbtrtyirrr@ d2¢p baywpl e@p@fcmd@e@ﬂme antl laers, fast

articl es,ns,rrct)=_\cntl C.. SUs ns on (concentratiaon of
lmb%%‘f Ii‘rluabcbthsage TR PeRsTor I S et EREr 4 1 n
bid&l BRemameparticles rich ar eas and bacteriophage

rich areas were observed. The length of the 36 WO
2004/ 033488 PCT/ US2003/ 029555 separ ati on_ bet ween
nanoPfR e 1 B and PRt ek 9 fhadte torr ss gt MadRe e

| engiho©of spact eri ophage. The ZnS wurzite crystal
structure was confirmed by electron diffraction
pattern using dilution sanple of the snectic
susherrAIm G I NEM € FHTUIRES 81S @%CFCBFC}lSCOVGr novel

pegt S0eh e i Tt oe PO e R P B R R "D

thésé)paﬁﬂﬂcu?wr LstoidilesyM AR dfo tihe Oiiag’lrrd\ﬂi\h%tvm:ﬁals were

added. Aft r ocki for. 24 haours, at. room
Pr?%%%‘?a%r r%"hesﬁé% RTST P 1% Lﬁéblﬁfaa]r fEPFRGFsiangof the

mamf@%ééeﬂ@ﬁa Wash S OW N i B 1dbRuc 46581 6 OTeH drop
one week. A sem -transparent film-15 mthick was
codpedreenton $hevafeisleand atrealdse. uﬁﬁﬂrs Nai It gehewatienthe

rystal “structudre: age ay was '€
%%]ﬁ%%s% 4%6\ was_car efully tﬁ%(en ugi 2 thweezers

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

ern ﬁ%rformed

discovered that bind selectively to each substrate. These
peptides were then used to nucleate unique nanoparticles by
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. 1In
the last few years there has been a flurry of papers
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
gselectively to inorganic surfaces and can be used to control

the nucleation of semiconducting nanoparticles. In this case,
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di agram of the biofilmis shown in FIGURE 4B. 15 SEM

observation of biofilm Nanoscal e bacteriophage
wa@bkdogosmsg of the A7-2ZnS fil mwere observed usPOTyUSERB/029555

In order to carry out SEM analysis the filmwas cut

then coated via vacuum deposition with 2 nm of

the mentiifdfs Fah Cogeiv! o Sirere shakghl FRPeSEH &8 kednd
evett rﬂfé %@%taﬁll%%gﬂeef\gkﬁe %%s‘?%ﬁ: &egxatn% %I'l%litest he Due to

sanple he aver ag t age
t henrau ccarsesa o aelpes 1 agnm@dﬁaing)ftheph;azgﬁhe&a(& mf\
The f4|mshovvedthes tlc i ke A- or |Ik§ £
SenLaanquat s SiRIcEgites &aﬂrﬁ t'&d ﬁo@ﬁe&‘&u s} ©

inthatagen d hppliamepad Qle%rmadg@ctt@ iceplagadtaylsSs of
The I ength of 25 periodicity corresponded to that of

intgwedact eri ophage. The average size of nanoparticle
is -20nm anal ogous to the TEM observation of

| Ny g}@tlwlt 'rq Sint EEM NSRS Vald %nmer@l%fmly%s%rf%l

nanoparticle alig rrent was |nvest| gated by enbeddi ng
cladwe dfi Imatarigdexy s dsinrqaRned’s WOrzQAWiog3488ticles and

PCT 2 3/02 55 V\:hit for .one and onrrer e
PRI TG 0. g R e B S AP Gt (RG, (Reers tone of

thd asi1n wWas ddlilarseeld gred Weidiet i LRIcGading 1ndustry.
U tramcrotone. These -50 nm sections were fl oated on

Curgientt |J8ti GREt erse andPitciedd Wp o Bladik sfor@dgr igsause of
4 ;] '

e L ST 0 S RN e Sty B

Othwer enadtzseiraled ,a el @JREedntElyF in Sleved oparentbactOere epledge

e G HarOp AT § 55 MR dF Sl GhaE v Lotsopy in
thePRiryd e el EQgBm:h\ﬁ a hos hn wxdendes 40 $BLopy
than two 10 mcroneters in | engt The two microneters

sudge s iMdamds tidareds Psdrlaldse|1 e 4 1Basd a8ep@Tat €@n act
ask§&ﬁ§¥g)dgmaigy %nd 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
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
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,
implying that they can be used in the development of very

high-density memory devices.
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di screpancy may cone fromthe tilted snectic alignnent
of the phage |layers with respect to observation in

WO h@4DEMSS Wwhi ch is reported by Marvin group. PCPAIR2003/029555
axis |i ke nanoparticle |ayer 15 plane was al so
observed simlar to that shown in FI GURE 1F The SAED
pat'¥f s dhg HeZds JiRslSrard i ¥HEOHIRRISE (Hatt SR8 Aystems,

a Pt e e s Mz i iexagR M e SUMHEHY &yrAfMsis of
observation of biofilm The surface orientation of
parthecleg adnd inanaper tindest i qrueabasiafy tARMe ma tRIrauRE -
4C, 20, age we wn to have -forned aral.l el
Se"é‘ﬂ%%e%lﬁpeer%%tgb%%‘eﬁgea Cerpnr?%oa C’]hsavhe"’l 3 %tr)‘l"s i é’rﬁelOped for

e-cN9lre hetwge e anadicdesnt1di peekeksN@hfBkame fundamental
(bact eri ophage axis) on nost o surface that is naned

weanaesert i ¢ 0.1 Tfe Hlidsa showdwet ioh @t nedregd esr derlivhgrofthe
re%orrz{rcarl, <f“ rreecct' Opritta aitorll > er{asrixospg erq:tict oest hle %%et %nse oef ce of
CI'OF% éf’s. Jln sore of areas v%ere]tvvo élomil n ﬁasyélrs

suled t fach 8 hellgvd i dengd e unrdd. - |MAN9IHT el of
bact eri ophage aligned paralleled and persistent to the
nangrayticle Ebtfec@rrraﬂ@wﬁ% R4Sl £ ReTF FREImi™ 2N it

atn?cﬁsgé}?en?é 'v&%@xﬁgns%% %%t%r, H%Qd %rHee?r{ Sféi%}.\/\orég(pensive

recognition and as well™ as self-ordering 38
an@ 00zl 88uUSH RCTYAISREIZ 02955F urystmmeEnhdihees tdeparations

future mcrofahrication of electron devi ces.. These
o£ g AulE o PSS el ot Sk Enel P t1el)
in@Red Did thiag apge eanak ldirieesl ird hey 2etamt itdle desired

applications of these materials include _
Crgpt el gt bni A H & T SHURI g PUgGmitafiqn f¢ acquire

mor%&:?éﬁé’ eﬂ&ﬁa&[ti@segﬁrﬁartlai%ééserﬁresfea%txtra synthetic

I nt erconne nano- net er “scal e conput er conponent “an
stdpol| DyrwEd ses arfsoreRstEXAMRIIE dd [syrfdratatd @t reft ddbtesd .| i C
and Magnetic

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

synthesis of the present invention was performed under ambient
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Materials 10 A phage di splay techni que was used to
di scover novel peptides that bind selectively to
woagnr@sses materials. In  these particul ar studpess2003/029555
films of the magnetic materials were prepared by first
rik%‘tthemzmg col | oi dal dispersions qof the nmagnetic
co

tekqng stO MR W13 U LWaRs o s ST tifven t GFisting
syrith&OH %m%@s vafer g anRealLthdinden Hy leticles.

generate the sired crystal structure. Phage displ ay
was then perforned on these films (E-Co, CoPt, and

FeREHRayarfl fpfapd tdiexn iarad v sdiss adv eah athiat Nsinpparticles
selectlvely to each substrate. These peptides were

Mcﬁ‘e@é i Qg ?%Mate&e T &% L9,

n1X| age expressing t pept i nterest,
subdt&at&tsalln sdid ,plreagk alirsgdegt.ng I&gaﬁcom‘ﬁi&sﬂyrﬁhﬁl magnetic

of nano articles with controll ed SIZ and ca sition
NP KT KAt O SRR TR I A gt L350 Py and

drd&ﬁsctoaftﬁé’& ¥als dhejerdias berra-d InHd )bl”@‘geoalﬁ o5} studles
escribing the synthesis of nanoparticles conpose

wergethggin ,anfch% e i twerre wihay acdesrilesst éVlciCcliht}‘fr“maY

f ti
ai SEReRIh B e SHIE e BN hbeagosa the
apgﬁﬁﬁﬁi&ﬁeIdkyﬁﬁé]kﬂhiﬂyi phage di splay can bind

selectively to inorganic surfaces and can be used to
control 30 the nucl eation of sem conducting

nanopartil IRt e (hts icese for3g-¢p zeefzrﬁésg&éswell with
pagﬁ%g%% qgegd'sSEr%onll n(foqritt'e ﬁ:hucz%n %rétac{ll%.yltrﬁ %?Ll';lblet of

ape, conposition, even the cryst I“Ni
pea}fssLdeWEgﬁmaé’Bme‘gre:EI%and]E@ tde g rtdeas S:lhaneweofpartlcularly
eptides in controllln t he synt hesi
o S i B DD %, (2ddr dad0)of and

3151 ' I’HI%/I? l ';ﬁa@&.@ YAE‘Q; Ege t%ﬁgng %anha %E'il‘ér patterns also

materla
agreed w1th 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 SmCo5
agreed with literature values for HCP SmCo5 with peaks
representing the (101), (110), and (111) facets. This is the
first reported synthesis of HCP SmCo5 nanoparticles. FIGURE
5A 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
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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interest. One particularly interesting and
comercially useful class of materials is
wéoeowmmamgset s, including particles and nanopaPCTaKBE®3/029555
Ferromagnetic materials are the cornerstone of 10 the
billion dollar per year magnetic recordin Lndustr¥i
CurFesenfsy | Al e @nch&ingding, %@@Y&atocﬁg & hage
because of the high magnetic susceptibility and ease
of Jparati Qs Mheyr "E@Iee“p'@p%ﬂf& Q:lHarteWelr)é idelected
devel opnent. One such material is nmetallic Co, which
us s phaggrbtdrl ahifsut i1 @big ithe trOarbgeldoftOi(ﬂle magnetic
mats s/an '@Hé% _nagnetic_anieotropy suggest s that
par |c es as srmall ‘as 10 nmin dianmeter, can act as
singl e domai ns and function as nenory el enents.
TERLIFeRt. Sedeatledgy loses wenbr maghengnt ®indt hgapdopairnies.
size that is in the range of hundreds of nanoneters,

Mat22i9¢ner @fthQs@él%an%&@éHcté clies in th%zﬂqu ”égﬂ%le%%e

ronnn \Anlll Aanmit | [l a\lnrm 'l‘ V.V a¥l
Ty ul AT T T II’.II e

¢-0o nugh denser nenbry deV|ces N%#%PHS@P@Fb%t(SﬁP ID NO.:15)

G T T SR ] T ey o 1

Re@ty Iar@ﬁNSN@gnéBE@ EﬂuN@otﬂ@ples ﬁMKHLR§EgBLAcf&BQ IO0uNO. :17)

Slln&?%b tnﬁ(ﬂ%r ?é:—mcm&? h\/ 1Ih§ ah gn&égrllbgﬁo"lm

const :-'m | H\IPTI nn

*NOaFBH%e%%ﬁ?s ESWRBCE PEaS GbBéivlefF%pfoé ﬁﬁ@ néT?%l%Fai’éed THérary on
e-Cd.arge ani sotropy possessed by these systens suggests
that nanoparticles as snmall as 2 nmcan act as

f erfrldnefndihe felesind aRmeRdace ARBE ATy gy VieHad
s MR WD d i BB O e g e mevaniic

sulGddS2 008/ 32355 Has dued lpdesgda mesgivetriad of the
seéﬂg§§g§0pH§f qa:%n%§%n%¥%sz% side group, histidine is an
excellent ligand for metals, so its presence in these
sequences is expected. With the exception of the 7-
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

these materials, however, the present invention is not limited

to any mechanism of interaction, known or unknown.

Specific Binding Assays. To determine Ehe affinity of
the isolated phage for the magnetic substrate, two studies
were performed. 1In the first study several different peptide-
containing phage were exposed to a Co surface including our Co

specific phage, a random phage, and wild type phage.
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a great deal of effort has been invested in the

synthesis of particles and nanoparticl es conposed of
wohaea®3zmas eri al s. Several different syntheti cPCT/US2003/029555

prot ocol s have been devel oped for 5 6-Co, FePt and

CoPt and they all possess the sanme fundanental
didziaressles. A9 G- 1rnsid i) mheag vast eamafisss telspveral
diffkerer{te%a[ e&tieafjl GG AL eOfr %%aratrledd%gai'crtl_etdhq

presence o surfactants at elevated tenperatures. AT
FIGURR heese Theartaparpeal ol prpaycapcste gnest berejertfioremad gher

in an inert_ 10 atnosphere w th expensive reagents,
AERAIG SHe R SR & o i DEVRR GLACE 5 obapgdon
phafe IRWANEF M RieddesE uaEareali ondddftitmd1aGui e Co-

further nodifications of the particles, includin

spefi ifhi @ efpgcatdirr larehla ey oad eat tedifd iy desi Gy than for
si Crs}’uf#gfééej'gl %nANd i goq:le%fetr'e\ﬁeti%rlq RId AHOd Qurface.
q el 0

ac nodi sperse popul ations of particles.
These extra synthetic steps increase the cost of

t hebe Shmtdwtarsd sStnated €8 Sinfeeda hese imateersieal srdice a

conmerci al ly ipportant,. a novel nt hetic, strate
ofATH AP Boriattc, e fovel | S5 Sheared ac
se Rl de-Rtiaite b SHMas s dri R RRldde MatEiddliSg the

provi des such 20 an alternative. I'n these studies

am@Rig e fdiagf P eskIRAg 1V Svad hep SmsiaRdd a6 th € fmpgiveisi ¢
B |é8)S iq‘lcdiI teéc?%ha(tc%hecglg{sorp% ) ﬁgﬁa?)g)a{é%g)%ttoo the Co

FI entity peptides that specifically
sumfeegreetfictl Inpteat itdles vdrtdmuhirg mealefli ictry addfcrgrtion of analytes

characteri zatjon, these peptides were then used to .
on G Pt SRR R e T es LR | generating
a FdriheseStiideSeRNAGR L£NRMRSY ROHRE R ¢RTwfen the

interest were nmxed with the netallic salts of the
adgmtkad piadmtaskdihe AIMQARNNRE Iaferinot KABMA) wadhehed ope
of qgrglesd f:t%egeféer lfa]!:hi% o@ﬁgltdi%lg?%ong}.%nt and in_l_é:ﬁe case

nanopar Icles re forned and ¢ acterized usi ng
of The, dthes\pitapsipoafeddr pr ésgntofi ventlicol’ Wwas This is the

. perfornmed under aéwbi ent , , ,

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

systems.

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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41 WO 2004/ 033488 PCT/ US2003/ 029555 conditions to

provi de a nmuch cheaper alternative to existing
wGeyoiheisse strategies for generating magneti c PCT/US2003/029555

nanoparticles. X-Ray Diffraction Analysis of Magnetic

Nanoparticles Magnetic surfaces had to be generated

to 1HE AP by Kbl AUCRAT HHR G dFERATYT dpropgh Peptide-

MePCLUP s ¥ {on Magneti c  nanoparticles were prepared
in the traditional fashion, and drop coated onto Si

waf ers. Before the phage display studies were begun,
t hel s urfeaciepamireeth srfadther ipmegaritt Hnwerdion, nanoparticles

i f ctio ) t [ rj 0S t he
wer%o é]{)egjraollperclp a‘é%ﬁ% )ﬁsﬁopaﬁ Qilse% ft yo. h%ndménggt#e rcﬁo‘%g%t%gi ned
cryfeatalS-iGoi oor r eliagle dremed luniidrh TEAtNeIgess aft ddred from
narifgae literat %Vggl sg_l aggﬁg@t ﬁ7a—:c“ | et ,ofqdcplﬂeegqli}se?té%t \g/%%n shown
in diadimcd e decaiisa 4iey GRIY e3RaRd t o tad g’l?a]ﬂ)o'?articles

(310), and 15 (311) crystal planes of s-Co. The FePt
hacdinh tGoiRte mraeimes #fsd - Idfyraast Gvia2h nthe Whitdy atlannrelates

. tra f.ar. Fe W responding to the
wiifbae AATeT (Hy e B0 G (200) . | (112). and
(202) planes of FePt and CoPt. The XRD on SntCo5
agrmeierh wddoluttissratIBM ivalgsss dfomadcpaSnGaS ed gropeaksing

.20 representing the (101), (110), and ,(111) facets.
i B R TS e 3o e s R B
narfERAd1C owt B4R RS va dH Gh FeRlitdet iFMinsert

i mage of a SnCo5 nanoparticle and FIGURE 59 is a _
nafeldanistt tlea ofn thatTEMntTRde stvsldiary tiemamiaadticdies still

(
o A8, PSR BB SASLR Ol A T pppicics
grdvaceiis oft hdHCR ISTGas. {Jt iGeRpptRKe HAERESC MammpSEENcles

i mage of the anneal ed SnCo5 nanoparticles and .
grqvyn (&t e lhdise G 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
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
wild type phage (not depicted). Again, these nanoparticles
lack the crystallinity of the nanoparticles grown with the
FePt selective phage. Also, nanoparticles grown in the
absence of phage aggregate and precipitate out of solution

before they could be imaged.
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shape, and overall norphol ogy. 42 WO 2004/ 033488

PCT/ US2003/ 029555 Sequence Anal ysi s and Bi ndi ng
wa@swmayws34ss Bi ndi ng Phage TABLE 3 lists all of P€h&S2003/029555

pepti des that were sel ected using phage display for

their ability to bind to the magnetic rraterlals of

i ntiErEs tre s Fpggion éfEl"Séir@c&e@d Seds \Matf}?H?afgﬁé?t j§8 grown
us R AING PRI Aheq MRl ELHIsbaalnad eauspes in

I Sequence E; - SPHSA EQID
FIGURH 'NAGEMW\I 1(ESEQdeD @ cilR) iSVSVEHEPIRRR asff:@dllas is at or

abc(‘-é;'E@ '| FeF;tPﬂSKNSNI (t%%gs Iﬂ? gﬁ%ﬁ 15HNKHLPST l?f%lues for

HeRRRY i LPHRAH{ 1SR 1) NQ 15l &)n * mmmu%\rﬁﬁMWQhe
was obtained for the 7-constrained library on s-Co.
latgjicerfspasanse|dctldd SeftencAssgppehfdt 8rBe vaFi 130 used to

obéeers}%e%'xees él@tﬂp%ﬁ%ﬁ% EJaQ;IESZ}fJ 'orf' tl‘)ﬁef Qfl'antdi)%rticles

ITCc surtaces esi dues appear
(ncsteveﬂTcadn of tSzasre@élqu:amhs wemae gr@sdn& iimi d:&]EOkhfﬂiIdEtlon

r{)st hi stl di nialﬂlset %g’stél &?@&f ?g@e&oe@n icate

thé@%r@(%dpa}tqfcﬂéhe werd, GNSHARl NRGERMENCE TP Co. In
CoPt, all of the sequences isol at ed for the Pt all oys

corctotmlauqx%my@rﬁ@ Wééflfdlﬁelth%FsNﬁédBttYHQﬁma@@t i GHSURE: 7C) ,

|
norgsleéép tp%a%% ngor antl caﬁlé)é):é rllfg%ST 1Ly15|fr§)émli’>t but
1aa}f1ttefeaain}mtaslugtgaﬁys tﬂ’mai tﬂfeewr&aq:l@raa:@rchmdvmh the CoPt
sel ectively to 20 these materi al s, govvever

cgs]e‘fﬁ g § BPYSeSRt MARRAF s eﬁ*n@rl?évéhdﬁ} dhepbsence
of | ‘Hdﬁqréc?éﬂ'éo%@r pRrEHROWL t SRR TdfC BN@iieh, making TEM
says

termne the affinity of
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
lattice spacing in these particles is 0.2 nm, which correlates
well with the literature values for HCP Co (0.19 nm). A
selected 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
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

nanoparticles grown using phage that expressed a 1l2mer peptide
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the isolated phage for the magnetic substrate, two
studies were perforned. In the first study several
waoldk@sast pepti de 25 contai ni ng phage were expored2008029555
a Co surface including our Co specific phage, a
random phage and wild type phage. 43 WO 2004/ 033488
se eIy 82003 ARG5S  TheRe |W9Vt1tq4@50@)§ﬁé@4tfiscl“§ﬂa?§e

S ex G
1t R S R Qo Y R A ety
cofihegel paS IeSSEdPa . r e FAGURE BtherthafﬁDanypbndlﬁg electron
t han elther t he VVI | d e, phage, or a rando hage
At (AR Srcin Lot L dier iy
Jlaéﬂﬂaﬁ%vﬂi&m ayed @ Haatero ki ttyyﬁeorpr@ge In
than for Si, suggestin they bound preferenti al lq),/\,ggxo

the bEmaetirdfacd. 1d e d mANAPRATE 1C3 esurlfagde
0
o SR T S i SR PR -
seléﬁuiﬁﬁrpﬂagﬂm afn e idA otrtanupddte cArunirain in the
adsor bed e vs. the concentration of phage (FI GJRE
abgH}Cs fofi éﬁ'taé?g? ar%%reﬁ?et%{ﬁ tawml%ﬁégogﬁt { thﬁ&lon
be At agef dddrpwed theydangmuir nodel for adsorption of
analytes on a surface. Since the adsorption is

Langnui ri an, generating 15 a reciprocal plot reveal ed
a |Higarrewst el an FEMheRass WeEe Adser bedkhade iP5

T
a5 SONeR el doile sy e Sl il e
pe};ﬁ‘mdé rtaqaphalgf sfmsse"smad:ca Sﬂ&l}bﬁ oG‘FIZSURElCl-OPQ) M AThiesldcsed

the first_neasyrenent e t her modynam ¢ propertles
AT SRR P J6 WHTE T T S Tt B A

(F1EGEPE) SUTHRCH, mldhgfﬂxtacddﬂ‘ctﬂ @Htttetr‘?l Ierc%H e.;teveral
but the magnitude ‘of this bindi ng constant is

bar@mparab| @nis et aii Gt Here Hiaslod edfl HihtmGast i oripntrol
ex;;rehflsmeafwjg Op%cﬁmecij%i%?dcl{eorsﬁ&% %e@rp%i':eel%{ed results

similar to that observed for the Co system, such that
nanoparticles aggregated and/or precipitated out of solution
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
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

nanoparticles as expected. Corresponding MFM image was taken
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systens. 25 Both studies showed that the peptides
sel ected using phage display screening possessed

W@ p@aioBi4es bi ndi ng towards Co and not towards PCH®ES2003/029555
materials. It is this specificity that can be used to

direct metal materials formation, including magnetic
to rranfimn sthese WS008 o FUERPEYRIS2003as55e phgge could

V.Sl I I g et
o S e e e O R B Sragregace
of imatesytd xani c s opey tatcillds ch@rzelypr\apmlrbéab,uwmqumgjeéle
to nodi fy and/ or contro.l st al nity. Hagh .
nanQRAT I I HATTS s T o AT e Grdapt TopY

usi ng the 7-constrai ned sequence are shown in TABLE 3

werey Ao tekeshd radbcthiowht Jdihese naropard iicdhemeitad the
lattice spacings of 0.19 and 0.22 nm which correl ates
magiethi rrerqe.ﬂIfQJ(,eeg Sadiftfy NAPRY tesHRes TR yHRgh quantified

usnf‘q'sgi TEMUdBaRs @ampﬂ{ééﬁ&%ﬂ&%ﬂ%éq S951D)

age wer € al so taken as were 1 mages of
magrmrtrm&ruen:l e WM mﬁgn&;:mrmgﬂwwas argegh damipeqithede

i nsert naot. depi cte . st udi es,
PO T IR ST 5t m 'BRE (o0y -2 Gked Th Emperacure
hySdersdald imdy tdatrdrhe reafdpacxhﬁs:ﬂe% Growh Wdithd e 12mer

CoPt sel ective_ peptide possess. articles grown

PeRti Geh e aHRARE i pHEgE atdr etg%\‘ieél dcﬁ}@culﬁi& at e Podrigh-
re%l tslcgﬂ"t fgb I[‘gaé&glgio df‘r%e!’]%%}ﬁazrally JI}%%%! @fe the scan

reso utton TEM I ges were a taken of FePt

wamaiﬂapartiakdres:cgrcmﬁrufsﬁ mjnet heer eeaee tdfattk@(momesrntlye
IS selective for FePbt

(FISSHTE o) PTRRERY, SO P B ot R O
cod @108, SRtk i ttde GPtoe) . 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).
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-
specific 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

hundreds of copies per phage. For this reason, the p8 protein
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nanoparticl es suggesting they are conposed of L10

FePt. Electron diffraction patterns were taken of
woloes@s3ssane particles, e.g., FePt nanoparti clPEI/ (2008029555

in the presence of 25 wild type phage (not depicted).

wal9aln n | cl C cry ty,
h%n%%rrl]%%gé? i C c?‘es %r%‘é\'/\% a\(/am %é?h%pé%:s[é Sﬁ%ﬁiﬁ({/ﬂe arl CoPt
namdsmﬁtlélés) wersapac et @b granve tne thengiisesicectod phage.
regate and precjpitate out of, solution

On e PR S B el RE SO Y PO 0l ARt ed below.
Otﬁél?/&@@}(?@%pg@@é@ appFe s Whofe TEM b rBges-PfsIGO in the

nanoparticles grown using the 7-constrai ned sequence
art r@fn rfratbqnewll aaked sbwWPrd i IR Y. Mdhdog atsgEavithout

pac nopartl cles is at or about 0.22 nm
un&u %ﬁﬁ%@v\g wth l[iterature values for 5 HCP

Co of apprOX| mately 0.19 nm (FIGURE 7A) and with the
| attpor spateangioh &f OndapiRbtid rsate]cia'bls,araacl/\m;lraj Smagnetic
used to $serve the electran diffra tloggﬁ tern of

PaY heC e opat t PR ot € 3h it P@%’iﬂe Wer'gt thout

pheﬁ’é@se@im'Betllﬂ@a'gééftf@%ﬁpf‘lcf@{'é &9% &ltﬁlfés to burn
with the facets of HCP Co and in |cate 10

of harepaelinlieztoetlee hinding nehrposes aﬁscrm@ﬂ wzrth the

- y e
oo 2 AHIIEN Sl LUl B (IR RUAPE o
exaapbparhest sgsto | $0d0T mr buto0d BT kedmeverystwidd ity for
that the partlcles r own th th CoF%ti sel ective
Eimedt TRk oRERESIS N O i %f%vﬁfl P He RS e 81
ter@ﬁep@@gﬁegg@aﬁg@é Ca B e&mf@ﬁgee Ot r Qfie 501 Lgrirgarhllng,
nmaki ng TEM imagi ng nearly inpossible. FIGJRE 8 shows

wheir gty resby ety ora TEMS rdgesing G Feerprtd cdem g own
Crusstarg t he 8hr§ e that expressed the 12ner peptide that
BT s spec:l?lca y to Co (FIGURE 8A). The

Methodology.

Materials. Samarium (III) Chloride, Platinum (II)
Acetylacetonate (Pt (Acac),, Dihydrogen Hexachloroplatinate
(H,PtClg) , and Cobalt Octacarbonyl (Co,(CO)s) 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.

Nanoparticle Synthesis of €-Co. Co nanoparticles were
prepared by first dissclving 0.6 g of Co,(CO)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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20 lattice spacing in these particles is 0.2 nm which
correlates well with the literature values for HCP Co
wWQQook®3318y. A selected area is chosen for el eRBCT/OA2003/029555

diffraction pattern for these nanoparticles (Fl GURE

8B). Several bands are present in the diffraction
neqietd FaRAHAR TR at B i1 B -he e XSf1qepass thgn heated

to 'Clgwd “c%ﬁ;jxf&é hadnd N NANOPaFHd Gl 188 1A WeMRaREH egcféyo'él@% to

control experiments involving either wld-type

vag@hagefor rionsipedids ¢ phagmverrmo qilrspd, ve@o aprndcHes. The

. regat e and ,sedi t qut..af sol.uti not QWn) .
mi B P, T T B e e ke ks Peilibrage) |
andaf® ey Itutcl @s WwOWHdEsl ng e tthate eyress ed aakl 2R

peptide 46 WO 2004/ 033488 PCI/ US2003/.029555 _
gengirakqd e FRuFert .Corase ndfdisd A& miubas pift refluxing,

i ; ' i n part
en Fica] 4 o008 00 Al BB IR SHd AR e

paworelesporidindg afl 6t memomh ftfircdet isgl yrdtdrewss amicked with 3
FI GURE 9C an i e of FePt nanaparticles grown .i
L G SrEREe BT o (R prdbo I Lo SR SEe igioed at
10 W d ¢l-Apaper phageni Manapar tind esrdAagkeditheas resuspended in
crystallini té of the nanopaticles grown with the FePt-
9

3 wle| @k tGHElphbgelovad adi nbnof narlepart i M@ st own i n
. . ed i pi.tate u
celPPLERRTIAS S PP AR N0 A PR g enen

regwegmdndadniiTEMnlrage CHyele- al so taken of SnCoS

nanoparticles grown using phage that expresses the
12mer peptide that is specific to SnCo5 (FlI GURE 10A).

A sel ealed; area was ised 10 aiserve, the & GIEON ecn
di ?I\fr action paett rn I(§J 10B). gaion, %t een% ether,

0.205 fg ach i (At d)er, n ankdowed 5segyendl 1, bandsrbbHatanediol were

,co&reldated vviéh t he facfets of HCP SnmCob5. Contral
mixed and heated to 100 degrees Centigrade under Ar after
which 0.16 mL of oleic acid, 0.17 mL of oleyl amine, and 0.13
mL of Fe(CO)s; were added. The mixture was heated to 300
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
identical to FePt, except 0.16 g of Co,;(CO)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
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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experinments perfornmed with the SnCo5 system yi el ded
results simlar to that observed for the Co system

wa@oa@r/0831as8 nanoparticl es aggregated and/ or preRCPUSZO®0RISSS
out of solution 20 when nonspecific phage were used.

TEM i mages of such _particles showed sone crystalline
0. Wit iethe i Hag i addedndieribg wiagure, which

A o L M ) Dby o MM el CRoq s 5 1.3 m

of cthied et yelrplrespiPing hea sretgmest |adduedopertieesnioft utee was then

nanoparti cl es. omc force irmetg)es of ‘Pha e that were
EXRREF t'P NATER e Co Hhdpdrti e WS iget St e

didFERE &18)r Hhol 8t 3806€98HE OAf P@ROPaFryi sy esh¥@Solution
evident at the end of the phage, indicating that the

witH3 yretwhnst hweras duated [Th@ 13470 flpgneas seiiatasle 3@ boil

g R G804 Salhet P ORBR e Dodhas ko (e

addé@se TreswWdlsuFrGURE i B)jom Hene tidhélpirdgeinoedichtely.
not_be seen because they were non- netic, hut the

The, do A e X G dfrop Ar e T GRS (597 2 SHTHFSA Gy @llowed

tolAsbratd nhdhe ediopaitd cl es possess a hi gh degree of
magneti c anisotropy. 5 SQUID. In one enbodi nent of the

present invention, the magnetic properties of the
nanopk® tia et iy belquarridied 1 1Rkg fpr phage display

nduct i t t erf i ; )
se rrlalég}ﬁr@l%a@g’rnadatLI ectr(% ﬂ% I rr%%’j n%%cg{rre% 3& \A%gg uselﬁ%s%s?ﬁgr@
coathad amitery iz St hel pde t | CTles . sAlentS@dl<D,ald awsginto evaporate.

t t 0_hyst is | for. FePt ticl
In G RReP AR 1eF (LA it | i ir g e ated at
706 dd8 QIR 1pAde Adt A dastdld emdW 3,ekesiFsrhoeRe 1,10

of the central portion of the scan was also taken to
phasar i fXRR rnpresehc@dfPamemsd dvighl 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
e-Co, and the Ll0O-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
were performed in a 10 mM solution of NaBH, 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 sequences, which correspond to
the peptides displayed on the bacteriophage, underwent

analysis to determine consensus sequences. Analysis of the
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(FIGURE 12B). These sanpl es possessed rel atively | ow
15 coercivity (approximately 50 Ce). The data
woepHdsamss the first exanpl e of ferromagneti BCT/US2003/029555
nanoparticles grown under anbient conditions.
Hysteresis | oops were also neasured on biologically
DNPprmmemW%@ﬁ@ﬁamﬁ FHegs et @GhRrpdpgre Pieamino acid per
y.st er si r K, At il (
R e L
in sl feisraf tSrCasunidei eaiallwsjjsspba,y dmlgrh@enf@emeldvm]y the
val ues than FePt. Magnetic- Specific Peptides on P8
Lagt dth s Hgls £ ok i ment of the present
i nvention, nanoparticles wth magnetic behaviors are
pr Gm{ﬁd@safrfgntﬂ@ matrey icklt e3misRe ¢iHHitC thkagR pthdles bind
were expressed on the p3 protein of M3
spdraich ierd ldphage £-The P8Ppr, oaednFegtonbynfjuegeatfmnloylewas
end of the rod sha d nd.s present in limt
G SRR { 35 5 bR e b eha G e AT GERFerinG ggot ide
parifalg HQldEids lashd @diRserd tal eng dhederat brofiTt BRd random
phage, and there are 30 hundreds of copies per phage.
pedtardddireotr essiered tthe ep8opr abekn ad8 WOPR004POBB4ABE studies
PCT/ USZOOS/ 029555 was engineered to express a
we XS B h RGGE XD UIRY, YAty BFPCONTESpA Cofe € TWeF@ge to
detr%ﬁﬁé athalang e denRgtdholoft RedPhagge t@%h%xmlamlc
of the material preparation is presented below. O he
sunf@drodd] dgiteremsparent to those of ordinary skill in
the 5 art of material and biologic sciences nay be
{No { . |
o R e N e el b P e00 ul
of qu) %&@pm&&egl @scht heopgpt bdes, mwi th@{ amd oty of phage
phage, can be heated to sufficiently high tenperatures
solus dsur n(pifor of f10didd -el iTHenatictiure wiavdigsgtiyl égiltésed for 30
., associ ate with the

minutes, then 100 pL of 100 mM NaBHs was added. The
solution 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
and gently agitated for 1 hour. Over this time period the
CH,Cl, 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

puL of 1 mM CoCl, solution was mixed with 50 puL 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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scaffold in a high tenperature annealing process. For
exanpl e, heating to 500C or 1,000C can be carried out

wé o04/083488s whi ch provide optimum burn of f andPCT/US2003/029555
elimnation. The tenperatures can be also in the

range for_netal annealing, 15 whereby polycrystalline
voranahPRAPFRR 9 ¢ SUWieT dostdl Mide” d fgnal

hadaol gy, 1 1M efd .o Samarium (111) Chlori de,
Sojg?galt%um (?/yle) Acet yl aceot onate (Pt(Acac)?2i D hydrogen
Hexachl oropl atinate 20 (H2Ptd 6) , and Cobal t
CctReparistamMe diGied Coc 1®atiere Guritdfised eFtr simsAlPfrgprared in

a %%%g]ﬁrdlef'a? 'Perg;t?§?d;o%%q3(/:ﬁ)§c':e%1tl( %F&?l(zbggggggn(&gg used in

plaldd ot Ydqdmosphi ne  oxi de (TOPO, Sodi um Borohydri de
(NaBH4), oleyl amne, and oleic acid were purchased

f Al drich._ 25 ticl t hesi f_s-Ca.

R P RO e by SO sToRATIS . 6% €0
syrﬂg‘h %)124 %chseﬂt‘plq)d‘rhl Ofofo'l r@o%rl%bﬁgé_e?g HEB&& with 16.7

mx%ure was ‘stirre or one our to ISSg vethe%o

L Y 2QnMrisnafl ,0adiscBboneberzengm Boélf. g of TOPO, and
0.2 mL of oleic acid were mxed in a 500 mL three 49
WO 2004/ 033488 PCT/ US2003/ 029555 necked reaction ‘
veEIExpikgsinn ofhiRenhidafe wehatiepHeamediftiedi o coli
e : i ) ' e t - t,0
we e URER SR AR AT HIE SIS, SRS hd00 and
thdl?Grdwre toniur e= vias .t hele thesatyed itree il | (19 00K80 and 100mM

de%;ees C%?#]l rade),, aglnand Co sol ution S adder. TheG
TP WA P B el oG R S o G of 165 Jag
trd&Fs 20hdriprBscofod &ff WHdGnod it d QACI M MBS within the
cooled to roomtenperature. To purify the particles,
cel nionft Gy napparad e ta ol nttio it heag imade ¢agitt uging
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
10 mL of TBS (pH 7.5) and dialyzed in 18 MW water. 0.5 mL of
both 5mM CoCl, and 5mM H,PtCi¢ 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.

TEM images of the nanoparticles were taken along with the
selected 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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nmL of ethanol. After 1 hour, the m xture was

centrifuged at 10 10,000 rpmfor 5 mnutes. The
woreaiopisant was resuspended in 3 nmL of CH2CLPCT/US2003/029555

foll owed by 3nl of ethanol and the centrifugation

step was repeated. The precipitant was then
lengtdusferiddd iSHBIGRUGST CCHXCLZt SRS tRatdisartingtd of a phage

esi HeRls émt e +205 g of
(8@%30) ?%%dEeO §5§% oft%fl,tg{ét g?ﬁrlvlagté% eecclllfgltzf'l\(/%ere
nartapeart iarice sheatretl RIGURID 1dégrtées rEexatlivgriate inader wAth the
after which 0.16 nL of_ ol eic acid, of _ole

0.17 m. |
selfftRd e GLEFTOAD & HEEEH S WerE Sedded F YR Enilttdr e
shAMRSH P &RBA B @O G AG-derREN Lo itdladsrd deflauxed for

for 30 mnutes and allowed to cool to room .
the &Ry diagets FeRha &EPaimedeivene mfr ithesg iphagg with

i m N t e rdq 0 [ .
cory MRl Wbt TR Y SRR MR in
FIGRER ,148XCcefithd) .Es gnagfp i@ (FCQ) & twald ISAURS i1tam) e dindf ao

0.13 niL of Fe(.CO.5. Nanopartic]e Synthesis of S .
(FIRYRR 1A d Mol N GF G0 Gl Aokl along the
leryt@Pae dinaRanldial@s i eI ontint RGgue was

adapted from previous efforts at 30 preparing

nanoparticles. 38.75 ng of CoCl2 was m xed with 16.0
ny Bfe HEERHNd WSEGIafed LilsEg afe sofPhsteen @i sgrliger may be

: | CT/ US20Q3/ . . f ol.ei
usdf ol I B Rt HIER 1 haipt i BleeiShS. The
i deveait feichattoi (k00 sl egireiel a@eh tdogrtade fientteveAmndl r3uitresoff ew

rioctyl phosphi ne was_  then adde The m xture was then
24 A AR 1 o BT HORIESS Joverrd Sy toed Eb
cort&Bll HHY ri Al 30l oL b f021aQnddd@ Ta@ivpealtutdien, gfx{a%ﬁ:ing the

purging the solution wth vacuum it was heated to a
us O aegiae LGNty a0 Aaggidosition, and crystallinity of

the resulting nanoparticles. These peptides allow the
gynthesis of nanoparticles under ambient conditions, making

them a desirable alternative to current synthetic strategies.

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)
“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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30

t he phenyl ether. 1 nmL of superhydride solution was

then added. The solution turns from blue to bl ack
wome@BEsel y. The bl ack m xture was then refl urReDUbZN3/029555

20 mnutes and allowed 10 to cool to roomtenperature

Film Formation. To prepare filns for phage display
sel MR} AR EPRDI i i R IR ot B HarIpar el uki Rgagnethods

of ALOP, Loatek oM@ Si Shd de1 1T SplMed - asal | gued of

to evaporate. In the case of FePt and CoPt, the slides
supereatdneagreineal vet enialld A0nagpyrtees CeEnnagredefaging is

30 m nut d N2 to f t L10 h
oo UL, W i (S TE1NE IR, Bh0Se 2 200 oo

PaBRStE £ dtheyl We(ieo¥ hel @f opey3)matieidialdiepidddef colloids and
Sel ection. The use of a phage display library

SURQEPAT YIRINRIS. TR0 PFHE peptanrs wWidt digplymer, which is

VESY - t.he L410- ; CoPt
hefehy E@P%/&%%fe%efc?g%ﬁ ?gpet é‘empﬁw.%.e-llz( t%:&}%ﬁﬁh. D.-7
SuT b Sreagreo B it ayatRepta de didralrge déderierd@ usedor
begj nni_n L th L (or_an initial anount f phage
TS oy TS ISR T 1t S ST i e P29, 10,
184mBO9E] | T SURStHAteSoddipal: 181 OfdebBS)an ka¥atedo,
sel ections 25 were perfornmed in a 10 nM sol uti on of

SURSBPRF ITRITBETLC AP OFide RUUNGBLRA drIniniatgl zqsbptitdes
| i .
pefbfuD e dleddl, REM | {E9gRNS, SRUASLAN SPLE R ce in
itdaentitety Thegep sertpenees, indlicle cogrespiondrdspnariree imaging
epti des, di spl ayed. on t he_bacteriophage, underwent 30
and R gitie § SRR T conbot At S S8 i v < 2t
chéhe s&d. W2 2004/ 0334880 R 452003/ 20555 e PVA ral - induced

sequences consi sted of percent abundance of am no acid
seperasgeh iy o BRERRISEC glanIRaPdssian 1fqy ufe in magnetic
< | fi i neli ,n ot [1r.St Qun, .
505 L ELDSL00 L, LRASIo! IR & variecy or
targets including nucleic acids and proteins. This reference

is incorporated by reference in its entirety.

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

monolayers.

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

discussed herein are merely illustrative of specific ways to
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| ast three rounds of panning. 5 Binding Affinity. To
determ ne that the peptides bind specifically to
WE2@a/03338%t , and FePt, binding affinity was  PCT/US2003/029555
determ ned. Titer counts were obtained from consensus
pepti de panning studjes and conpared to titer counts
ma g 3HRF ridH oV §Ript e 1b1AG dite d oo E-tod heoaistope of
ch@ndFgRt: o Panni ng studies 10 were then perforned using
varying concentrations of phage to determ ne the
bi ndi ng constant of the phage to the netallic surface
of interest. Peptide-Mediated Nucl eati on of Co.
Approxi mately 880 ul of H2O were m xed with 100 L of
1 mMM CoCd 2 and 20 L of phage 15 solution (pfu =
1011). The m xture was gently agitated for 30
m nutes, and then 100 L of 100 nM NaBH4 was added. The
solution was vortexed, and allowed to incubate for
another 5 mnutes. 100 nL of a solution of TOPO and
oleic acid dissolved in CH2C12 was then added. The
m xture was vortexed 20 and gently agitated for 1
hour. Over this tine period the CH2Cl2 |ayer changed
to dark grey. This was repeated with several
di fferent phage, including Co-1, Co-2, wld type
phage, and a TBS sol ution containing no phage.
Pepti de- Medi at ed Nucl eati on of CoPt. For nucl eati on,
50 25 L of 1 mM CoCl2 solution was mixed with 50 L of
1 MMH2PtA 6 solution. 10 mM of phage sol ution was
then added (pfu = 1011). The m xture was agitated
gently for 30 min, and 20 L of 100 nM NaBH4 was t hen
added. The solution was imedi ately 52 WO 2004/ 033488
PCT/ US2003/ 029555 vortexed and pl aced on a tunbler
for 30 mn. The final solution was yellow in color.
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Pepti de- Medi at ed Nucl eati on of FePt. FePt was prepared
in a simlar fashion to CoPt, except a FeCl2 sol ution
wom403xdsin 5 place of CoCl2. Pepti de- Medi at BAT/US2003/029555
Nucl eation of SnCo5. ldentical to Co synthesis except
100 L of 1 MM CoCl2 was replaced with 16.7 L of 1 nM
Whagnd 3 e 88! 1S ‘of 1 mM CoCl2. P8 Expression of
Peptides. Genetically nodified E. coli 10 were
anplified overnight in 20 nL LB nedia, diluted 1:100
and then grown to OD. = 0.6. Tetracycline-HCl
(1000x) and 100nmM | PTG was added to a final
concentration of 1nM The I PTG triggers _the production
1. of & methsd fafedmayd ngr 6t ERFDRELS ﬁ‘a%ﬁé’laéelcpmﬁlstlﬁ@l che
StéFﬂscoorﬂooratl on into the viral coat during 15 assenbly.
e mxture is allowed to rest for 1 hour w thout
shaking. Infection by the hel per phage after 1 hour is
t herroviglilngned noyl estvdlel mprprasiinghe @or39 ode ghess binds

e _are then separated and urlfled b
DT AAii ot T G S P Fp PR g ¢ THECSrari: 8
phage pellet is resuspended into 20 10 nL of TBS (pH

7. orafttdirg] Yzed din mbE dWawaledric Ghabeiiiadf prietultsbil with
CoCl2 and 5nmM H2Pt C16 is added to 1 nL of anplified
they mage Btise RINAIRTC IF WAL SHEET Shat @GRTandorRgtion of the

magtRerNatand i nenoved. This is allowed to shake for 60
m nutes, after which 0.5 nL of 100nM NaBH4 i s added
as a redu0| ng agent. 25 TEM i mages of the

2. nailmmarremmde@qﬁ@rréhmké@ &leviq vt where ins ghec megngitds

r |ffr ti.on pattern that showed many bands
mateorlraels%{)én I%Ciét% expected val ues for the CoPt
facets. An STEM I mage of one of these phage wi th CoPt

3. naropardtlcide agroowal idoong idlsiR8 1pr eteinesi nwahealmsgnetic

taken. The 53 WO 2004/033488 PCT/ US2003/ 029555
material is a nanoparticle

4. The method according to claim 1, wherein the magnetic

material is a ferromagnetic material.

5. The method according to claim 1, wherein the magnetic

material is a ferromagnetic nanoparticle.

6. The method recited in claim 1, wherein the molecule
comprises an amino acid oligomer as the portion that binds

specifically to the surface of the magnetic material.

7. The method recited in claim 6, wherein the oligomer is

between about 7 and about 100 amino acids long.

8. The method recited in claim 6, wherein the oligomer is

between about 7 and about 20 amino acids long.
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 ength of this structure correlates to the length of a
phage (800 nnm). FI GURE 14A depicts the TEM i mage of
wo b@4pazasparti cl es, and FI GURE 14B t he resol ut POVUSZORB/@29555
with the selected area electron diffraction pattern
(FIGURE 14C)_ 5 showi ng many bands correspondi ng to the
9. expete et thadieegidred tiie M flactheretie tSFEMIiRsyd e 18
e : it : neRard cl es grown
Se%%’%ﬁ%c’"&% %%6‘%6}%?%1 S olmqﬁaﬁ Fi (3UF(3téi '14D. The EDS
mappi ng for Pt (FI GURE 14E) and Co (FlI GURE 14F)
10 i ndilcatrestthvat Coridredl Ftn arleivoth fwhend ial o tisgnetd c
| ength of the struct i | co trations. The
matsy tc‘?Wéﬁe?son&? { Iusfﬁrgqcfé;t gcg) D é’grer%geﬁﬁ':pl ay may be
used to identify peptides that bind to magnetic
11 Matgié aheschobhered ident iifd adAtdion 1,5 fuepilkrardmprising the
cost-effective and requires few additional materials.
steppf peiftliatdiIrdy & H‘gﬁ‘ﬂll?é:ﬁfsé‘@ttedﬂfé -control the
nucl eati on of magnetic nanoparticles, granting the
12 Usefn &l avedi e 1Sl Z€),2 1GPMPOS IfHedb i rdtthe magnetic
crystallinity of the resulting nanoparticles. These
matpenid delss dttaehdk taymthexdtsragfe .nanoparti cl es under
anmbi ent conditions, making them a desirable
al t ' 'y t. syntheti-c ' Rhage ;
13 di sﬁlgl'F‘Qa;}Fl %%&a%%sjl%% lerip%r#ﬁ&enﬁ'aﬁﬁﬁ%ﬁ?g{dﬁeoﬁ%lus| nge s
def el | fuitopares ngeEriedd whdiercagscrddsedy foort ieamfl & self-
in the foll.ow U. S. patent publications to Bel cher
asggmyind Tol])ec"%igem ogi cal Control of Nanoparticle
Nucl eati on, Shape, and Crystal Phase"; 2003/0068900
14 pubtis hesk T itedite2003;c(A)m 253 " Marastal eHe deylimg
of brid Materials Using CGenetically Engineered
as g dnojigqiste HER/MEEEL04 publ i shed April 17,
2003; (3) "Biological Control of Nanoparticles";
15 20030 0 Sl Rubl dshed, Jing ol %3 2003 8t ) se1f-
"Ml ecul ar Recognition of Materials"; 2003/014838
as et 1 s dndigisie 7is 2003 n in a bacterium.

16. A method of making a magnetic material comprising the

step of:

contacting a molecule that initiates magnetic material
formation with magnetic material precursor and a reducing

agent.

17. The method recited in claim 16, wherein contacting is

carried out at about room temperature.

18. The method recited in claim 16, wherein contacting is

carried out at about 350°C or less.
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54 WD 2004/ 033488 PCT/ US2003/ 029555 Applications of

the present invention, including nethods of use, are
walemansdaerl in the followi ng references. Use of PCT/US2003/029555

super paramagnetic materials in nmagnetic resonance

imaging is described in, for exanple, U S. Patent No.
195, 7Bhe It hed 5real hedcinetladm Ifpvwhaseinggeg molecule is

[ S | oi ds and superparanagneti c net al
anog egc%%e#eﬁlgé ﬁg£ pol ymer, which is hereby

i ncor porated by reference inits entirety.
20SupEMQamamhg@erecinadeimeﬂbahneléls@hﬂﬁetmibmd moledwre is

h t_al
an 185000 14T o1 BRSRER  CPRET L ) BT CRORBARTErE deid pout
10608hedo SUpgsparamagnetic iron oxide particles

derivatized with a peptide sequence, and is hereby
i ncorporated_by reference in its entirety

21 pppFie atebiedi Fef bt nbig et &m rje%on‘él?l%%elr%‘@h%g‘m]a?ﬁlle is
ann€ﬂ€§$'§c§§p§i§%bﬁg§ cém Mg ﬁg%ﬁ@eﬁtaﬁgut 9. afNabout 20
em Soc 003 12 10192- 10193, descri bes
amine aheidguced self- assenbly of magnetic nanoparticles
for use in magnetic nanosensors, including M,
capabl e of detectinga, xarj ety o Argets LRglhsing, e
huct &F c'acids and pr ot ei ref'erence
futrtieef pesap eils by aeéerﬁnaesembliﬁge@iraetgarﬁﬁbfénaIIy,
surfaces can be patterned by a variety of nethods
known in the_ art including mcrolithography and
23 e {FB G apAEE SIS tobh oF L LS| 08 5 S-S Eh 1 & o8 QB
mafr@flpéﬁyeasxﬁprm@é udbNgebpictspnad | 286 Bebf - AsgedP] €dnaterial .
nonol ayers. 25 Although naki ng and using various

enbodi ments of the present invention are discussed in
24 et B¢ Bethod recihred be Chpprhetf atlie¥rdar PR PREZHC

maﬁg¥fgilgg Qrﬁgéggélgagﬁantum dot.

22

25. The method recited in claim 22, wherein the self-

assembling viral particle is used to produce a casting film.

26. The method according to claim 16, wherein the magnetic

material is a particle.

27. The method according to claim 16, wherein the magnetic

material is a nanoparticle.

28. The method according to claim 16, wherein the magnetic

material is a ferromagnetic material.

29. The method according to claim 16, wherein the magnetic

material is a ferromagnetic nanoparticle.

30. A magnetic material made by the method of claim 1.

59



appl i cabl e i nventive concepts that can be enbodied in

a wde variety of specific contexts. The specific
wonbewhizsart s 30 di scussed herein are nerely PCT/US2003/029555

illustrative of specific ways to 55 WD 2004/033488
3 PCT/ NSROG3E 028505 e FokE mdMde USE tHE héiEdd | O, c BdiTh 05 .

not delimt the scope of the Invention. 56 WO

2004/ 033488 PCT/US%003/029555 VWhat is clained is:
3A ne%h‘&%lt]a'f’ naki AY< A Ped 1Bt 9 bt &?%?r%hp??%?%bs%% the
S§%§QS% providing a nolecule conprising a portion

|nds specifically to the surface of a magnetic

material; and contacting one or nore nmagnetic

mat et iakipgeadunagnet it et eel ab| ktndenaindeel eonkl tions
Sthaénge%nit formation of the nmagnetic material. 2.

Wﬁ Fhod according to claim1l, wherein the nagnetic

material is a particle. 3. The nethod according to

cIainmﬂtamhﬁngionehernmgmetmagnamdermaierSah.precursors with

nanoparticle. 4. od accory di aim1, .
tRfeFRPRCEHE Wﬁbﬁ’é%?i bh% ¥ al "t %r% n‘é?l?%ltlons that
f8Bhethal magnedhe nEtBpdancCoOR@ing to claim 1, wherein

the nagnetic material is a ferromagnetic

nanoparticle. 6. The nmethod recited in claiml,

wher EPANE RS HPE eB@PREL EBMPRFRE52hNn ani no aci d ol i goner

as the portion that binds specifically to the surface

9f tfﬁe”ﬁ@@ﬁ&HCaggéﬁﬁiﬁé td - c THEn "3 haghLLC § ethd Magnetic

claim®6, wherein the oligoner is
material is a ferromagnetic material.

34. The method according to claim 32, wherein the magnetic

material is a particle.

35. The method according to claim 32, wherein the magnetic

material is a nanoparticle.

36. The method according to claim 32, wherein the magnetic

material is a ferromagnetic nanoparticle.

37. The method of claim 32, wherein the magnetic material
binding molecule comprises a chimeric protein that exposes one
or more magnetic material binding amino acid oligomers on its

surface.

38. The method of claim 32, wherein the magnetic material

binding molecule is an amino acid oligomer.
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bet ween about 7 and about 100 am no acids |long. 8. The
nmet hod recited in claim®6, wherein the oligoner is
woetmmazasabout 7 and about 20 ami no aci ds | ongPCHUSMB/029555
2004/ 033488 PCT/ US2003/ 029555 9. The nethod recited
inclaiml, wherein the nolecule is_ selected froma

3960!19?%&9%‘??%‘? PF kR Y stt ectenDin HIE FAMRL Fednatarial

bi @1&%%mgcuweé&ﬁ§‘r$§@s NBANGLd ¢ amnters %n&oi%dtseﬁoo amino
, CoPt or FePt. 11. The nethod recited in

accflapbidoméxs t her conprising the steps of isolating
the nagnetic material. 12. The method recited i n claim

11, wher ei h [ erial tac

4OSub£1i‘r arflet.ﬂ]?t%.&rﬂagp&er{’ h%zd’ recited: |tn1'§ecﬁ{la rk maternlal

bihdendgol eslbeuls cdhﬁfi&ﬁbfbéﬁﬁéénaﬁxﬁﬁmt7CEhdeﬂout 20 amino
conprises a portion of a self- assenbling nol ecule.

acids. The nethod recited in claim13, wherein the self-
assenmbling nol ecul e is a phage. 15. The nethod recited

411N shai frdidoq Werel i e selferass il 'rﬁwgrf@df&%a@céﬁal

grown in a bacterium 16. A nethod of making
blm@\glﬁ@t i o hegeke al s chhpredi dlepndenl st dyp ofhe c@tﬁ%\@tatﬁg

a mol ecule that initiates magnetic material formation

Wi t gragg@g ggua: ; .
2age?}tl. éaJ;fg‘ljhrem te %lrgln%}é?nni , l(re};?er?anterlal
bin@tuh@ctmasﬂgemsle carmpedseuta athabautc rmomdenpeirtt w eself-
18..  The net hod reC|t d in claim16, wherein contacting

as$RMbILNg | W $htP3EC Kbt 350C or | ess.

43, The method of claim 32, wherein the magnetic material

comprises Co, CoPt, SmCo5 or FePt.

44, The method of claim 32, wherein the method is used to

produce a film.

45. The method of claim 32, wherein substrate comprises a
patterned surface, and the magnetic material binding molecule

is fixed only on the patterns of the patterned surface.
46. A magnetic material made by the method of claim 32.

47, A magnetic material formed using a binding molecule

and one or more magnetic material precursors.

48. The magnetic material according to claim 47, wherein the
binding molecule comprises a binding amino acid oligomer

portion.

49. The magnetic material according to claim 48, wherein the

oligomer comprises between about 7 and about 100 amino acids.
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58 WD 2004/ 033488 PCT/ US2003/ 029555 19. The net hod
recited in claim 16, wherein the nolecule is an am no
wa@ciod/osd4sgomer. 20. The nethod recited in cl ai PC1/6S2003/029555

wherein the nolecule is an am no acid oligomner

conpri sing between about 7 and_about 100 am no aci ds.
50 21. THRM RO et eBtP | P eI I 1%, Eantfer®ith 4%e wherein the

o1 LG P o e B R B [ Ao 4 SO B U il Pt About
20rewiteda¢ids] ai m 16, wherein the nol ecule further

conprises a self-assenbling viral particle. 23. The

nmethod recited in claim 16, wherein the magnetic .
53 rat BT ettt SCh homcSRTREE 4 L g pegrein che
madgéel ¢ ahate2tal The aefdotbriapidtert inktod@idn 16, wherein

the magnetic material is a magnetic quantum dot. 25.

The _nmethod recited in, chaimZZ _wherein the self- ,
52 assBABI THPIA TaI "Paft i et LTORE 19 ﬁ?n](?o"d%eﬂa' CHgiSig the

ma Jﬁémc w11 NRSHOM: €€ P L1 ¢l ai m 16, wherein

e magnetic material is a particle. 27. The nethod
according to claim 16, wherein the magnetic nateri al

53} s Bhedmaeticieatoglaireeprdioy &t iy 4D cfkguain the
it ' [al. | ferromagnetic
ma%ﬁ?%%:‘f&%%yﬁhe %tﬁ%& a%%&d%%glétlze% aim 16, °

wherein the magnetic material is a ferromagnetic
54 nanDiparnagihet 1 0nattemeghei¢aomdirey itad aieedien by7 t heherein the

ma&%%?ﬁ%z%%g%ﬁ%ﬁ%ﬁ?npE%ggg) é¥¥gé§§%g¥%c nanoparticles.

55. The magnetic material of claim 47, wherein the magnetic
material is formed at a temperature of less than 350 degrees

centigrade.

56. The magnetic material of claim 47, wherein the magnetic
material is selected from the group consisting of Co, CoPt,

SmCo5, and FePt.

57. A magnetic material formed using a magnetic material
specific binding molecule in the presence of a metal salt and

a reducing agent.

58. The magnetic material according to claim 57, wherein the

material is a ferromagnetic material.

59. The magnetic material according to claim 58, wherein the

material is a ferromagnetic nanoparticle material.
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31. A magnetic material made by the nethod of claim

16. 32. A nethod of nmeking a nagnetic nateri al
weoooopnBsissig the steps of: |inking a magnetic PerT/@s2mB/029555

bi ndi ng nol ecule to a substrate; contacting one or

nore magnetic material precursors with _ the nagnetic
60 matHre dlediHdt hgnHotedll @qQarFer coridt t9lendn (3fat whiegiehn the

_ ; " d F.or 40 ' .
i R B D et T TR B L gomer
pondiesrel N the magnetic material is a ferromagnetic

material. 34. The nethod according to claim 32,
wherein the magnetic .mterial is a particle, 35 T
1 e th P HRYDY ‘Eod“pc’ija%ﬂgsé’,e%%éjreeitﬁlﬁthéoﬁPéjggn&ReSIrkelcal1Y
tomaterial is a nanoparticle. 36. The method according
to claim 32, wherein the magnetic nmaterial is a
ferromagneti c nanoparticle. 37. The method of claim
62 32,A whemed $i t ben reeepmetd imgrdteerdlaim W Indiwitp neolre dilee peptide
_conprises_a chineric protein _that exposes one or nore
b”iﬁr“grﬁ‘?%lf?ﬁd%%]r]ﬂélt%i%d?ﬁ%’g“érﬁlﬁd“eaﬁ%frﬂqeg&%@g%n its

surface. 38. The nethod of claim32, wherein the

63 MagDEtd oo dB ©f il 5 c Rl g tleGe d1S 3N 3fd Yeptide
ol i gomer. 60 WO 2004/ 033488 PCI/ US2003/ 029555 39. The

binms hoeinef 1 g2 thS B eqvenras ot R SREFTRLTE- atsEi 3P NO.:15) .
bi ndi ng nol ecul e conpri ses between about 7 and about

10 ' j ' B Q. . T : | ai.m.32,
64 Wthr g%%lr&? se%n%%}]g%c%ng)oﬁnﬁg%iﬁ (fheptlhfe @ar{oqvlquc s%'ergl%?ical ly
to CoPt.

65. A composition according to claim 64, wherein the peptide

binds specifically to a crystalline surface of CoPt.

66. A composition according to claim 64, wherein the peptide

comprises the sequence of NAGDHAN (SEQ ID NO.:12).

67. A composition according to claim 64, wherein the peptide

comprises the sequence of SVSVGMKPSPRP (SEQ ID NO.:16).

68. A composition comprising peptide that binds specifically

to FePt.

69. A composition according to claim 68, wherein the peptide

binds specifically to a crystalline surface of FePt.

70. A composition according to claim 68, wherein the peptide

comprises the sequence of SKNSNIL (SEQ ID NO.:13).

71. A composition according to claim 68, wherein the peptide

comprises the sequence of HNKHLPSTQPLA (SEQ ID NO.:17).
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bi ndi ng nol ecul e conpri ses between about 7 and about
20 amno acids. 41. The nethod of claim 32, wherein
wohe4magset i c material  bindi ng nol ecul e i s | i PEEAS2003/029555
chemcally to the substrate. 42. The nethod of claim
32, wherein the magnetic material_ binding nolecule_.
72 cofpri ¥ THTh& TP Prord PRtiis @k PadseMigctdically
to Wi@ls particle. 43. The nethod of claim 32, wherein
the magnetic material conprises Co, CoPt, SnCo5 or
FePt. 44. The nethod of claim 32, wherein the nethod .
73§ s AseinRas i sl psE r dingmt u 32 1 afife FPet g rsfine |tdiempeptide
. 3 wher ed . trate ' a ter ce,
blI};mgd %%eeg%l&n%ﬁ% err?gtaerl gl iraa{llﬁlg'lshneg Sn“gﬁ%{e‘:”lcu gﬁdi S Glfo(!ed
only on the patterns of the patterned surface. 46. A
74 magnetonpamt terdral aamedel img tte aietiod 20f wieaier32he $eptide

A magnetic terial for.ned ing a bindin cul e
ehdh B 610 DI I St 1 S Brstn oo dresgo Tiape 0
No.vagmetic material according to claim47, wherein the

bi ndi ng nol ecul e conpri ses a binding am no acid

ol i goner portion. 49. The nagnetic material according
75 ¢ 0 | GRTRABE E AHE AP RHEI 19 g™ conpritises IgettiiSepept ide

th%pc%‘%ésog%? 0%55555% c]ogr%ﬁ'ge%o A %%qcue@cev@fz%ﬁ&gﬁ 0 (SEQ

The magneti ¢ material accordi ng
ID No.chal m 48, wherein the binding oligomer portion
conpri ses between about 7 and about 20 am no acids.

51.. The magneti c mater.i al accor.di to.claimAa7 e
76 i o P C RGBT I T 1P TS T GdgeciRE oL Treally
to Mat@ftddmagnetic surface.

77. A composition according to claim 76, wherein the peptide
binds specifically to a crystalline surface of a ferromagnetic

surface.

78. A method of isolating a molecule that binds specifically

to a magnetic material comprising the steps of:

contacting a library of molecules with a magnetic

material;
removing non-binding molecules from the library; and
eluting the bound molecules from the magnetic material.

79. The method of claim 78, further comprising the step of
determining the molecular structure of the molecules that

bind the magnetic material.
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52. The magnetic material according to claim47,
wherein the magnetic material conprises particles.
WG 3004/DB34ssragnet i ¢ material accordi ng to cl ai m BZT/US2003/029555
wherein the magnetic material conprises
nano article The magnetic material accordi
80¢| af %WFZ%‘}S e ThegTEIG S it ?é‘l‘“&ﬁf&r%g%brary is
fuf@ié@r@egﬂ"ﬁ{é& JRNORA 41 L1052 Fhagthe imangtic materi al
of claim 47, wherein the magnetl ¢c mterial is forned

at a tenperature of | ess than 350 degrees centigrade.
8156. Thménﬁr@g?fétq% e in i d, ofheesimtde “‘mé?céﬂrﬁlt ibrary is

conS| st I ngr{%% %éoﬁfﬁ%%ﬁgﬁéi%lg%#&bgar%

magnetic material formed using a nmagnetic nmateri al
82 speﬁhéimﬁtﬁicrrﬂicv@ @i e ul & iwhdies iprdse el agfulametiddrary is

d t. t t |
rudidy bt LR & e h R e R

libegFpmagnetic materi aI 59. The magnetic materi al
according to claim58, wherein the material is a
ferromagnetic nanoparticle material. 62 WO 2004/ 033488

83 pCTFhsIE031 5571 50N Tthe "f@dﬁ‘e“tr} &}}?at“éﬂeé%ujaﬁé?:olrl&?rr?dfy is

fu»_t@néi AR Bth g WET Elih L 18 n Pl NYhg R qcllﬂfeaﬁpnpf i ses a

bi nding am no acid oligoner portion.
conmposition conprising peptide that bi nds spe(:| fically
84 t 0 ’Ehff:cmetazvd Reorpbsid itoh dleciar dighg whend gl el magnetic

cbinds specifically to a
mate l'at1 alllél g lguc%ggg éE— Co. 63. A conposition

accor ding to claim 61 wherei n the peptide
85. The method according to claim 78, wherein the molecules

comprise amino acid oligomers which specifically bind the

magnetic material.

86. 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 molecules;

evaporating the solution of nanoparticles on the surface;

and

annealing the particles to the surface to create a film

of particles.

87. The method according to claim 86, wherein the particles

are magnetic.
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bi nds conprises the sequence of ALSPHSAPLTLY (SEQ ID

NO. :15). 64. A conposition conprising peptide that
worodesmgeci fically to Copt. 65. A conpositi oPCT/US2003/029555

according to claim64, wherein the peptide binds

specifically to a crystalline surface of CoPt. 66. A

conposition according to claim®64, wherein the peptide

conpri ses the sequence of NAGDHAN (SEQ ID NO. :12). 67.

88 A CAHBGRd tHA BECHI MY dP ClAinndd, Whersih ke particles
peptide conprises the sequence of SVSVGAGWKPSPRP(SEQ I D
ardemma\HRL YT conposi ti on conpri sing peptide that
bi nds specifically to FePt. 69. A conposition

2 el a1 E R T e b Bap e parg tetes

areampuspdntoiclastording to claim 68, wherein the peptide
conprises the sequence of SKNSNIL (SEQ ID NO. :13). 71.

A osition according to ¢laimgs, erein the .
20 'pegﬁf ad™= r&?%ce%rqd ¥ <& ucér’?clén o%%HN%%LWE EggHieles
ard FdNQonabhethidc WA 10334838 PCT/ US2003/ 029555 72. A
conmposition conprising peptide that binds specifically
73, A canposition according to claim?72

91 m&meiwdpéﬁi 1 §fys eG4 yplgitgon of

nardpsi@ldidie Sl frathfi SR pait i A LMY tdPVent and are
according to claim 72, wherein the peptide that binds

selactarCadr@omite spouheccaegiusanicry aff EKPSYVQo( SERCbP, CoPt,
NO :14). 75. A conposition according to claim?72,

FeRfveradih WPt i ®eHS i nds t o SnCo5 conpri ses the
sequence of WDPYSHLLQHPQ (SEQ |D NO :18).

92. The method of claim 86, wherein the solvent is

evaporated.

93. The method of claim 86, whefein the surface is a
microfabricated solid surface to which molecules may attach
through either covalent or non-covalent bonds and selected
from the group consisting of Langmuir-Bodgett films, glass,
functionalized glass, germanium, silicon, PTFE, polystyrene,
gallium arsenide, gold, silver, or any materials comprising
amino, carboxyl, thiol or hydroxyl functional groups

incorporated onto a surface.

94. The method of claim 86, wherein the annealing is at a
temperature of least about 700 degrees Centigrade for at least

about 30 minutes under an inert gas.

95. A particle film prepared by the method of claim 86.
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76. A conposition conprising peptide that binds
specifically to a ferromagnetic surface. 77. A
W@ 0vp033488 on according to claim 76, wherein theCpeptoosie29sss
bi nds specifically to a crystalline surface of a
ferromagnetic surface. 78. A nethod of isolating a
nol ecul e that binds specifically to a magnetic
mat erial conprising the steps of: contacting a library
of nol ecules with a magnetic material; renoving
non- bi ndi ng nol ecules fromthe library; and eluting
t he bound nol ecul es fromthe nagnetic material. 79.
The nmethod of claim 78, further conprising the step of
determining the nol ecular structure of the nol ecul es
that bind the magnetic material. 64 WO 2004/ 033488
PCT/ US2003/ 029555 80. The nethod of claim 78, wherein
the nolecular library is further defined as
96 comprimestiimgd eofphesgei g br amgt. a8 Ina thel atetdmpof s iclqitthe steps
78, wherein the nolecular library is further defined
°f s conprising a phage display library. 82. The nethod
of claim 78, wherein the nolecular library is further
defpAe@i @Bng QM Pl & coight Nty | Alpheidstdbat binds
l'ibrary. 83. The nmethod of claim 78, wherein the
sPeo} BEeR BYY 15Drarieiasl Furkars d8td ned as conprising a
peptide library. 84. The nethod according to claim?78,
wWheg Sih s d NendRNETd L mdBd §fd @1 Ifa d SF LMYt 08P with the
The net hod according to claim78, wherein the
mohedtebel| weder orprd el g ridhatc i ke oni g dmrmsatie et the metal

ma§g§f£1!03||y bind the

97. The method of claim 96, wherein the formation of the

metal material occurs in the presence of a reducing agent.

98. The method according to claim 96, wherein the molecule
comprises an amino acid oligomer portion which binds

specifically to the metal surface.

99. The method recited in claim 96, wherein the oligomer
portion which binds specifically is between about 7 and about

100 amino acids long.
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magnetic material. 86. A nethod of preparing a
particle filmconprising the steps of: adding a
waodudtozss of particles to a surface; wherein tP€T/US2003/029555
particles are synthesized with use of binding
nol ecul es; = evaporating the sol ution of nanoparticles
10Qn tHee SMFTIRE FeGEAnmie AT e pHIRICIed o 2Hgomer
postH {26 I S Fhddd Mol pard ikdiSreB abdhte M dbout
according to claim86, wherei'n the particles are
20 ngiTet iagsidss MMPRO04/ 033488 PCT/ US2003/ 029555 88. The
nmet hod according to claim86, wherein the particles
are ferromagnetic. 89. The nethod according to claim
86, wherein the particles are nanoparticles. 90. The
met hod according to claim86, wherein the particles
10ar e Ty mortdgReto T alaiopadd i oitesce i3l .t hEhengtetlhodhtafrial is
claim 86, wherein the solution of nanoparticles are
a ic nanoparticles in a solvent and are selected
fromthe group consisting of 6-Co, Co, SnCoS, CoPt
FePt, and conbi nations thereof. 92. The nethod of
clai m 86, wherein the solvent is evaporated. 93. The
nmet hod of claim 86, wherein the surface is a

103 criieaie RBPS 1 REB T acBiae Mhi P M etumaEariypl is

fePtd@cthedr Ough ei ther coval ent or non-coval ent bonds
and selected fromthe group consisting of
Langmnui r - Bodgett filnms, glass,

103. The method of claim 96, wherein the metal material is a

particle.

104. The method of claim 96, wherein the metal material is a

nanoparticle.

105. The method of claim 96, wherein the metal material is a
ferromagnetic nanoparticle and the molecule comprises an amino

acid oligomer.

106. A method of making a magnetic material comprising the
step of contacting a molecule which binds specifically to the
magnetic material with a magnetic material precursor at a

temperature of 300°C or below to form the magnetic material.
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functionalized glass, germanium silicon, PTFE,
pol ystyrene, gallium arsenide, gold, silver, or any

wWoRenBR8s conpri sing am no, carboxyl, thiol PE€T/US2003/029555
hydroxyl functional groups incorporated onto a
surface. 94. The nethod of claim86, wherein the
annealing is at a tenperature of |east about 700
degrees Centigrade for at |east about 30 m nutes

10 pndefhamdtild Gaordnhg APartdich @ dd | MHYRET ethdy
the nethod of claim86. 66 WO 2004/ 033488

tem@yaisSpon YD AEEE g6 LeAd et hod of naking a netal
mat erial conprising the steps of: providing a
nol ecul e conprising a portion that binds specifically
to a nmetal surface; and contacting one or nore netal
material precursors with the nolecule under

10&ondrhe onesthdvhtaquending draretliagim df0 & hevhestedin the

c nateﬂégé §7.'gg%netq% éﬁ cl ai m 96, wherein the

SRR h oF tHe C Mt &l muterial occurs in the
presence of a reducing agent. 98. The net hod
according to claim96, wherein the nolecule conprises
an am no acid oligonmer portion which binds

speci ficall o the netal surface. %g. he net hod
105 Do i Yl TR 4 S e oot iy molecule
confhi £4e DI NGsesetd firGiadH Yoirfadeipraart ahkautly £anthahidnetic
00 am no acids long. 67 WO 2004/ 033488
matEITials2003/ 029555 100. The nethod recited in claim

96, wherein the oligoner portion which binds
specifically is between about 7 and about

110. The method according to claim 106, wherein the molecule
comprises an oliogopeptide which binds specifically to the

magnetic material.

111. The method according to claim 106, wherein the magnetic

material is a crystalline material.

112. The method according to claim 106, wherein the magnetic

material is a ferromagnetic material.

113. The method according to claim 106, wherein the magnetic

material comprises particles.
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20 am no acids long. 101. The nethod of clai m 96,

wherein the netal material is magnetic. 102. The
woreroes488 cl ai m 96, wherein the nmetal materi aPCT/#52003/029555

ferromagnetic. 103. The nethod of claim 96, wherein

the netal material is a particle. 104. The nethod of

claim96, wherein the netal material is a

nanoparticle. 105. The nmethod of claim 96, wherein the
114BlAle rmétﬁ{dcﬁladéofﬂlrfgfrt{d)"@l%% '1(b6naWél'rP|t%ea%gnetlc

the nolecul e conprises an amno acid ol i goner .
maU&miﬂﬁiQﬁmpnﬂﬂaqgQﬁﬂﬂgﬁﬁﬂMQﬂEﬁaterlaI conpri si ng the

step of contacting a nolecule which binds specifically

to the magnetic material with a magnetic materi al

precursor at a tenperature of 300C or below to form

the magnetic material. 68 WO 2004/ 033488
11 PCT/ 182 0a3/HRD Shdcodihg The aietimod Geccovtdinegirt ched ai m

106, wherei 8%%? te erature is 200C or_ below. 108.
CONIAE AP AP BICTRH TPL F7 TGS Werd] QU 100 and the
madSIPEF ahdbEr i G Q{otb%ﬁé%lﬂ-lQ%teT%ﬂTﬁiﬂq%lutlon

according to claim 106, wherein the nolecule

conprises a peptide which binds specifically to the

magnetic material. 110. The nethod according to claim

106, wherein the nolecule conprises an oliogopeptide

uéﬂhlzfehn@aﬁw@ SPeedif 6814 Mnétoaltﬂec RSt Mﬁlﬂng the
111. The nethod according to claim 106, wheréin the

stemgrt¢antacting a molecule which binds specifically to the
metallic material with a metallic material precursor at a

temperature of 300°C or below to form the metallic material.

117. The method according to claim 116, wherein the

temperature is 200°C ox below.

118. The method according to claim 116, wherein the

temperature is 100°C or below.

119. The method according to claim 116, wherein the molecule

comprises a peptide.

120. The method according to claim 116, wherein the molecule

comprises an oliogopeptide.
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material is a crystalline material. 112. The net hod
according to claim 106, wherein the magnetic nateri al
woO0/088488 onagneti c material. 113. The met hod BCT@WSZ0B/29555
to claim106, wherein the nmagnetic material conprises
particles. 69 WO 2004/ 033488 PCT/ US2003/ 029555 114.
The nmet hod according to claim 106, wherein the
magnetic rmaterial conprises nanoparticles. 115. The
121TBt hog, AGeanding, 40, d:3ignctP&1 e raid wm%reqantt%t R¢allic
and formation are carried out in solution and the
ma treagireel iics rat@anisdialdoes nettepriedipi t at e out of
solution. 116. A nethod of nmaking a netallic naterial
conprising the step of contacting a nol ecul e which
bi nds specifically to the netallic material with a
nmetallic material precursor at a tenperature of 300C
1220r b[eia)vmdmndd)randdreiing ald icd aimt dniégl whekEin Ehe metallic
nmet hod according to cla|n1116 erein the
ma teIniselr sk G BUREGT e AR TErS. - The et hod
according to claim 116, wherein the tenperature is
100C or below. 119. The nethod according to claim 116,
wherein the nol ecule conprises a peptide. 120. The

nmet hod according to claim 116, wherein the nol ecul e
123 onpiies dee P DIABHIERT ¢ AR D BG04rPeIesg the metallic

ma@g{gﬁ%p&%@ Sarkak1ethe method according to claim

n the'netallic mterial is a crystalline
material. 122. The nmethod according to claim 116,
wherein the netallic

124. The method according to claim 116, wherein the metallic

material comprises nanoparticles.

125. The method according to claim 116, wherein the
contacting and formation are carried out in solution and the

metallic material does not precipitate out of solution.

126. A composition comprising an oligopeptide and a magnetic
material, wherein the oligopeptide is specifically bound to

the magnetic material.

127. The composition according to claim 126, wherein the

magnetic material is a ferromagnetic material.
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material is a ferromagnetic material. 123. The net hod
according to claim 116, wherein the netallic naterial
waommpnsxies particles. 124. The met hod accor di nBCT/WS2003/029555
claim 116, wherein the netallic material conprises
nanoparticles. 125. The net hod according to claim 116,
wherein the contacting and formation are carried out
in solution and the netallic material does not
1281 eCtiRé t B RpOsH t n S #Pihg 126 c A GPMROST tidkyein the
conprising ‘an oligopeptide and a magnetic material,
magyet B¢ rma her b1 gupeptisks irpEricid iakbldy- bound to the
magnetic material. 127. The conposition according to
claim 126, wherein the nmagnetic material is a
ferromagnetic material. 71 WO 2004/ 033488
PCT/ US2003/ 029555 128. The conposition according to
122l aTle 1@@npadrer g9 adwordiagnetd cclmirerizd, cdmpre seshe
m na%netic @Ilg%. 129. Iye conposition according to
AGNAThT 158" S Thiet STAR T e?‘ra%%ttli%lerﬁat erial conprises
particles. 130. The method according to claim 126,
wherein the magnetic material conprises
nanoparticles. 131. A conposition conprising SnCo5
nangparticles. 132. The conposjtion according to claim

139 31TheHRe BRef 13 OHEE T T i1 s VHI $4ep the magnetic

ma PEPORArdbkh £8sed 3dandbdmiad1dmt eri al conpri si ng
bi ndi ng nol ecul e-synthesi zed netal particles. 134. A

metal material of claim 133, wherein the particles are
magnetic. 135. A netal material of claim 133, wherein
the particles are

131. A composition comprising SmCos nanoparticles.

132. The composition according to claim 131, wherein the

SmCos nanoparticles are HCP nanoparticles.

133. A metal material comprising binding molecule-synthesized

metal particles.

134. A metal material of claim 133, wherein the particles are

magnetic.

135. A metal material of claim 133, wherein the particles are

ferromagnetic.
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ferromagnetic. 72 WO 2004/ 033488 PCT/ US2003/ 029555

136. A netal material of claim133, wherein the
w@aowios4es are nanoparticles. 137. A netal nareriuatooah29sss

clai m 133, wherein the binding nolecule synthesized

particles are free from biol ogical nolecules by

renmoval by heating. 138. A netal material of claim

133, wherein the netal particles have an aspect ratio
134" €8t &fe dd@Malr 139 o A JTRLRN 18 erjl rOfn Gl Bal3cles are

wherein the netal particles are el ongated and
nargypgrtiisel dsunct i onal i zed regions at either |ong end.

140. A netal material of claim 133, wherein the netal

particles are el ongated and have regions at either

long end to facilitate binding. 141. A netal materi al

of claim 133, wherein the material is localized prior
137 .0 et aig. mat3e M 12 007/ AFE348 8L 3RCT/WUSAH3T 2685 55 ndli4i

tal material conprised of a collection of binding
o fRs s Y RS R B 19 T o L o
mo B ERd £y fram-rol W Wdaliddqe to single crystalline
materials. 143. A netal material conprising of a
col l ection of binding nolecule synthesized netal
nanoparticles that are synthesized independently from
viruses. 74

138. A metal material of claim 133, wherein the metal

particles have an aspect ratio greater than 50.

139. A metal material of claim 133, wherein the metal
particles are elongated and comprise functionalized regions at

either long end.

140. A metal material of claim 133, wherein the metal
particles are elongated and have regions at either long end to

facilitate binding.

141. A metal material of claim 133, wherein the material is

localized prior to heating.
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142. A metal material comprised of a collection of binding
molecule synthesized metal nanoparticles that are annealed

from polycrystalline to single crystalline materials.

143. A metal material comprising of a collection of binding
molecule synthesized metal nanoparticles that are synthesized

independently from viruses.
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