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application was supported in part by grants fromthe Arny Research Ofice
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This application claims priority from Provisional Patent
Application Serial No. 60/325,664, filed on September 28,
2001.

10 The research carried out in the subject application was
supported in part by grants from the Army Research Office
(DADD19-99-0155) .

A nucleotide and/or amino acid sequence listing is
incorporated by reference of the material on computer

15 readable form.

BACKGROUND OF THE INVENTION

In biologic systems, organic molecules exhibit a
remarkable level of control over the nucleation and mineral
phase of inorganic materials such as calcium carbonate and

20 silica, and over the assembly of crystallites and other
nanoscale building blocks into complex structures required
for bioclogic function. This control could, in theory, be
applied to materials with interesting magnetic, electrical or

optical properties.

25 Materials produced by biologic processes are typically
soft, and consist of a surprisingly simple collection of

molecular building blocks (i.e., lipids, ©peptides, and



architectures. Unlike the sem conductor industry, which relies on a serial
| it hographi c processing approach for constructing the snmallest features on
an i ntegrepad/iogdspecuit, 5 |iving organi sms execute their aPchituserswpnl

"bl ueprints” using both coval ent and non-coval ent forces acting

si mul t aneously upon many nol ecul ar conponents. Furthernore, these
structures can often el egantly rearrange between two or_nore usable forns
Wit hout changehg anypaidsthe nerexgestr 10nconst§RUEREILThe (RERIEX

"biol ogicy MRIELLAIS.40 PHOCESS the NehicgRARESSH ONi@dudd6r,0ehaglidroni c,
optic and magnetic devices provides a 2855|ble solution to resolving the
linitati omeloés tomdiai osalapr oEESSIIFGPREE hoREC CoRfd-Ngr | BPREPEFacti®its in

this 15 ?‘88&8@}99 2,8, | g8t Lf ¥ingt he .apPEOPEhake ¢arRgEibid i diesuiand
conbi nati ons o rologi c-inorganic-organic materials, the synthetic
process addviegogriddmisifsor espeats ngheairquar avbte el | cPEstR S ons, and

t he unde@gﬁg Pﬁﬁi&f@ g@%ﬁ%@h@ ofand he gRpEopridie buikding hlacks, 20

SUMVARY e present invention is based on the selection,
product i osimidbhatdwnlandoharanst erdleguilen GPIPPRARET- pORYIRREIONE g.

peptides, W.Lh g@?@%@f‘ Selectd \E'e%ye]ilggaﬁ/@’ U3, 1250801 Se Bk NQFPRIY C
material s- Th oRe enbodi ment fg of the present i1nvention, biologic

mat er i al spoeeq. ysalkdlonbifeaner i il tHoulyr aghanginnechaay aphhade drepraitas brary,
cause directed.mpl ecul ar recognition of a target taking advantage of
iteraglve rounds o pepti de evolution. Organic polyners (e.g., peptides)
may be created and derived that 30 attach with high specificity to a wde
range of materPBes usencPidi‘WRioBasiabt MatRriadst FSeRfeottfuctBr ffiffaces and

elenentalg%ﬁ%ggeigﬁnkﬁinhﬂ@r&&ﬂﬂﬁ%@%%c?“Qﬂﬁ@&:C@ﬁgomaé%etic devices

provides a possible solution to resolving the limitations of
traditional processing methods. The critical factors in this
15 approach are identifying the appropriate compatibilities and
combinations of Dbiologic-inorganic-organic materials, the
synthetic process and recognition for creating unique and
specific combinations, and the understanding the synthesis of

the appropriate building blocks.

20 SUMMARY OF THE INVENTION

The present invention 1s based on the selection,
production, isolation and characterization of organic
polymers, e.g., peptides, with enhanced selectivity to
various organic and inorganic materials. In one embodiment

25 of the present invention, biologic materials, e.g.,
combinatorial libraries such as a phage display library,
cause directed molecular recognition of a target taking
advantage of iterative rounds of peptide evolution. Organic
polymers (e.g., peptides) may be created and derived that

30 attach with high specificity to a wide range of materials
including but not limited to semiconductor surfaces and

elemental carbon-containing compounds such as carbon



WO 03/ 026590 PCT/ US02/31091 nanotubes and graphite. Furthernore, the
invention allows for the selective isolation of organic recognition

nol ecul eswO(08/026590 or gani ¢ pol ynmers) that may specifical | y PCaamsgnsnel a
specific orientation, shape or structure of the biologic 5 material (e.g.,
crystal |l ographic shape or orientation), whether or not a conposition of
the structurally simlar nmaterial is used. In one enbodinent qf the
present in&mﬂﬂﬂhﬂ$,«aﬂ%iéFé@hétescaﬁ%ﬁﬁBeF§oﬁ?scFBEed@”?ﬁ%lQBa@g&PHSincludes

a substratg. {10, cappblef Diddingnone rgaRie bé6b&gi i smteslieatigesone or
nore biologic materials attached to the substrate, and one or L nore

elenental(eagbmnécgﬁmé¢nPﬁéYﬁ%¥%buFb§ta@?écﬁ@ﬁCFSiFﬁ%lybFSFB%P%Z%aFeriaIs.

| n anot he g@«g - resept dMVeRLLeBurd Rifol egkc sieabibekd is
disclosedg?ﬁa ?%gﬁgégggzﬁﬁgngubst?ate capabl e o? bi ndi ng, one or nore

bi ol ogi ¢ material s, (e @ fi r strysiteilogoeamier i Warg t athed 1 HEStst r at e
and a _second i 0Lgdi G TLer L ahoikaghedhd 0chbe Jirisicubbolggidinimeker i al,

and one or nore elenental carbon-containing nolecules attached to the
second bi nhogrizmdtserisald: 20 I n anot her enbodi ment of the present
invention, the biologic scaffold includes a substrate capable of binding

one or nore bactghi ophBgesyeANe OF LRI erdasiteriopinges, atd ashadgito the
substrate, one or nore peptides that recognize a Eortion of

: the
bact er i ophagéfokhdisneigclrsee - el ehefit 8F2I581¢arB6 gé%ﬁtéiﬂﬁﬁﬁﬂﬁﬁﬁgcules

t hat @CoggkgﬁléthDQEﬁkgﬁg | dheANgt hgbrembodi st abttheaps esent ioaventi on,
a method of naking a biologic scaffold is disclosed. The nethod includes

provi di ngmarsupketenic cwpasielsf 2abraeaty tOndh6r SHBFET2bF ol BYt Craléri al s,
attachi ng,aone Qf AREE-PT UQgoe-BBhEL IRy 3oldcdig subsicd®, tandhe
contacting one or nore elenental 3 ,
biologic materials. In another embodiment of the present
invention, a biologic scaffold is disclosed that includes a
15 substrate capable of binding one or more biologic materials,
a first biologic material attached to the substrate and a
second biologic material attached to the first biologic

material, and one or more elemental carbon-containing

molecules attached to the second biologic material.

20 In another embodiment of the present invention, the
biologic scaffold includes a substrate capable of binding one
or more bacteriophages, one or more bacteriophages attached
to the substrate, one or more peptides that recognize a
portion of <the bacteriophage, and one or more elemental

25 carbon-containing molecules that recognize the peptide.

Tn another embodiment of the present invention, a method
of making a biologic scaffold is disclosed. The method
includes providing a substrate capable of binding one or more
biologic materials, attaching one or more biologic materials

30 +to the substrate, and contacting one or more elemental



WO 03/ 026590 PCT/ US02/ 31091 carbon-containing nolecules with the biologic
material to forma biologic scaffold. In another enbodi nent of the present
i nvent i orwoa3/opasbecul e is described. The nol ecul e cont ai ncarusorgmni c 5
pol ymer that selectively recognizes an el enental carbon- containing

nol ecul e. I'n another enbodi ment of the present invention, a method for
directed sem conductor formation is described. The net hod i ncl udgs t he

steps of cortactiongaanipyectleIHEE i rids thea bﬁrcé'tfl’é’llé’r nlf“—f%  face

specificit rﬁ%mbngggﬁgogcggf@m.al wth a first ion to create a
sem conductor material precursor and addi ng a second ion to the

sem conduct or material precursor, n.the nol ecul e, dlel’ ts formation
of the predet éini FE@theace SBPRLHRFRE s@r’ﬁ C&H&UCPB? Pt er RS HRE’ mofecul e

may 15 inglidg;an agi ne Aciieal. i gomBe afoRepilkedecon oty W&y h&genlcthe
surface of a bacteriophage as part of, e.g., a chi ggrlc at, p&)ote n. The

nol ecu? e peyymaien théta FALPEF VA dreSP?J@Jo?r%sr &nd ?mﬁ%tas | 83" From a

conbi nat Ogb@'&aldl c?agnyjlecm@_nol ecule may be an amino acid pol ynmer of
bet ween about and 20 am no acids. The present inventi on al so

enconpasses a _sem conductor nmateri de using the od of 4Pr esent
i nvention. Use® fetre EBRCAGTFRY %’% frs]?alpsre&l rgc gge%n gr dwn ett&?l ng the

mat eri al ssgpd dmthads Ofseﬁlhleo@cﬂ@ﬁﬁfﬂ ifeveatien i25 ideekbudleecdmt er |Ta|eS WI th

novel optical, electronic and ma e roperties
those of BRFRIDjINGingieg, {£he FfgPHe Oégc o%t i*daf, mo@s ronllgaecaﬁ magnetl c

propeigi eg %Mde@@rﬂiﬂ&ﬁt%é)ysﬁélﬁffl@ﬁ.rmt semm&n@mrﬂmnmmzmalcmgﬁﬁal by,

e.g., patterning the devices, which t3
Cnei udo | By ERFRY 6751 91 RGCabRe PR ERERE5OE PRERE R SRr e R At n

patterns, ;Hayef Sa Ok &Y€ bOh hto the semiconductor material precursor,
wherein the molecule directs formation of the predetermined

face specific semiconductor material. The molecule may

15 include an amino acid oligomer or peptide, which may be on

the surface of a bacteriophage as part of, e.g., a chimeric

coat protein. The molecule may even be a nucleic acid

oligomer and may be selected from a combinatorial library.

The molecule may be an amino acid polymer of between about 7

20 and 20 amino acids. The present invention also encompasses a
semiconductor material made using the method of the present

invention.

Uses for the controlled crystals directed and grown

using the materials and methods of the present invention

25 include materials with novel optical, electronic and magnetic
properties. As will be known to those of skill in the art,

the detailed optical, electronic and magnetic properties may

be directed by the formation of semiconductor crystal by,
e.g., patterning the devices, which wusing the present

30 invention may include layering or laying down patterns to

create crystal formation in patterns, layers or even both.



4 WD 03/026590 PCT/US02/ 31091 Another use of the patterns and/or |ayers
formed using the present invention is the formati on of sem conduct or

devi ces fwp odiogdsodensity nagneti c storage. Anot her desi gnPpPcraisobaiobor t he
formati on of transistors for use in, e.g., 5 quantum conputing. Yet another
use for the patterns, designs and novel materials nade with the present

i nvention include imging and imagi ng contrast agent faor nedical
appl i cati ons. XOvehsuchseseo ofhe heatdiorast 8 Srmafy6hS off OTBRi B8hbBct or s

and semi conduct ar, Gryst al s ansh desi gpge | Nl de10k0 baf addmmidonaustoEage
based on quan tUm-dot patterns, e.g., identification of friend or foe in
mlitary @svieven per sbhgbl desist bt MepBet TheShrEYm déPSTEBtI d°BéItsed to
identify  indiyidual sol digrs.OfPeysonngls usiang idantidd casjos.ign, fabric,
in arnor Or* on the person. ternatively, the dots 15 may be used in coding
t he fabriquaitumnempu¥énganother angider gt kerpEbeepttienrsnt i9651P85t o

create bi_a dnnxlilels_ILI m I:élpféisonxﬂédé)e(pfﬂkg%é Obr U dglJarli%nl Anknappi Ng the
drug to Bt dBr 1 Ver €a using the peptides of the present invention. Yet
anot her useagind amd ammgﬁogandnquahaadﬁa§n6@¥ﬂ%%ﬂb§§eépBﬁl%@:§€ﬁb or
protein expression by drug trapping using the peptides to deliver a drug.

For a nore conplet e Jpgerstaadi ngopf the feativeeseand ratheanagesoaf the
present invention, reference is now nade to the detailed description of

t he i nvensenhcendmgosist Fnch SN2 5oRRETAFaYIAGEEF 9Bt esIe BRIEF "BESERPPTI ON OF
THE F| GURES-Far. iy e cepphet e yinder standiuaaceh tdw: f patueess and.gadvant ages

of the present invention, Teference is now nade to the detailed
descri pti bdentifieatiipre st Aianengt witth ThailaGag¥cBhparsh S ECE0RES.

situations. The quantum dots could be wused to identify
individual soldiers or personnel using identification in
fabric, in armor or on the person. Alternatively, the dots
15 may be used in coding the fabric of money. Yet another use
for the present invention is to create bi and multi-
functional peptides for drug delivery in trapping the drug to
be delivered using the peptides of the present invention.
Yet another use is for in vivo and vitro diagnostics based on
20 gene or protein expression by drug trapping using the

peptides to deliver a drug.

For a more complete understanding of the features and
advantages of the present invention, reference is now made to
the detailed description of the invention along with the

25 accompanying figures.

BRIEF DESCRIPTION OF THE FIGURES

For more complete understanding of the features and
advantages of the present invention, reference is now made to
the detailed description of the invention along with the

30 accompanying FIGURES.



5 WD 03/026590 PCT/US02/31091 FIGURE 1 depicts selected random am no acid
sequences in accordance with the present invention; FIGJRE 2 depicts XPS
spectra oWogBusPures i n accordance with the present inveamiusn/3H9F GURE 3
depi cts phage recognition of heterostructures in accordance with the
present invention; FIGURES 4-8 depict specific am no acid sequences in

accordance with the present invention; FIGJRE 9 depicts the qg%%de i nsert
structure of tEECURD hregRs $4%rogricesed ntardW dee Wt Fﬁgu%b i

i nvention;, . BLGRE: 10: [deRined $rbbenvaiiwihg iani;no aci d substitutions in the
third and fourth rounds of sélection in accordance wth the present

invention; FlGiRgydd slegicis d hesarbreragi ¢ sahistdtubisons atterdddee 15
fifth round of selection in accordance with the present invention; FlIGURE

12 depi ct &itthe thane¥e ¥ held&@ePtdfft he ZnS nanoparticles in accordance with

the present invention; FIGJURE 13 depicts organi c polyner . 0. eptide)
20 seqfences oBTaVRBd3f FSRLPHE- EPEIRI BPEPY™S F%%tPgn}%ﬁﬁFﬁégrg%gﬁ%ﬁg

pl anchet i, aceordanes Wil theppeesentinvewenabhen, FI GURE 14 depicts
organi c polyner (e.g., peptide) sequences obtained fromPhD 12 library

sel ection agai rsturear hem phapcbet spacaccor daree wathdt equeesest in
invention; 25 FI GURE 15 depicts orgapic palymer (e.g., peptide) sequences
obt ai ned AGREPRBET 2V ihridlS PLEEFERTI W HTdi°hét SWNT paste aggregates in
accordance with_the present, inveption; FlGJURE 16 depicts, organi.c .nol ynmer
(e.g., peptidefICHRGuénc %pﬁﬁ¥hiﬂ%% P?Bg}g%kffiefgbfggﬁcggrchFoﬁﬁgbainst
HOPG 130 igh=@eCoidanceeMirh ddie rgeaseniiimneenrt peasent invention;
FIGURE 10 depicts the various amino acid substitutions
in the third and fourth rounds of selection in accordance

with the present invention;

FIGURE 11 depicts the amino acid substitutions after the
15 fifth round of selection in accordance with the present

invention;

FIGURE 12 depicts the nanowire made from the Zns

nanoparticles in accordance with the present invention;

FIGURE 13 depicts organic polymer (e.g., peptide)
20 sequences obtained from PhD-C7C library selection against

carbon planchet in accordance with the present invention;

FIGURE 14 depicts organic polymer (e.g., peptide)
sequences obtained from PhD-12 library selection against

carbon planchet in accordance with the present invention;

25 FIGURE 15 depicts organic polymer (e.g., peptide)
sequences obtained from pHD-12 library selection against SWNT

paste aggregates in accordance with the present invention;

FIGURE 16 depicts organic polymer (e.g., peptide)
sequences obtained from PhD-12 library selection against HOPG

30 in accordance with the present invention;



6 WO 03/026590 PCT/US02/31091 FIGURE 17 depicts binding efficiencies of
vari ous phage clones to SWNT paste aggregates in accordance with the
present iwoeakesmy FI GURE 18 depicts binding efficienciesPeafi/usarswas phage
5 clones to carbon planchet in accordance with the present invention;

FI GURE 19 depicts confocal images of various phage clones bound to carbon
pl anchet in accordance with the present invention; 10 FlI GURE Zg depi cts
confocal | magesCHREVAT| danichs oPLngiRg eof Peptnddesh8ind 34t ar BBAIPI anchet

in accordance . with pr toi 39 EhGURE-@dateni cta teontneal

i mages ofg%/oar}?so&%ph%@gr cpﬁ‘c%)ﬁcgs %%ﬁgéto wet SWNT paste in accordance with
t he presemteselkl iimventiom; FlI GURE 22 depicts AFM i mages of phage cl ones on
HOPG in accordance with the present invention;, FIGJRE 23 depicts a
schemati ¢ di agfTEvREf 18n JSPTLS pRipayRHge hEliFd eEoPtmT2 261 BORES 24

depi ct:s a schematic diagram of, phage:pi ndidgdahse SWEN( phage pBubiEht FI GURE
25 de&fct%f%nes%ﬁéhat%cﬁgﬁag anI11 of n-%ype SCV\NT nodi fi cation using SWNT
bi ndi ng pepterdesn/Fl GURE 26 depicts a schematic diagramfor the 25

application of SWNT as a drug releasing system and_Fl GURE 27 dggi cts a
schemati ¢ di agi@HREor 19 hederigiisi c 8PPEACRE  SWIRPSS) nOfanter - Wdi £3fF6n.
DETAI LED DESCRI P NgOF: I HEd MYENT L@ c e WO 103/ 826598263/ WA 31881

present invention;

10 FIGURE 20 depicts confocal images of various
biotinylated peptides bound to carbon planchet in accordance
with the present invention;

FIGURE 21 depicts confocal images of various phage
clones bound to wet SWNT paste in accordance with the present

15 invention;

FIGURE 22 depicts AFM images of phage clones on HOPG in

accordance with the present invention;

FIGURE 23 depicts a schematic diagram of an SWNT

purifying negative column;

20 FIGURE 24 depicts a schematic diagram of phage binding
to SWNT (phage-SWNT);

FIGURE 25 depicts a schematic diagram of n-type SWNT

modification using SWNT binding peptides;

FIGURE 26 depicts a schematic diagram  for the

25 application of SWNT as a drug releasing system; and

FIGURE 27 depicts a schematic diagram for  the

application of SWNTs in cancer medication.

DETAILED DESCRIPTION OF THE INVENTION



Al t hough maki ng and using various enbodi nents of the present invention are
di scussed in detail below, it should be appreciated that the present

i nvent i orwproameates many applicabl e inventive concepts thaCcTasn/b®enbodi ed
in awde 5 variety of specific contexts. The specific enbodi ments

di scussed herein are nerely illustrative of specific ways to nake and use
the invention, and do not delimt the scope  of th%i ven ion.fT%ém; used
herei n have nmédrihegshasiaddmiontyd uigéret 6GF°88 Y PEESSR ot ordPnary

ski Il i”d§£$eﬁ&?%%v%ﬁk?&ﬁﬂéréQdié@hsé@@&iﬁnHeE@yEnﬁéxuwn'Bm’mmoamdhpas "a,"
"an," an %e' are not intended to refer to only a si Eguldar entity, but
incl ude apwergedmdesl dihads ofhahi A&’ beclPVEN BRGNPl BEAUY DR u888YF or

i1 lustratiom; t 9 R0k 0y cBEESHHS i Endtsashr ®destibedl3ns peeiitiec
enbodi nen%@plojfct%g i nvent|i on,cbut&% heir usage does .not limt. the

i nventd onvaeketapt ofs epetifHikd i9PNRELEr ai nELeThEPEEL A fol HEFE R is used

to describe %.Pses%&c G re8ibadinents 1 9f 11 hesi AMERd Ok dpdcithiel waysage does
not limt - the I nvention, except as outlined in the ¢laims. As used 20

t hr oughouhakdeapd esent thp et TertETon, 2nchéld 1ots dfdBntumPSdSEsPe ©

" nanopart{'_f% es verd, particles” are used interchangeably. As used herein,
the term |ojfog| c material" and/or "biologic material" refers to a virus,

bact eri ophage, 25 bacteria, peptide, protein, amno ag| d, St erd iod,d drug,
chromophor e, afRiModieeemSHEn shagt ePSAHdliFed or U8B . $15Ended nucl ei c
aci d,lcﬁndkr;rg”)é chegbsab smedifiheali ars11t her eak. sTeasbirelleghatmaberinal may
sel f-assenble fo forma dry thin filmon the goqtact,i B%dsq.rtfh%ge q_j a

0 al irgnmen of the

subst r at epr8gerse| FERREHBI -y nBGEPRr AFE r Afdofr or @RI fo
bi ol ogi ¢ gBterjaln@y the siidaee dJmyaddistingdiathenbiol ogher Brclude

the general class of which a specific example may be used for
illustration. The terminology herein is used to describe
15 specific embodiments of the invention, but their usage does

not limit the invention, except as outlined in the claims.

The terminology herein is used to describe specific
embodiments of the invention, but their usage does not limit
the invention, except as outlined in the claims. As used

20 throughout the present specification, the terms “quantum
dots”, “nanoparticles”, and “particles” are used

interchangeably.

As used herein, the term “biologic material” and/or
“biologic material” refers to a virus, bacteriophage,

25 Dbacteria, peptide, protein, amino acid, steroid, drug,
chromophore, antibody, enzyme, single-stranded or double-
stranded nucleic acid, and any chemical modifications
thereof. The biologic material may self-assemble to form a

dry thin f£film on the contacting surface of a substrate.

30 Self-assembly may permit random or uniform alignment of the

biologic material on the surface. 1In addition, the biologic



WD 03/ 026590 PCT/ US02/31091 nmaterial may forma dry thin filmthat is
externally controlled by solvent concentration, application of an

el ectri c wod3oeespmgneti c field, optics, or other chem cal per/ushi/alogt
interactions. As used herein, biologic material and 5 "organic polyner"” and
"polynmeric organic material"™ may be wused interchangeably. As used herein,

organic polyner refers to rrulticg]}e units of organic rr,atere{X%I, V\ﬂgrein t he
organi c mwetesriiadl mAE| ufest severdY " bHBMefsint het2 ey e THE ALY or

di fferent.,kar, %faﬁpgg RLOLELRS, -8ALLROMI %N, PeRbbdesat16n nust ei enaci ds,
chinmeric no ecd] es, ugs, and other carbon- containin g&ltger.i aLs known to
exi st i n dlatogicc aggstoanmagpetyc, Teakar y‘%ﬁtilccsord’a?niostﬁﬁ’% "FfusPfati ons

of or gani f:ielpé)l YREL S Qher organi,c.QohV“BES, MY obegder midkives end anal ogs
of bi ol ogic pol yners fﬁat contain one or nore 15 bi ol ogi.c_nononers in

conbi rfat | bosgatitch syhyhest’i candnomelymerhat oFgR AR tSFdSd 't Jid R8tural I y.
The term inorgan %hgﬁbggﬂi 1Okg "y GRNEnGORPOMIME pdBIRITS re@esNpoOUNds
such as, €. 0., 1ndiumtin oxide, doping agents, netals, mnerals,

radi oi sotopepudhiple andiR® ednvinsariendateréreof "NREEAP s thay 99 ube Ba,

Sr, Ti, B 1. M, Nig oM 1 PEpob@nedds that KayRBe €he BameBer M,
Ca, Nb, ﬂ?t?—]rg%lofl, C&E,%eﬁh?e‘éc, aaor Y(.) I neo_rgani c conpounds rmay i ncl ude,
e.g., highitfetadt.ri c Eonsteramaterer PAPELLiNS ms@R&EBPEY e uc P IH5FT um

Stronfd um Lifanat g.; hari ueah &l neonAlG oLl t aRabs, Lead aieeonaleohi-t anat e,
| ead Tanthanum tl?ana’te, strontiumtitanate, bariumtitapate, barium
nmagnesi uncéhuminice, bRsruinls | tnate, tet romtStumiBi shiPhoItantNSEES and

strontium gl S.m“lt @u‘i{%g%?‘lﬁ& e ory ?@Jsﬁs) Orarevaiiﬁﬁét%h%iotn@_er gef .orkpRowa to
t hose of (Srd?’n’ary sKi I'n th 30 art. The term "organi ¢ npol ecul e" or
"or gani ¢ pohpoursl’ refpehsr organic polymers may be derivatives or
analogs of biologic polymers that contain one or more
15 biologic monomers in combinations with synthetic monomers

that may mimic those found naturally.

The term “inorganic molecule” or “inorganic compound”
refers to compounds such as, e.g., indium tin oxide, doping
agents, metals, minerals, radioisotope, salt, and

20 combinations, thereof. Metals may include Ba, Sr, Ti, Bi,
Ta, %r, Fe, Ni, Mn, Pb, La, Li, Na, K, Rb, Cs, Fr, Be, Mg,
ca, Nb, Tl1l, Hg, Cu, Co, Rh, Sc, or Y. Inorganic compounds
may include, e.g., high dielectric constant materials
(insulators) such as barium strontium titanate, barium

25 zirconate titanate, lead zirconate titanate, lead lanthanum
titanate, strontium  titanate, barium titanate, barium
magnesium fluoride, bismuth titanate, strontium bismuth
tantalite, and strontium bismuth tantalite niobate, or
variations, thereof, known to those of ordinary skill in the

30 art.

The term “organic molecule” or “organic compound” refers

to compounds containing carbon alone or in combination, such



t o conmpounds contai ning carbon alone or in conbination, such 9 WO

03/ 026590 PCT/ US02/ 31091 as nucl eotides, pol ynucl eoti des, nucl eosi des,

st er oi ds,wDNB/(0265RNA, pepti des, protein, antibodies, enzyneP€T/usar/bwhydr at e,
|'i pi ds, conducting polyners, drugs, and conbinations, thereof. A drug nmay
i nclude an antibiotic, antimcrobial, 5 anti-infl anmat ory, anal gesi c,

anti hi stam ne, and any agent used therapeutl call % gh&(l ac{m&al I y
agai nst remElGiEet igaBhoPegYBUEHRO bidssht TGN FOs PRI 05 tondi ti'ons. The

term "el ggpnt aheﬁ@{&l@é‘ cepbak i Ny rRkigeules, eenenat)y crae:ﬁoehsdmtal | ot ropi ¢
forms of carbo arrples 10 include, but are not Ilmte di anond,

gr aphi t e,ligcitdsvat eepretrdiomg cah DBABYS rcar BB B acR™di ndif: rlPSF Q4F bon,

charcoal , %% &, ang %&98'méglﬁﬂbﬂ%ﬁ%”ﬂhﬁsaﬂﬂMHﬂﬂﬂic,buﬁnﬁmﬁcmoblhlnlted to
car bon plan hi ghl'y ordered pyrolytic gra hite ( 85 sin | e-wal | ed
nanot Bbe {rBVNERELsingtervial PadlAaRbE ubesaEEE ar?ﬁé‘errul £ weted 2HERbL ube,

mul ti-wal | ed n@gg}&%@uﬁaéitﬁyas o¥eldro@y1HBE 8dalPr egaGh el Ganbanigont al ni ng
material s.° used herein substrate” may be a,m crofabricated solid

surface tmeithilslyinol et ubetenititddly Pﬁitbabq’igjé? W@Pdlébﬂ?ﬁfent or non-coval ent
bonds and includes, e.g., silicon, 20 Langnuir-Bodgett fil ns,

functionalizedQ ass,e ger nm?silléﬁ’fﬂent@@r an1cérb6ﬂ1+c't@m’alnan$;en‘i coiegotef
material, PTFE, carbon, polycarbonate,

| ar asti
pol yst yr egrnerajdlyl i (it eh? d&- 1G6FaPTSi Irp\‘?é?‘s %t érb??erf “al %lea%l%% abric,

and combi nati.ens ther eet aspabigi©dd hayi @gafnuﬁatlgma@h:gmum&twasbadh as
am no, carboxyl, thiol or hydroxyl _incor o at ed gn |t'b surface.  imlarly,
aPro

the substearkomvayCHe Ao or GARPRY  RiRefi at "L = Pai FaTRal i an

cel I, antibody,.Qf §dRe1.0r othssuexd bR isithaep bor whiemat Hiloliogic
materlal may attach. The surface may be Iar%e or, snal | r]cd n

to carbon planchet, highly ofdered py olytic graphite PG),

single-walled nanotube (SWNT), single-walled nanotube paste,

15 multi-walled nanotube, multi-walled nanotube paste as well as

metal impregnated carbon-containing materials.

As used herein, a “substrate” may be a microfabricated
solid surface to which molecules attach through either
covalent or non-covalent bonds and includes, e.g., silicon,

20 Langmuir-Bodgett films, functionalized (glass, germanium,
ceramic, silicon, a semiconductor material, PTFE, carbon,
polycarbonate, mica, mylar, plastic, gquartz, polystyrene,
gallium arsenide, gold, silver, metal, metal alloy, fabric,
and combinations thereof capable of having functional groups

25 such as amino, carboxyl, thiol or hydroxyl incorporated on
its surface. Similarly, the substrate may be an organic
material such as a protein, mammalian cell, antibody, organ,
or tissue with a surface to which a biologic material may
attach. The surface may be large or small and not

30 necessarily uniform but should act as a contacting surface
(not necessarily in monolayer). The substrate may be porous,

planar or mnonplanar. The substrate includes a contacting
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30 necessarily uniformbut should act as a contacting surface (not
necessarily in nonolayer). The substrate nmay be porous, planar or

nonpl anarwomh®2eabst rat e i ncl udes a contacting 10 WO 03/ @26AS02/31091

PCT/ US02/ 31091 surface that may be the substrate itself or a second | ayer
(e.g., substrate or biologic material with a contacting surface) nade of

organi ¢ or inorganic nol ecul es, and to which , or i c or inorganic nol ecul es
may cont acttrise hetkiarifvé?ﬁ%rge hiVe prRviGts yltssneg% that 686??‘%;%51%%& bi nd
to sem condiet.Qr eBbetirate S eandugior memteetnal swittsefal donthtndhag
peptides include, but are not limted.to al l'ium arseni de, [ndium
phosphat e, SHHAGCUNTROEr £ e OTIPRCC gﬁl??‘ﬂ]é?aqacumo%ﬁ\u FgeﬁPée,anﬁh%}ﬁum

gal | i um arsepinde, ok0isadghnie sid fdcdees crghridaontaeleni de, zinc sel eni de, |ead
sul fide, boron nitride and silicon. Sem conductor nanocrystals exhibit size
and shape- dependeni optical .and el ect.rical properties. These. diverse
propertaE‘Pes resﬁ?‘te i Y é_’lorrspo et i evalp())p Sl“aL atsihéjlr%g1 i%hazt 1ge?/§alr?ee ym%

devi ces sucihdas tbi ghtmemwdduiaigprdi adesri{dIED), Ssmhgbedetect r oatbraassstors,
phot ovol tai cs, .optical and magnetic nenories, and di agnostic. markers and
Sensors. U(fc?rﬁurlolmofblp%%rf%l%e%lzee,s thnacgngghd p%asaerel 519% s%mélrfietol{ cg? in

pr ot ect i vegadddtunngsrsaiciveas dadipai mhoapdata, piggrignues suctras,20zinase

pai nts. The sferg{i conduct ar__mat ea[ri %Insldnay bciu%n 1ilneerg1 1119 b% (S)feng rtain
shapes and 51765/ wier B i ¥he TPt ¢ar and 88t ri &I prOperti 68 of’ t hese
sem carducteiminat erdvdlfsdeny chésfube sxiErdidegd fzimcuseelenhdaer ousadevi ces.
The present glvent grs have fu therd de¥el orped a nmeans of 25 nucl eating
nanoparti ciesQ%d GPFeRt I hy tHeid %s&Fti%¥enbly. The main features of the
peptides are their ability to recognize and bind technol ogically inportant
materi als W thSemiconductor nanocrystals exhibit size and shape-

dependent optical and electrical properties. These diverse
properties result in their potential applications in a
15 variety of devices such as light emitting diodes (LED),
single electron transistors, photovoltaics, optical and
magnetic memories, and diagnostic markers and sensors.
Control of particle size, shape and phase is also critical in
protective coatings such as car paint and in pigments such as
20 house paints. The semiconductor materials may be engineered
to be of certain shapes and sizes, wherein the optical and
electrical properties of these semilconductor materials may

best be exploited for use in numerous devices.

The present inventors have further developed a means of

25 nucleating nanoparticles and directing 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

30 phase of nucleated nanoparticles. The peptides can also
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face specificity, to nucleate size-constrained crystalline sem conductor
materials, and to control the crystallographic 30 phase of nucl eated
nanopart i wDes/0265he peptides can also 11 WO 03/026590 PCT/POSABZNBIOIL
control the aspect ratio of the materials and therefore, the optical
properties. Briefly, the facility with which biologic systens assenble

i mrensely conplicated structure on an exceedi ng| 5 m.nute scal e_has

not i vat edcenigradatthgeddsnsct festeseti fhe h’@a’a%‘é:‘r%e")/ 139 d"e*heﬁe?";?rﬁon-%BFo| ogi c
systens t%@?ié§¥1ﬁQ haveibp a simlar fashion. O particular value would be
met hods that could be applied to materials with interesting electronic or

optical properties, but natural eyolutipn has nat selected 1Q
i nteracti ons BBtheddd bi 6B6I ed@cdd1Eid ¥ht n%?ﬁ%?a?%%o lcbreséresattﬁllsnvention

i's based 98s4@eRONE hhORsdNAL cobbDl @i Systermuref fori ent | yxardiiagiyr at el y
assenbl e nanoscal e buil ding bl ocks into conﬁlei a?d.f%ncti nal Iy, .
sophi st i caiedst Fertur B3S WPhI R p2r FESTT oh®3toRtr 4

; &4°°'15"si zeTand
conposi ti goa] rdnid of g A £yOMR I BliB0dg0E Pyoknt Nthat rawmddrabavganinc apol ymer

pool is wusing a Phage-display library. A Phage-djsplay library.is.a
conbi nat ofi®i 134 bfasH - r ﬁdBﬁFEéﬁ?*%@sV% W?aWﬂF%% ggtﬂﬁgﬁogs &fd12 anino

aci ds fusedut® tdeapblicLoad mudEian sofiMh3iR0eeolt phageleproviidi g
different peptides that are reactive wth cg¥stall'ne sem conduct or
st ruct ur esPbFCak hBFORREEFG S sPUL FRGEUEDDi EYCOFTIIR PPFI "CJat®protern are

| ocat gl on,pne end -Qfonkhgephage wamidiekaleacentnuidig aarerifid6 nm of the
particle. The phage-di splay approach provides a physical 25 |inkage between

the peptide substrate interaction and.the DNA, that . 1 hat
i nteraction. F%Eﬁi(ﬂ§%§§&%en&8§eWﬁﬁﬁ§'béén R3VeT oped ﬁ§?§8§??%§§1i2§§t

biologic systems efficiently and accurately assemble
nanoscale building blocks into complex and functionally
sophisticated structures with high perfection, controlled

15 size and compositional uniformity.

One method of providing a random organic polymer pool is

using a Phage-display library. A Phage-display library is a
combinatorial library of random peptides containing between 7

and 12 amino acids fuse&. to the pIII coat protein of MI13

20 coliphage, providing different peptides that are reactive
with crystalline semiconductor structures or other materials.
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 provides a physical

25 linkage between the peptide substrate interaction and the DNA

+hat encodes that interaction.

Peptide sequences have been developed with affinities
for various materials such as semiconductors, and elemental
carbon-containing molecules such as carbon nanotubes and

30 graphite. Five different single-crystal semiconductors, Gahs

(100), GaAs (111)A, GaAs(111)B, InP(100) and Si(100), were

12



for various materials such as sem conductors, and el enent al

car bon-cont ai ni ng nol ecul es such as carbon nanotubes and 30 graphite. Five
di fferentweimagkesser ystal sem conductors, GaAs (100), GAAPCTAKDY/A4091
GaAs(111)B, InP(100) and Si (100), were 12 WO 03/026590 PCT/US02/ 31091
used in the foll ow ng exanpl es. These sem conductors allowed for

systematic evaluation of the peptide interactions ,and confi raggti oa of the
general ut$éd tin dfhet HolderhoeaoPBFYPHES + hdheFreSERE CPRVENtITh FoPYaft f er ent

crystallipe SLLUCLULES: LBa3,addbhi o elenpepeldsaribearaeniaiai agd
nol ecul es” Such”as car%on pl anchets, highly ordered g};l/r olytic qr thi te
n

(HOPG), aouffisimafliemwalfl Hendapetde YWY pastRe wBP e RXIPIYUST NG 8

Phage- di spl.ay 1 brarde proteln seeuances dhakaisuseesstubty-houndrho the
specific rys?a were el uted from 10 the surface, anplified b a

su , €e.g.,
mllion-febditiand r eslteditadai mstrbrhecebsitiidide TS HEre §tuF}/‘ng§ﬁt
conditions,_.This re e stehr deSe Gghi,mes to
sel ect th%af) %{bep%%ﬁ@ﬁe i b?%@f/ls\y/vi igﬁ@étlﬁecea %@t’&?p}eci f?f:h}ﬁ%l ndi (\rffgmpepti des.
After, e.gnd sheyitchivedleflonpnptarrl (SWTH BESERUIRKS o0FSSFhage sel ecti on,
crystal -specific phage were isolated and their DNA sequenced, identifying
the peptide bindingat Matagesagebesyi venkatry ) heretyshalsecomposit itvat(for
exanpl e, binding to GaAs but not to Si) and cr}yst I'1ine f ce (f.or _exanpl e,
bi ndi ng t eu¢aePfddas, byd et e (1A E G AW S TR yeajﬁ 8ﬁ1esf%§5ﬁ ect ed

from £RAS( 100}, L & Anghyzed dod pydelet ne aRNLepe-bing) nendlomaicacby
am no- aci unctionality analysis to the GaAs surface. The par tI' al peptide
sequencesageinthethedisEbPedrare | UBREHVRPYTE pf bE BRIPHr eCXHBWN A1 - FITECRE 1,

reveal i ng siolbafe biadi ng.0omBd s L_RARBEN PepiredesagX pasadnt Ot ZheLaAn. Wth
i ncr easi nB nunber of exposures to a GaAs surface, the nunber of.funcharged
pol ar andskéefs- base PbAGE| oly| the library with the most specific

binding peptides. After, e.g., the third, fourth and fifth
15 rounds of phage selection, crystal-specific phage were
isolated and their DNA sequenced, identifying the peptide
binding that is selective for the crystal composition (for
example, binding to GaAs but not to si) and crystalline face

(for example, binding to (100) GaAs, but not to (111)B GaAs) .

20 Twenty clones selected from GaAs(100) were analyzed to
determine epitope binding domains by amino-acid functionality
analysis to the GaAs surface. The partial peptide sequences
of the modified pIII or pVIII protein are shown in FIGURE 1,
revealing similar binding domains among peptides exposed to

25 GaAs. 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-—

30 base functional groups increased at the same time from 41% to
48% to 55%. The observed increase in Lewis bases, which

should constitute only 34% of the functional groups in random
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groups increased. Phage clones fromthird, fourth and fifth round
sequenci ng cont ai ned on average 30% 40% and 44% pol ar functional groups,
respecti vwby3z/ondsvd e the fraction of Lewi s 30 base functi oralr/Epovsypsl
increased at the same tinme from41%to 48%to 55% The observed increase
in Lewis bases, which should constitute only 34% of the functional groups
in random 13 WO 03/026590 PCT/US02/31091 12-mer peptides from our
library, Sugeesteertiges freractitoddPrBEY ne®h? 1% tggastesln?)cr?rfaﬁel?)relf)ti des
and Lew S'éﬁie%rﬁiﬂe%sorbastése S AS WdAGacrRynaedicatie-bbedsel eet | we bi ndi ng
exhi bited]O y these peptides. 5 The expected structure of the. gi &i ed
12-mers sthectadhs $HOMhaEaY BesiptraybeSaheext Ehded Eoi% o%"%’ég‘r% Ae which

seens Iig}?l%é‘s%r %ﬁgheg.epti des, nmking the peptide nuch | onger than the
unit cell {5.65 A) of GaAs. Therefore, only small binding domai ns woul d be

necessary for the peptide to 10 recognize a ., C al .. T rt
pepti de éomai e %F%rﬂtie&htséﬁuflﬁuﬁ? G‘%F{E%]f Tont 190 25 ers %%§%C§Q8

i N SEerine-

t hr eoni nesgbghend egiansyi Ragdget henetierhe poesensst bin anitniehl erkwsbases,
such as asparagi ne and agl utam ne, To determ r}g t he xact mugﬁnqioplge]?equence,
the surfatekehavEoBesiaddr ARG 4GSr h "F0Ror v PPBIFAFT eV nelClid g 7- mer

and di sul phi de.,congt fai ety /s '@y ) bparegss . Ustigrd hss shart emalliibrari es
that reduce the size and flexibility of the binding domain, fewer

pept i de- shifidioey | teredotsi omoudde b | oWEESSPEE| dERY t He® B§RECEd i“Acr ease
in the,strength of interacti het ween, 20 gensrat iapsigl SRIREhison.
Phagefotaﬁ(acé%g%%eh St rg%?gvi i n-tl abel ed 50- nm col | o;pdgl * gol d particles
bound to thehphaged hinugRGERDI bt | AghbaEd sertiodynd ot PREOIVMIPS o4t

protein, were used fol;Quanhitalive BSSESRENLs ObngRECiTlh@ shigadieng. X-ray
phot oel ect¥dn .
such as asparagine and glutamine. To determine the exact
binding sequence, the surfaces have been screened with
15 shorter libraries, 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

20 generations of selection.

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

25 spectroscopy (XPS) elemental composition determination was
performed, monitoring the phage substrate interaction through
the intensity of the gold 4f-electron signal (FIGUREs 2a-c).
Without the presence of the Gl-3 phage, XPS confirmed that
the antibody and the gold streptavidin did not bind to the

30 GaAs(100)substrate. The gold-streptavidin binding was,
therefore, specific to the peptide expressed on the phage and

an indicator of the phage binding to the substrate. Using
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25 spectroscopy (XPS) el enental conposition determ nation was perforned,
noni toring the phage substrate interaction through the intensity of the
gol d 4f - eWeaBnois9si gnal (FI GUREs 2a-c). Wthout the presecrasot/3tohe Gl- 3
phage, XPS confirmed that the antibody and the gold streptavidin did not
bind to the 30 GaAs(100)substrate. The gol d-streptavidin bindi ng was,

therefore, specific to the peptide expressed on the ph%%% agdd an i ndi cat or
of the phag® bfndeagaleot Heuadodtrst &heuding SPAUYRPCE3/Fo8586% Ltrom

PCT/ US02/ PS . S fieund,that thaa&li§osequencendsol abed from
GaAs(lOO)é%gsﬁﬁlcP%pec]?éﬁn\gglI%eti% GaAs(100) but not to Si(100) (see Fl GLRE

2a) . |n aitohpl eeentBIGPREastilon t he i C%Péﬁ@?“%%?%eﬁéalgh%i 8% fhe (100)
Si Surfacgl ggom@grgggﬁj ggQ&HQ%“QhEO gm?)(kgp)s§?f§c§PrEﬁ6ﬁedS@6BrGaAs
n

sequences al'sd boun e surface of | 100), another zinc-blende
st ructur ebifffindoasi $hef (LAR) s@édattswéachi ndi ng, whether it is chenical,
structural or electronic, is still under investigation. In addition, the

presence of 10shal ide O%dacBet gl sdibsiunat ensushacecerays aldrer(1e,
selectivity of peptide binding. The preferential, biqgig of the Gl-3 clone
t o GaAs(1060ythepvainehlenda) AtEYartiem £BF nidi2t&d) ©or ?‘ﬂﬁ%%&r@’&m c

terninated) face QfndfaAs was idennestcat edtdicgurah, oe) eledhenlis, Gis3 cl one
surface concentration was greater on the (100 surfac whi ch was _used for

its sel ecskEbhl turaeroninKestygdtiam riléh %qﬂﬁ%%QQGr & §EHPE§??Qﬁ$ (?f1)B

surfaggs. (These difheregt Sunéacgspa@denowndacexhinbiyt dilfteer enthecheni cal
reactivities, and It Is not surprising that there is 20 selectivity

denonst r asede¢ritHey sfagerbifdi phrdi%-he various crystal faces. Although
the bulk term nation of both 111 surfaces give the sanme geonetric

structure, thepgli ffeI®NG@%ial binding of the Gl-3 clone to GaAs(100),
over the (111)A (gallium terminated) or (111)B (arsenic
terminated) face of GaAs was demonstrated (Fig. 2b, c). The

15 G1-3 clone surface concentration was greater on the (100)
surface, which was used for its selection, than on the
gallium-rich (111)A or arsenic-rich (111)B surfaces. These
different surfaces are known to exhibit different chemical
reactivities, and it 1s not surprising that there 1is

20 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

25 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 GI-3 phage
30 clone is plotted in 2c. As expected from the results in Fig.

2b, the Ga 2p intensities observed on the GaaAs (100), (111)A

15



bet ween having Ga or As atons outernost in the surface bilayer becone nore

apparent when conparing surface 25 reconstructions. The conposition of the

oxi des ofwDle/02@pé ous GaAs surfaces is al so expected to reTdishi/zroent, and

this in turn may affect the nature of the peptide binding. The intensity

of Ga 2p electrons against the binding energy fromsubstrates that were

exposed to the Gl-3 pha 30 clone is plotted in 2c. expected. fromthe
B e @

e As
resul ts i andi ¢g112bB ﬁﬁég@e§paFﬁt ERTPEFeLY oBEEPORH-FRY h £68) ,

(111) A 15, YR 03/.026590 RET/ USR2431091n aad JpllihRrsukfaces an€acawer sel y
proportional to the gold concentrations. The decrease in_ Ga %5 iéthFensi ty
u

on surf acesthwhighew ghietd st eRREAEFEAYICAPACR bR ERT St Ydhs WWas o the

i ncrease if.suface COyLFAGe Yy dhgePhggeneXPhalys . axeyr fiace Furashei que
with a sarrpfl ng depth of approximately 30 angstrons; therefore, gi t he
t hi cknesstethrimieor gahile | ayersamPhérsasE6Pthnhe o grfPFXIHAERLY i noPgani ¢

substrat eaf??g{y?&fsﬂs-the-@”Q&x%@?earsV%ﬂePr\:HMn\é%@d oir0 GNfd Fgartikaty ke
intensity o go d-streppaV|d|n was indeed due to the presence of phage 10
cont ai ni ngnarezsat.althspedionpd B6RAEI Ree SEIEHEE CofPRET SR f AT * ¥ SGaAs.

Bi ndi ng TST%HE'L e%Fg‘@£§aP§{J ofaed, tbat ceorkgkate whhh thRe XRSndatg, oshere
equal nunbers of specific phage clones were exposed to variqus

SeniC0nduabbd-sbmﬂﬁﬁaﬁéénmp@ﬁseag@@edsgp$a@@ d#éhsPrVWF%G?yﬁé ARGHES (no
randog peptl de;  ARLT )orl cdiid SBAk. Bl 8ckdi1iGaAS 4nenBL aguesnene: deleect ed)
For the GI-3 “¢lore, th

the el uted phage popul ation was 12 tines greater from
GaAs( 100) ofEh&ai$ r onPinei@aAstudigsa waref #eefothRed Gibat eadralahf "6 cl ones

bound to 0)9222d  JRR(E10Q), e RirERg et £USI NG BRI $h ol CELJHeG 0SCOpY
(AFM . Thggé;g(%%nlga?rystgéphage%;azi nc- bl ende strﬂt}%t ure, isostructural with
GaAs, al t Reughekhes¢d- Pobordihys gemacerdiGific THRtEASs tHah equal

surface areas. Wild-type clones (no random peptide insert)
15 did not bind to GaAs (no plaques were detected). For the Gl-3
clone, the eluted phage population was 12 times greater from

GaAs (100) than from the GaAs(1l1l1l)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

20 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 MI13 phage
observed by transmission electron microscopy (TEM), and the

25 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 there are
many factors involved in substrate recognition, including

atom size, charge, polarity and crystal structure.

30 The G1-3 clone (negatively stained) is seen bound to a
GaAs crystalline wafer in the TEM image (not shown). The data

confirms that binding was directed by the modified pIII
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the GaAs bond. The 10-nm w dth and 900-nm |l ength of the observed phage in
AFM mat ches the di nensions of the ML3 phage observed by transm ssion

el ectron woasosesepy (TEM, and the 25 gold spheres bound PeTNKB2/arpi bodi es
wer e observed bound to the phage (data not shown). The InP surface has a
hi gh concentration of phage. These data suggest that there are many
factors involved in substrate recognition, in%%ﬁQiQ%g:atoqmskgewignarge,
pol arity Rpet<iysefl Ght3uchlf e tRBRUTHeNER-F G onE (MEFAT VY st'ainied) is
seen boungd,{ 0,34,6aRs,6" yebakhhne rwak-erota, t pepTiMd mage thaotprsienn) . The
data confirns fhat bi nding was directed bX t he nDdifL%d pl 1l t;g VO

03/ 0265901 PG 1ISER/ 31881 15 ot BFR%0f 6L- 39 FRT t hPBEGHThEN- & e

i nteractigns; wWitdhctbhe i 8eahsPriet eidkenbienef ateiospenticdess obintihe
present invention may be used to direct specific peptide- sem conductor

i nt er et | baseFIs aEwEBEENgFR@noSt ructures and 5 heterostructures (Fig. 4).
X-ray fluorescence mcroscopy was used to denonstrate the preferenti al
attachnent of phage tousrgdditrdd enter sdudhgcerad nustdseopr dxiaisyratte a

surface of differing chem cal and structural composition. A D squar e
pattern whBe ePENERF DG Hedt 652 BRAS" Wt rFﬁl §°p8?? PG LP0agt Nested

. R contail ned f-mlines
of GaAs, ;an¢i4sEMSicd2mspacidigsai Bubetveenseantteirhag( khgaicda, a3d). The
Gl2-3 clones were interacted with the GaAs/ Si 02 pat&?rngdwa%ugg&&%%e,
washed t 0SEEHEEE HonCEPRRT ¥ i rfdli RGS *ahd SERGHR AP W Th™ an

i mmn?%LngEgsge@éAsorv%r;t ehhamphhyd o hadariinedld- (MR nesTher taagged phage

wer e as the three red lines and the center dot, in Fig. 3b,
corr espondhag 4t-amGE203 dyatdingg ionlbetweeGaAschTHE NS 0Z4d6gi ods of)t-he

bserved SO 41 EontTPe AP ad hoe BRFbSElt & BnSaas B e erpoted
substrate, washed to reduce non-specific binding, and tagged
with an immuno-fluorescent probe, tetramethyl rhodamine
15 (TMR) . The tagged phage were found as the three red lines and
the center dot, in Fig. 3b, corresponding to G12-3 binding
only to GaAs. The 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

20 to the primary antibody and TMR (Fig. 3a). The same result

was obtained using non-phage bound G12-3 peptide.

The GaAs clone G12-3 was observed to be substrate-
specific for GaAs over AlGaAs (Fig. 3c). AlAs and Gahas have
essentially identical lattice constraints at room

25 temperature, 5.66 A° and 5.65 A% respectively, and thus
ternary alloys of AlxGal-xAs can be epitaxially grown on GaAs
substrates. GaAs and AlGaAs  have zinc-blende crystal
structures, but the G12-3 clone exhibited selectivity in
binding only to GaAs. A multilayer substrate was used,

30 consisting of alternating layers of GaAs and of Alg.sgGacg.o2AS.
The substrate material was cleaved and subsequently reacted

with the G12-3 clone.
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20 to the primary antibody and TMR (Fig. 3a). The sane result was obtained
usi ng non-phage bound Gl12-3 peptide. The GaAs clone Gl2-3 was observed to
be subst repas/ogsgseci fic for GaAs over Al GaAs (Fig. 3c) . APAI/s0U3GaAs have
essentially identical lattice constraints at room 25 tenperature, 5.66 A
and 5.65 A, respectively, and thus ternary alloys of Al xGal-xAs can be
epitaxially growmm on GaAs substrates. GaAs and Al GaAs 2 ve Zzi nc-tc){l_ende
crystal structhfr esGlbi tFEOTED- 3WeToneleRftai t 81521 ect ¥t y 9°4% bi ndi ng

only to et it haXeEha sthstd At e masminsedon 30y congirsitigng lettabher nat i ng
| ayers of As and of ALO. 98Gao. 02As . The substrate mat

( S fgr' wasdcl eaved
and subsemierndcenveattBH Ghews t kBeGPARIERPsMRY 1PYRBP 03 2%%%?) an

PCT/ US02/ 8109k, The, Clachisl ongs wesesdahaheduvet h(20s nmol d sttept avi din
nanoparti cl es. am nation by scanning electron mcr oscog% (SEV\%Fshows t he
al t er rfat | aleheyerls vialgpis fd IAIE UB@RA 02 BE WY 1% hesFidt B o8PPuct ur e

(Fig. 3¢).,Xray, e &h.emeatal; angbysis1efs gakblum-ad, alusm v wasagsed to
map the gold-Streptavidin particles exclusively to the GaAszg&a ers of the
het er ost r gyere, ofleronstebrl afg TRE UKP gh dgBYR Bl 2 12 %i WG iy €ty for

chem cal 89@%&#&%@pelc@fghgt by endipdell icsmgepieiad fam tfe. 34, _
di scrimnation o hage for 1% sem conductor heterostructures, as seen in
the fluorescertsd and SEVCEREgeEY Fiths FHSOFInFAREHPRs &M PRYENL IO

dermongi r af es; Q@e@f phage- dispkay linbrard es1ddrdsdemidef v,
develn%({) a%%ﬁéér%ﬁ y bi}%\gdﬁér%%EgP%en organi c pepti de sequences and

i nor gani cang S terudgctiBLISuPBIFlat es. This peptide recognition and
specificity of inorganic crystals has been denonstrated above wth GAs,
InP and Si, angl,hag-bean exiendadn wdidigtrates the powerful use of

phage-display libraries to didentify, develop and amplify
binding between organic peptide sequences and inorganic
15 semiconductor substrates. This peptide recognition and
specificity of inorganic crystals has been demonstrated above
with GaAs, InP and Si, and has been extended to other
substrates, including GaN, 2ZnS, CdS, Fe304, Fez0s, CdSe, zZnSe
and CaCO; using peptide libraries by the present inventors.
20 Bivalent synthetic peptides with two-component recognition
(Fig. 4) are currently being designed; such peptides have the
potential to direct nanoparticles to specific locations on a
semiconductor structure. These organic and inorganic pairs
and potentially multivalent templates should provide powerful
25 building blocks for the fabrication of a new generation of

complex, sophisticated electronic structures.

EXAMPLE I. PEPTIDE CREATION, ISOLATION, SELECTION
AND CHARACTERIZATION

pPeptide selection. The phage display or peptide library
30 was contacted with various materials such as a semiconductor
crystal in Tris-buffered saline (TBS) containing 0.1% TWEEN-

20, to reduce phage-phage interactions on the surface. After
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substrates, including GN, ZnS, CdS, Fe304, Fe203, CdSe, ZnSe and CaC03
using peptide libraries by the present inventors. 20 Bivalent synthetic
pept i des wiOtod/02as®e conponent recognition (Fig. 4) are curPEMUSY2/BBING
desi gned; such peptides have the potential to direct nanoparticles to
specific locations on a sem conductor structure. These organic and

inorganic pairs and potentially multival ent terrgl es shoul dwgr gg&de
power f ul 2&Kiuid diorg lbPogksTPoR  EHP TR Cat FBR B HTrdw " Gérel'at

I'on of

conpl ex, .sophi stg ca&{sgs@&&ct nNi ersbrpctiuest EXAMRE |pH PEREI, DEafREATI ON,
| SOLATI ON,  SELECTI AND CHARACTERI ZATI ON P%%ti dﬁgs | e ti5%3. Tre ghage
di spl ay ofngrssside ITBENr90 gonaeltEntoast €Ol Oh 1arPols “iaf é¥1 af such as

a sem condugt ar; o Lr¥3hak b?o-ﬁrfé%‘é?&'f fefied saldodarcrEBSlucent dirbingh. 1%
TWEEN- 20, to reduce phage-phage interactions on the su%f$ce. Aftgb 18 WO
03/ 026590 PCRAISORY3I1OTL. adedkiny fOF PTLNCARSTHom t'8Rpef at ir £°% hésur f aces

were washg (4 hy. 1048XPQSUr §Sndhol! | SThUf beneddsahhge, spiu?idn and
i ncreasi ng N-20 concentrations fromO0.1%to 0.5%v/v) _as sel,g%ti on
rounds progerstednsMireshdge aefecanuteler fomh HHEPs "W FELe?BY Phié addi ti on

of glycing: HCLi{PH R 2) 1hor Qe @hnukasphegdi ssxpte g ngha Biecehyt ed
phage solution was ™ then transferred to a ?resh tube and then neutralized
with TristHi¢pl 9a%) comprred-ut ed phage were titred and binding
efficiency was conpared. 10 The phage eluted after third-round substrate

exposiy e wereryd Xﬁgag“étglhﬁéﬁr dEscherichica reaht ER2537a0e ERDA38rkOst  and
pl ated on LB XGal/ eri v%d from

: PTG plates. Since the Ii bj ar age Vﬁ{z%3 AR
the vect oreML3FPAEY Witk Fhedrt iFeSheRd ot ad z8° Jgfs‘%{}eé,ggphad:e pl“aques were bl ue
in color when,phatedoonieedsal AbptOndBdtdsNg Xgalce the library phage
(5- br ono- 4-chFor 0- 3-i ndoyl - ( 3- D- gal act osi de) i ,
were derived from the vector ML3mpl9, which carries the lacia
gene, phage plaques were blue in color when plated on media
15 containing Xgal (5-bromo-4-chloro-3-indoyl-B-D-galactoside)
and IPTG (isopropyl-B-D-thiogalactoside) . Blue/white
screening was used to select phage plaques with the random

peptide insert. Plaques were picked and DNA sequenced from

these plates.

20 Substrate preparation. Substrate orientations were
confirmed by X-ray diffraction, and native oxides were
removed by appropriate chemical specific etching. The
following etches were tested on GaAs and InP surfaces: NH4OH:
Hp,O 1:10, HCl:H»O 1:10, H3zPO4q: H202: Hz0 3:1:50 at 1 minute and

25 10 minute etch times. The best element ratio and least oxide
formation (using XPS)for GaAs and InP etched suxrfaces was
achieved using HCl: H,0 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

30 the library, this etch was used for all other GaAs substrate
examples. Si(100) wafers were etched in a solution of HF:H20

1:40 for one minute, followed by a deionized water rinse. All
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and | PTG (i sopropyl-(3-D-thiogal actoside). Blue/white screening was used
to sel ect phage plagues with the random peptide insert. Plaques were

pi cked amaoDBiasequenced from these plates. 20 Substrat e Pordsaz/atopon.
Substrate orientations were confirmed by X-ray diffraction, and native
oxi des were renoved by appropriate chem cal specific etching. The
follow ng etches were tested on GaAs and I nP surfaces: N'ﬁg_‘: HZOdl: 10,
HC1: H20 IsuifaddsPOderdR02kerpGigeetsy atrof nfhet 1878 2810 M hufé et ch
times. T -%mg;%&tat%'lgﬁemfﬁlic%danﬁiol eagt pxhéle 1fiermRyi orsyufsiceg XBS)f or
GaAs and 1nP etched surfaces was achieved using HCL: H20 for 1.m'§ute
fol | owed dnntrcdei oiszedtenat 8Pt r PRRRSIDItA W%ﬂﬁre.wﬁ%ve‘%%?ﬁac%?ﬁ&ée n

anmmoni umarn:yd'in%?%gg Sh wescuseiys Gals ink t hechnhyi adrswsssenang of 30
the library, t etch was used for all other GaAs substrate exanples.

Si (100) wafmrls leive oft eWetR et ®YsHFMt PBA BT HF: H20 1:40 for one mnute,
foll owed by a deionized water rinse. Al 19 WO 03/026590 PCT/ US02/ 31091
surfaces were 1 akgn agbteshbyt 408 the cinseand| oif | BNy, G, b TRBdIWatel y

i ntroduced to the phage I|ibr aré. Surfaces of ontrﬁll0 ﬁub%t rat es,, not
exposed tIFPHagRY weteSCHarECt BFFZ ed PRI YrapPed f or 087 f eCPivenedsof the
et chi ng pé%&ﬂr]g, g2oWRI PARE 09 Vrefe SUFtiapea by-#AfM)anrd X¥P3evbll bifl ayer
substrat es of As "and of AI0O 98Gao, 2 As were grown by nol ecul ar beam

epi taxy ont® ¥A00§mGaAs. The epitaxially grown |ayers were Si-doped
(n-type) at a level of 5 x 1017 cm-3. 10 Anti body and Gol d Labeling. For
the XRS, SEM amgk ARMy exanmicsi Sistingt es Wwer etlexpoded $8Mphade¥r 1 h in
Tris- buffered saline then introduced to.an anti-fd ct eri oph ~_biotin
conj ugat eS*AMP Lt BIRP 6 *Ehe "B FI eﬁ?%?%ciing%fp]?%igg rOACLCR! ARNAGSS

buffered saline then introduced to an anti-fd bacteriophage-

biotin conjugate, an antibody to the pIIl protein of £d
phage, (1:500 in phosphate buffer, Sigma) for 30 minute and
15 then rinsed in phosphate buffer. A streptavidin/20-nm
colloidal gold label (1:200 in phosphate buffered saline
(PBS), Sigma) was attached to the biotin-conjugated phage
through a biotin-streptavidin interaction; the surfaces were
exposed to the label for 30 minutes and then rinsed several

20 times with PBS.

X-ray Photoelectron Spectroscopy (XPS). The following
controls were prepared 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

25 surface. The prepared (100) GaAs surface was exposed to (1)
antibody and the streptavidin-gold label, but without phage,
(2) Gl-3 phage and streptavidin-gold label, but without the
antibody, and (3) streptavidin-gold label, without either Gi-
3 phage or antibody.

30 The XPS instrument used was a Physical Electronics Phi

ESCA 5700 with an aluminum anode producing monochromatic
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phage, (1:500 in phosphate buffer, Sigma) for 30 m nute and 15 then rinsed
i n phosphate buffer. A streptavidin/20-nm colloidal gold | abel (1:200 in
phosphat ewbuBfessed saline (PBS), Sigma) was attached to Pk&/US02/31091

bi oti n-conjugated phage through a biotin-streptavidin interaction; the
surfaces were exposed to the |label for 30 mi nutes and then rinsed several
20 times with PBS. X-ray Photoel ectron Spectrosco (XPS% The foll ow ng
control s 1Jve4r9e7“@Veﬁ%rr@dfsf-orAltlhesa%PQ‘aeéxé‘i’ﬁﬁleesmttéO@Hg%‘? et hafe Fﬁ§m§8rd si gnal

seen in s fhomageld bound 44 itke tRBageagandafale Stsivepeabbive) ant i body
i nt eract i)g;[ﬁnévlé\?lt%ﬁet eé?GaAs. gS surfg(a&éel.aeThe gre ared (100) GaAs surface was
exposed two ( LimiantddiseyFiand ofhetRs r 6pPavi TIEEAGEFd 12561 FRHut PRPPRGut

phage, ( r3hage, apd sident ay didnael ddrhel oubbhsuiidiouh the

ant i body,g%en g% streptavi di rlll-gol d label, without either Gl- 3 phage or
anti bédy.XBD dimmbPS i nstrunent used was a Physical Electronics Phi ESCA
5700 with an al um num anode produci ng nonochromatic 20 WD 03/026590

PCT/ US02/ 31091, + i A87 8 Ve~ MAYSosfbhy Sampies werrdei rKAMdueed tved he chanber
i medi ately after gol d-tagging the pha e‘%‘%s descri beg abov%% . L9 Iti m t

oxi dati onPHgitHe ERASTEHPHateSiC8APEN fhed®™ ofer APGRT AR “vacuum

to reduce; Ge4p}e, OULGASSIIRG iih tie ScaMSahandes . wiionk c GFarceanMrer oscopy
(AFM . The AFM used was a Digital Instrunents Bi ascope un,hgg (oAb} Zei ss
Axi overt TH®OSM2EES ofFéfatidk§h nihi prEcatinitdy Fe™Wi tH°HX ‘G scanher. The

I mageg) wepgohakahid) AdhedSkNYi @R P Itth Mtde-mnl kenAFMddr prakespaeng et ched
silicon with 125-nm cantil evers _and sprin constants_of, 20100 Nm -1 driven

near thei goresyHant °F r afifdfly OF 20@)406“%1@.1 SBEPT 1 At BE her's "t We or der

of 15 frequency of 200+400 kHz. Scan rates were of the order of 1x5
mms -1. Images were leveled using a first-order plane to

remove sample tilt.

15 Transmission Electron Microscopy (TEM). TEM images were
taken using a Philips EM208 at 60 kV. The G1-3 phage (diluted
1:100 in TBS) were incubated with GaAs pieces (500 mm) for 30
minute, centrifuged to separate particles from unbound phage,
rinsed with TBS, and resuspended in TBS. Samples were stained

20 with 2% uranyl acetate.

Scanning Electron Microscopy (SEM). The G1l2-3 phage

(diluted 1:100 in TBS) were incubated with a freshly cleaved
hetero-structure surface for 30 minute and rinsed with TBS.

The Gl2-3 phage were tagged with 20-nm colloidal gold. SEM

25 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. SELECTION OF PARTICLE AND
ORIENTATION SPECIFIC PEPTIDES

30 Tt has Dbeen found that semiconductor nanocrystals

exhibit size and shape-dependent optical and electrical
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mms -1. Inmages were leveled using a first-order plane to rempve sanple
tilt. 15 Transm ssion Electron Mcroscopy (TEM. TEMimages were taken
using a PWDl0Bfo26sBM208 at 60 W The Gl-3 phage (diluted 1PCOMSOn3DBE) were
incubated with GaAs pieces (500 mm for 30 minute, centrifuged to separate
particles fromunbound phage, rinsed with TBS, and resuspended in TBS.
Sanpl es were stained 20 with 2% uranyl acetate. Scanning El ectron

M cr oscopyr¢san)iesTheaGlZesuphage tRELFuPeFeREied PRPTBSTE@% thclbat ed

wth a f f\?ég}héft%'l@@vc?&id%%t QhLenSLS UCidie Hiiface H06ad0(IRMYL eiarder i nsed
wi th TBS. e 2-3 phage were tagged with 20-nm col | oi dal gold. .SEM 25
and el eneatatt yeppi Fpl SHEFOSE - wePROEHT I EEEd - us PR ERE N%?%iuﬁ%qﬁgﬁégtion

system moygt ed, onga, Hidachi 4iRA-Ei ehd sphssion ssamriingprlgatyiene
m croscope at 5 kV. EXAMPLE I1. SELECTI ON OF PARTI CLE AND ORI ENTATI ON
SPECI F C PERT| DE® SR Hwsehdenat sendriHata s PoREGEEBYS rfidciPsral s

exhibil slze andnshape-dependents ophbaal RUneLLClT i6alexpdbiViD Bi3ka26590

PCT/ US02/ 91 “properties may result in their potential applications in a
vari ety obptevakesasdchebectyignl eRrPPRAG-YF odert LED), 3G Yel &t ron

transi st OEgn&E‘:%éPé’Q' t 8L §SeaOPLieGal and cBBREABELE HEABEWystdlagnasttng markers
and sensors. ntrol of " particle 5 size shape and phase is also critical in

protect i vemeoatdisr themgspi abhesed cdizepart $P3Mduse paints) . To exploit
these optical and electrical properties, it is necessary to synthesize
cryst aj LII Zﬁd sgq%gggﬁggﬁ@r 1 APIRGIOYS tidles wak b h comge®Ngi @tsheind etgsdst ai | or ed
si ze and shape. e present invention jncludes conpositions and nethods
for the séPécFF%nS%&ﬁpiﬁﬁ?(ﬂndpéﬁﬁiGESP??ﬁ&d?ﬁﬂﬁiéilfaPécz%ﬁiE%Fognlze

and bind technologically important materials with face
specificity; (2) nucleate size constrained crystalline
semiconductor materials; (3) control the crystallographic
15 phase of nucleated nanoparticles; and (4) control the aspect

ratio of the nanocrystals and, e.g, their optical properties.

Examples of materials used in this example were the

Group II-VI semiconductors, which include materials such as:
zinc sulfide, cadmium sulfide, cadmium selenium and zinc

20 selenium. Size and crystal control could also be used with
cobalt, manganese, iron oxides, iron sulfide, and lead
sulfide as well as other optical and magnetic materials.
Using the present invention, the skilled artisan can create
inorganic-biologic material building blocks that serve as the

25 basis for a radically new method of fabrication of complex
electronic devices, optoelectronic device such as light
emitting displays, optical detectors and lasers, fast
interconnects, wavelength-selective switches, nanometer-scale
computer components, mammalian implants and environmental and

30 in situ diagnostics.
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and bind technologically inportant materials with face specificity; (2)
nucl eate size constrained crystalline sem conductor materials; (3) control
t he crystwbloogeaphi ¢ 15 phase of nucl eat ed nanoparticl es; pamdiSpz310eont r ol
the aspect ratio of the nanocrystals and, e.g, their optical properties.
Exanpl es of materials used in this exanple were the Goup |-V

sem conductors, which include materials such as: zinc sulfide, ,cadm um
sul fide, cadmBEREUBEsenttin &6@ist nEhe(eRRIISHRIGM < 28°RhHORT y&EdPY¢cont r ol

could als %e uge%g\gﬂgtehaq ?@59 1HBPYANESE, okbeBsOXitdes pebtofesukhibde, and
| ead sul e as as other optical and nmagnetic material Usi ng the

present imikhthomd thethki ﬁ?@ﬁc%ﬁqcé@ﬁ a@gfecigat e TPRSFgAA] éib%l ofi ¢
material building Q;'focﬁélwé‘iaxs%\i%léé%zt hei 26 hasbgnies acnadi eahky new

met hod of abrlcatlon of conplex electronic devices, optoel ectronic device
such ds Iqa:gmreS%lmrttBYi@;’C%W%pI“@X/sbeopltsleélathjef‘éh%ﬁb]r%y antP9EsePE, P55t

I nt erconnf&% d?hle%%legclﬁ ve swidichesnnBaneneties - s6a-ee oENRUL er
conponents; |an I mpl ants and environnental and 30 in situ

di agnost i psot@m WO (FYe026506PREY/ USY2/eR1 0930 FREeRES 25 8 3de i Pt e

expr essi 0 Fﬁlec—ﬂﬁ %E_%plﬁ Ngi ;i ey 2sPhagecsisplaay ribbr arybiexpress the
pepti des In o the sém conductor material. Those of skl Il in

the art ofaMEMLaleﬂa)lwaMMg reetopenzd eREt 16t ARt %@&ﬂsesm syst ens

may be, “Ssgﬁ%f*c{’desd'ﬁg' aYe %QQ&& OF, eYEeNeo PNy penidde wegyerces ,i rna stabl e
manner on e surfac protein. Phage di splay nmay be used herein as an

exanpl e. pThe pivade- Hrgb%zy Pifbr4ly FeliPlaNdi nat BR¢ aPPPEBr 5P} andom
pepti des 899% aing g%ﬁ{‘@&é"s 7 and 12,80 nopagidss ThecnlO pepdddesnemy be

fused to, orma mera with, e.g., the pill coat protein of M3
COIIphageseﬂfheorphacg@lpr@’qures M13 pIII coat protein 1is useful

because five copies of the pIII coat protein are located on
15 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 semiconductor materials

tested included ZnS, CdS, CdSe, and ZnSe.

20 To obtain peptides with specific binding properties,
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
stringent conditions. This procedure was repeated five times

25 to select the phage in the library with the most specific
binding. After, e.g., the third, fourth and fifth rounds of
phage selection, crystal-specific phage were isolated and the
DNA sequenced to decipher the peptide motif responsible for

surface binding.

30 In one example of the present invention, two different
peptides were found to nucleate two different phases of

quantum dots. A linear 1l2-mer peptide, Z8, has been found
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different peptides that were reacted with crystalline sem conductor
structures. ML3 plll coat protein is useful because five copies of the

pl 11 coatwproaiedspo are | ocated on 15 one end of the phage pamriisot/a1091
accounting for 10-16 nmof the particle. The phage-display approach

provi ded a physical |inkage between the peptide substrate interaction and
the DNA that encodes that interaction. The sem conductor materials tested

i ncl uded ZmS; CESySCASe! aRd PSE.Cl2G Tof obfth&i nCPRebt i @885 3 sp&bFtic

bi ndi ng pgoperdd es.a ﬁfn%txe'd@seﬁﬁi@@%stt&etmeucge@eidé | ynouwad b@ehhe
specific crystal were eluted fromthe surface, anpli fi ed

b
m || ion-foselata tleaa*@:t@ﬁo"ai;a@%mpatrﬁécéﬁﬁsﬂfatt@euﬁt?é‘f"gﬁﬁf"e %QE?F? n@gnt

condi tiong, s Thi s;.pr ogeduy &, wasnd&£pe ddyvestioms 2Bet aspekectrathe phage
in the Ilérary vsxﬁjh tﬁe nDSt spemf?%}%jlbl ndl?l%? After, e.g., the third,

fourt b andsfiade)h eHubkis winopsAGElsel 6EeWdN, RS st Al RERISERS MESphidE wer e
| sol ated angd, \F& dﬁ%ﬁ%%eﬁclecd 419 1decitRhehetihe opept icte tiet iphagespensi bl e

for surface b In one exanpl e of the present i nvent | an.. t wo
differ entat’pecmq@les aﬂereaf ouRENeAYRIC| edle t WOLHif f er ent™ phas ™ gen quant um

dot s de, eganbpupss Z3-00 Q31026
PCT/ USOZ/%ﬁ%g%/;é?]lwn&r&%\%%%%jn%%agg?%%l esnof t he Cuf)l C phase of ;I nc

sul fide. 1As37nqnean dhBufhsin dondteaPRedrpEpindel A WadH&ORt i sdi™§ted t hat

gr ows, anggﬁéxg eélé%,f t?eo‘j;}exaggnalthgha e ZBSat| nsaddi tigyrrediese
pept| ¢t the aspect ratio 5 (shape) of the nanoparticles grown. The

A7 pepti derha’sallwgapm adiigpmenthidfe Zn§ persifl¢sattached to p3 of the
phage or attached as a nonol ayer on gold. In addition phage/sem conductor

nanoparticle nanow §&s %ﬁ‘l.efsol\@&l% HWparSicly aizA7 fusipdplboyt ka8
protein Ogséggtvgggiocoa%hage that display a shape-controlling amino
acid sequence were isolated, characterized and selected that
15 specifically bind to 2znS, CdS, ZnSe and CdSe crystals. The
binding affinity and discrimination of these peptides was
tested and based on the results, peptides will be engineered
for higher affinity binding. To conduct the tests, the phage
library was screened against mm-size polycrystalline 2ZnS
20 pieces. Binding clones were sequenced and amplified after
third, fourth and fifth round selections. Sequences were

analyzed and clones were tested for the ability of peptides

that bind ZnS to nucleate nanoparticles of ZnS.

The clones designated 28, A7 and Z10 clone were added to

25 znS synthesis experiments to attempt to control ZnS particle
size and monodispersity at room temperature in aqueous
conditions. The ZnS-specific clones were interacted with zZn*?
ions in millimolar concentrations of ZnCl, solution. The ZnS-
specific peptide bound to the phage acts as a capping ligand,

30 controlling crystalline particle size as 2ZnS is formed upon

addition of NazS to the phage-ZnCl, solution.
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10 nanoparticles grown on the phage coat show perfect crystallographic
alignnment of ZnS particles. Peptides controlling nanoparticle size,

nmor phol ogywoan@26saspect rati o. Phage that display a shape- ®omtusot/Biong am no
acid sequence were isolated, characterized and sel ected that 15
specifically bind to ZnS, CdS, ZnSe and CdSe crystals. The binding
affinity and discrimnation of these peptides was tested an% basgd on the
resul ts, peptPges vintrogacehei nebr BYLLitrla gFRCSHFAAOYSbPhdI R To
conduct g Jesh3ngt herahage whibbaLY-yas esrsened agaposiioms sizee
pol ycryst alhe Zns pi eces. Binding clones were sequenced and anplified
after thiuspersdonsh wedefideivesdndieel &aytende seytenddy \/\érr@Stﬁﬂzl yzed
and cl one e test for khbhY 0t cpephi desrot bii e ZnSn&0

nucl eat e sﬁcf\r%ﬁcgfte%cl%gn f %%%%m;?'ﬁghg%oﬁgg desi gnat ed %y A7 and 710 cl one
ver e addesdldarro?s d2ESreyhi resiED)ex pdinenBhts ape APt &Rt 19 @SRt 612 Zns
particle  .size ; i rsld-y i RpReEabyhifdi BoagHEOPSage
conditi ontsk}e ﬁ%%gs)gée)%i %Peg Z?I%tbnselﬁ‘j’sti'tcvlvéff‘gzgnlbtr‘??eract ed with Zn+2 12bi oﬁs in

mi | 1i nol arl@enedfiocaedohke afa ZiCle §éFat PBthTHOPASY EPRcFHYTept i de
bound to the phage acts as a capping ligand, 30 controlling crystalline
particle size 33,4n94 $:b0nTRE YRONprageiidd ot ofhd\atS twe dehelphagedZnCl2
sol ution. 24 WD™03/026590 PCT/ US02/ 31091, Upon i n%irgodusti on of, 111 | 1'i mol ar
concent r at® ohs APPEZSMAEEYEL &l | MRe Hat BHFal s CESEFVEd Rag%ﬁg il

suspensi of., kN8 5 SHSPRENSIQRSuVeEBe aDAS YEREGE O Lpiadd Ividre siuzd aprdgeryst al
structures Usi ng transm ssion el ectron m.croscopy (TEM and 5 el ectron

di ffracti onlqQEDM). =nse eFEPHRF BDGR08 PEVELT®Y that the addition of the
ZnS-speci fic peptide bound to the phage_clone affect gd t he (Qqarrittit(élne si ze
of the foPMBHy ZnS cPyRIHS. deRaidisal 8T gfBRn TR THiéCpresdice S THE " znS were
observed jpino to carboxy terminus).

A7 Asn Asn Pro Met His Gln Asn Cys (SEQ ID NO.:232)

15 z8 Val Ile Ser Asn His Ala Glu Ser Ser Arg Arg Leu (SEQ
ID NO.:72)

7210 Ser Gly Pro Ala His Gly Met Phe Ala Arg Pro Leu (SEQ ID
NO. :233)

TABLE 2. Binding domains of CdS specific clones

20 (written amino to carboxy terminus).
El: Cys His Ala Ser Asn Arg Leu Ser Cys (SEQ ID
NO.:12)
El4: Gly Thr Phe Thr Pro Arg Pro Thr Pro Ile Tyr

Pro (SEQ ID NO.:14)

25 E15: Gln Met Ser Glu Asn Leu Thr Ser Gln Ile Glu
Ser (SEQ ID NO.:15)

JCW-96: Ser Pro Gly Asp Ser Leu Lys Lys Leu Ala Ala
Ser (SEQ ID NO.:28)

25



to be approximately 5 nmin size and discrete particles. 10 Crystals grown
wi thout the ZnS phage clones were much larger (>100 nm and exhibited a
range of wWD2882653MBLE 1. Bindi ng donains of ZnS specific @conse2/gmpitten
am no to carboxy termnus). A7 Asn Asn Pro Met H's Gn Asn Cys (SEQ ID

NO :232) 15 Z8 Val Ile Ser Asn Hs Ala Qu Ser Ser Arg Arg Leu (SEQ ID

NO :72) ZIO Ser Ay Pro Ala Hs Gy Mt Phe Ala Arg Proé.eu SEQ. I D

NO : 233) TABLECH-1B6ndi Ay dbRai RaT of TedS°Epdet's i el Bites lszoﬁ?\l/vr%’wen ani no
to carboxy termnus). EkerQumdirp Aba.Sey Asn Arg Leu Ser Cys (SEQ ID

NO :12) E14: @y Thr Phe Thr Pro Arg Pro Thr Pro Ile Tyr Pro (SEQ ID

NO : 14) 25 El531n7Vet sSer .6 uTAsn pkeu nBhr 1er Mm ddre e LSer ACSEQ | D
NO. : 15) JCW96: Ser Pro Gy ﬁsgg Ser Leu Lys Lys Leu Ala Ala Ser (SEQ ID
NO.: 28) 25 WD 03/ 026590SFETI 0 P3¥69130hCw 106: Ser Leu Thr Pro Leu Thr

Thr Ser H's Leu Arg Ser (SEQ ID NO_:30). JOW 137:. Ser Leuy Thr.Pro.Leu Thr
Thr S8r His LetrWAr§2:sefvE SECF| 5YNQS?§O)Ar§%W 185 e%yus #%? yPIF?é sélrD Arg Leu
His Leu Cys (SEQ ID NOwp234394) JCW 201: Cys Arg Pro Tyr Asn Ile His Gn Cys

(SEQ ID NO. :235) JCW205: Cys Pro Phe Lys Thr Ala Phe Pro Cys (SEQ ID 10
NO. : 236) JCW-201: Cys Arg Pro Tyr Asn Ile His Gln Cys (SEQ ID

NO.:235)

JCW-205: Cys Pro Phe Lys Thr Ala Phe Pro Cys (SEQ ID
10 NO. :236)

The peptide insert structure expressed during phage
generation, e.g., a l2-mer linear and 7-mer constrained
libraries with a disulfide bond have been used, with similar

results.

15 Peptides selected for ZznS using a 12 amino acid linear
library verses a 7 amino acid constrained loop library had a
significant effect on both the crystal structure of ZnS and

the aspect ratio of the znS nanocrystals.

High resolution lattice images of nanoparticles grown in

20 the presence of phage displaying 12 mer linear peptides that
had been selected for 7ZnS revealed the crystals grew 3-4 nm
spheres (1:1 aspect ratio) of the cubic (zinc-blende) form of

znS. In contrast, the 7 mer constrained peptides selected to
bind ZnS grew elliptical particles and wires (2:1 aspect

25 ratio and 8:1 aspect ratio) of the hexagonal (wurzite) form
of znS. Thus, the nanocrystal properties could be engineered

by adjusting the length and sequence of the peptide.
Further, electron diffraction patterns of the crystals
revealed that peptides from different clones can stabilize

30 the two different crystal structures of ZnS. The Z8 12 mer
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The peptide insert structure expressed during phage generation, e.g., a

12-mer linear and 7-mer constrained libraries wth a disulfide bond have
been usedwowBibkssgé mi | ar results. 15 Peptides sel ected forCInSousiony a 12
amno acid linear library verses a 7 amno acid constrained |loop library

had a significant effect on both the crystal structure of ZnS and the

aspect ratio of the ZnS nanocrystals. H gh resolution | H‘?i %? |7ma es of
nanopar t i Rémsidy GMebiidize0 Ehe PHreseresdst SphagELh saﬁ’ldaﬁ 9”12 'nBF*I i near

peptides é&%trﬂa}%db%%?ﬁ&é ect8d 10k aZpSe r pvealed sthecenyst al s grew 3-4 nm
spheres (1:1 aspect ratio) of the cubic (zinc-blende) formof ZnS. In

contrast, the 7 ner constrai ned peptides selected ta. _bi ZnsS, gr.ew
el liptical parfiQUids HhPhared 2 SPIHERSRt © B8 11t 0 SHd %‘%1 Belidd

S .
a pecfe ratio)
of the hexpgonabné Whzid ) rd iR 0fd ZiStnThusindshe tnaraerystal pFoperties

coul d be engineered by adjusting the [ength and sequence of the _peptide.
Furt heér, 2fREtdonsSELPFEERR | Bhtfbagpér n's 1B‘I”gt t?é’nég%i’%fcg E%B%ﬁ’edt?‘ﬁat

pepti des Eé%ﬂﬁéﬁfﬁ@eﬁh@@e§e@%}1ﬁ abisl icpeadetihiey tave diiffftér eptindr yst al
structures of ZnS. The Z8 12 nmer 26 WO 03/0265 OAEECT/ L%SpOZ/ ?&109‘5\%e 9epti de
st abi | i ze®f t He12rhéoBt endEist rIRAUFE CantiP? hB¥RT® 78her  ‘EIHST AT Ed pept i de

stabi | i Zeghiflﬁy WYE ZEd 8 SbE UehdIr €1 orid SGURR 1H3 ssh Qi etrhe hse qignine rewaldut | on
for ZnS peptides after the third, fourth and fifth rggnd of s%l.e(r:ltion.
For 5 peptidelsereeri BAIWERR Alhe SPAHERCRonst S Ml GPBr &y PYHE 68t

bi nding pephide Feguenesuds:Phiaifieaiby chhe btéthinpuntdn afheselndati on.

Thi s sequence was naned A7. Ap%roxi mately thirty. pgf cer}ée f, thet | ones

i sol ated afee? Phe SEPERIPBUN [NofthSel O N HPATt It AP $&(d8Ree " The

ASN GLN acpasiti ansd0paupbher ifpdasarftound besheist gnidbeant1 skadt ing from
the thlrdThis importance increased in round 5. Throughout rounds 3,
4, and 5, a positive charge became prominent at position 2.
15 FIGURE 11 depicts the amino acid substitutions after the
fifth round of selection in accordance with the present

invention.

Site-directed mutagenesis is being conducted in the A7

sequence to test for a change in binding affinity. Mutations

20 being tested include: position 3: his ala; position 4: met
ala; position 2: gln ala; and position 6: asn ala. These
changes may be made to the peptide concurrently, individually

or in combinations.

The amino acid sequence motif defined for ZnS binding
25 is, therefore (written amino to carboxy terminus): amide-
amide-Xaa-Xaa-positive-amide-amide or ASN/GLN - ASN/GLN - PRO

- MET — HIS - ASN/GLN - ASN/GLN (SEQ ID NO.:237).

The clones isolated for 2ZnS through binding studies
showed preferential interaction to ZnS, the substrate against
30 which they had been raised, versus foreign clones and foreign

substrates.
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round of selection. In the fourth round of selection, the ASN G.N al so
becane inportant in position nunbers 1 and 2. This inportance increased in
round 5. wWbrosuedseut rounds 3, 4, and 5, a positive char geChdasareglopt om nent
at position 2. 15 FIGURE 11 depicts the am no acid substitutions after the
fifth round of selection in accordance with the present invention.
Site-directed nmutagenesis is being conducted in the A7  se yence to test
for a change iTntsineditagnaf fioh t y dLfhEEEE NS CIERSHFei nfitlest & FRcPhde:

posi tion gdbgﬁ]lsataelsa; ROSI Lisongds  MBY | alcdis POSHt izaR Zhddleld afi@t amdeposition
6: asn ala. ese cﬁanges may be made to the peptide concurrently,
i ndi vi dua¢lgnesor jgpledebi nabrewsh THEURBNo S&EAYCS eqt¥nce ot iSf°8EFi ned for

ZnS bi ndi 1St D I8 16U it 6hAM N9 £Qa £ASDO¥Y: &8 Bhayshaani de-
am de- Xaagl%é%e%geoﬂs%ﬁlve-ﬁg%%gééﬁ de or ASN GLN iQaASN/ .GLNl- ,PRO MET - H'S -
ASN GIN -b&ASN GaNs¢SEQ IHFiNOly23AfteTherashsngs 26! adrd@ tdPRzn8PPAfough

bi ndi ng studies ho entd aLer aghi o gt ¢ndng,1ot heosuhstrat e
agai nst %Jot%sl c‘ﬂeslf%\gggﬁggf%[):%n réjl?nlgga versug forei gn cl ones and foreign
subst r at esou27 Wos03G26590 PCTHISORBITFES | aretkict PoRs of diFf&Pent

clones wi L Al ferent subsLhales sHob:es keS8 Sled CIS andogas-shoved that
roug

the clonés isolate Inding studies for ZnS showed preferential
i nt er act i vartfy t hbaZnShegaemsinagiech ieerthaed Beefcfalrs8dateri &Py, after

washings and, Lnfectiop: RRAGE.sd1teRsWELE ¢aENtREand, corpasbidier Z8 and
710, no titer -count was evident on any substrate except ZnS. WId-type

cl ones w bhndnpeptdweddnsest vakreyigeagedsbs 2opttred wygrtvefiF§ T hat the
engi neered insert had i ndeed nedi ated t he

Using the same binding method that was used for, several
different 7nS clones were compared to each other. Clones
having different peptide inserts at the same concentration

15 were interacted with a similar sized piece of ZnS for one
hour. The substrate-phage complex was washed repeatedly, and
the bound phage was eluted by changing the pH. The eluate
was infected into bacteria and the plaques were counted after
an overnight incubation. Z8 showed the greatest affinity for

20 the ZnS of the 12 mer linear peptides selected. The wild-
type did not show binding to the ZnS crystal. The 28, Z10
and the wild-type peptides did not bind to the Si, FeS or CdS

crystals.

The synthesis and assembly of nanocrystals on peptide

25 functionalized surfaces was determined. The A7 peptide was
tested alone for the ability to control the structure of ZnS.

The A7 peptide, which specifically selected and grew ZnSs
crystals when attached to the phage, was applied in the form

of a functionalized surface on a gold substrate that could

30 direct the formation of 2ZnS nanocrystals from solution. A
process that is used to prepare self-assembled monolayer was

employed to prepare a functionalized surface.
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10 interaction of interest. Wthout the peptide, no specific binding
occurred, as was evidenced by a titer count of zero. Using the sane

bi ndi ng nwphad2dsh@at was used for, several different ZnS clpemasonsroel
conpared to each other. Clones having different peptide inserts at the
same concentration 15 were interacted with a simlar sized piece of ZnS

for one hour. The substrate-phage conpl ex was_ washed repeat dI%, gnd t he
bound phage wd efleternine cHngiiglite ¢ TR Wash | nfBcléd into

bacteria &P BEUSS WEIL cRYDL 80 af ek e AnOVREARGhL i Naltraldeen. 78
showed thggg?ge%teoest affinity foor920 tshe ZnS gf the 12 nmer |inear peptides

sel ect ed. witle @i f@ereyhesdt trarotChemdRtEYn@ng o IHE ATSSEFEfal’® fhe Z8,
Z10 and {ﬁ[ﬁeﬂéﬁ%yxpﬁkpeﬂé %c@irgogogo@hﬂgoﬁp thacl ,afeSior Gé%e

crystals. € synthesis and assenbly of nanocrystals on peptide 25
f unct i onahseddasuthacséss waseetsornisnedtiThe - A7CPBpPFECUIRRT TXUEA al one

for the aﬁ?{flyb&éf 10 I?(ﬁmltlgz%l VJJ%e %%BU%%Ur&eOch@%ourU%e A7T1’Q£R£ﬂﬂﬁ;.al\&hi ch

specifica sélacted and grew ZnS crystals when attached to the_phage,
was appl i edatn fdwanddr on ofha fipvet i 6KEFRSRY S(FTacEBRAA Yot PSubStrat e

t hat coul ]%Ealﬁ%gé rect 4:e akpetiq, of ZnS nanocrystals from sol ution. A

process t IS used to prepare self-assenbl ed nonol ayer was enployed to
prepare a functionalized surface. 28 WO 03/026590 PCT/ USpP2/ 31091 To
determine the @RIFAYy HEERSE SotGAIHPLSE AT i PHEK of el | S VT 215S

nanoc{yst ak e diffieentqdd ndsr offosut f agewi tMelrh zhd f esBmtigur baceashem stry
on the gold substrate were interfaced with ZnS precurs%r sol ut iton.l ZnC12
and Na2S aetetHouserwSteRe ZASTH S sYRSsoMUt | FRESTERS: pr et 50l uti on

of CdCl2 apd:Na2S was,isededs orhe ClSsuiRetihenehiy stal s-ashaibifear med on
the four surfaces were characterized by , .
monolayer on a gold substrate.” This surface could not induce
the formation of ZnS and CdS nanocrystals. 1In a few places,
15 ZnS precipitates were observed. For the CdS system, sparsely
distributed 2 micron cds crystals were ocbserved.

Precipitation of these crystals occurred when the

concentrations of both Cd'? and $2 were at 1 X 1073 M.

The third surface tested was an A7-only functionalized
20 gold surface. This surface was able to direct the formation
of 5 nm 2ZnS nanocrystals, but could not direct the formation

of CdS nanocrystals.

The fourth surface tested was an A7-amine functionalized

gold surface that was prepared by aging control surface 2 in

25 A7 peptide solution. The 2ZnS crystals formed on this surface
were 5 nm and the CdS crystals were 1-3 pum. The CdS crystals

could also be formed on the amine-only surface.

From the results of the four surfaces, the A7 peptide
could direct the formation of ZnS nanocrystals for which it

30 was selected, but could not direct the formation of CdS
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SEM EDS and TEM observation. Control surface 1 consisted of a blank gold
substrate. 10 After being aged for 70 h in either ZnS solution or CdS

sol uti on,wormpoe@bes formati on was not observed. Control swecirase2/2i0eopnsi st ed
of a 2-mercaptoethyam ne self-assenbled nonolayer on a gold substrate.
This surface could not induce the formation of ZnS and CdS nanocrystals.

In a few places, 15 ZnS precipitates were observed. For thgdgds S iﬁtem
spar sel y natiosmyistraded 2 FHRhGH COSPELJSE asslReFed 0BLRI VY. r88}% tation

of these &I)g)i%taacles n%glggggggcy\gge@ft kkgs . concentrations of both Cd+2 and S-2
were at 1 0-3 M The third surface tested was an A7-only functionalized

20 gold surface. This surface was, able tg direct the a&gr mat in%rc]:legg:eS nm ZnS
nanocrystal s, @ cARARFINGE di FERF t hECFOP mat FBRC:oF°

nanocrystals. The
fourth swdace lesied Waseanafy- agiaeckpnetianabh zede podl dagurf acett hat was
prepared by aging control surface 2 in 25 A7 1?ecgti e sol ur{_i on.m'klj'lig ZnS
cryst &l s BeatEd onf tHS: sufPack® weFetS im &rd Fhe TVt A°8°

al's 'were 1-3 m
The CdS cyyst als HaQuhd absmshed,or pedsent 1he amiroeeon! yesir.f aceThErom t he
results of the four surfaces, the A7 Begtide could‘gig{j%ct the formation of
ZnS nanocksRtEIeS oramhi Rt £ F5°nasPEEfRctBES T but® & 6P d"Fect the
formation; of WCdE 2SHWOnEREE26590e PCHyWBA24 3109kt rnanace ysifal she FuBt her,
pepti des sel ected agai nst CdS coul d = nucl %ate ngnﬁganti cles oEtcggg.s The
pept i des R¥iteitbUF i kherd f FEITPrAGEl &8t &PSs&FPLIHAUCT ST rat ef Fal"§ Pwer e

expr egsed; i, thea Bt amG0atr thepldekeiradopeMiBde ThesaB: pradirgiansiedr e known
to self-assenble into a highly oriented, crystal Iige r teighecnoai;cheThe
hypot hesi & WaysSttRdt PFLEHEFEB i -3 TSEr t TRoUIF bR ei%ta $se

crystals that nucleated from this peptide insert should grow
nanocrystals that are crystallographically related. This
prediction was tested and confirmed using high resolution

15 TEM.

FIGURE 12 shows a schematic diagram of the p8 and p3
inserts used to form nanowires. ZnsS nanowires were made by
nucleating ZnS nanoparticles off of the A7 peptide fusion
along the p8 protein coat of M13 phage. The ZnS

20 nanoparticles coated the surface of the phage. The HR TEM
image of ZnS nucleated on the coats of M13 phage that have
the A7 peptide insert within the p8 protein showed that the
nanocrystals nucleated on the coat of the phage were
perfectly oriented. It is not clear whether the phage coat

25 was a mixture of the p8-A7 fusion coat protein and the wild-
type p8 protein. Similar experiments were performed with the
%8 peptide insert, and although the ZnS crystals were also
nucleated along the phage, they were not orientated relative

to each other.

30 Atomic force microscopy (AFM) was used to imagine the

results, which indicated that the p8-A7 self-assembling
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in high copy nunber, the crystalline structure of the p8 protein would be
transferred to the peptide insert. It was 10 also predicted that if the
desi red pwptosdesspmsert naintained a crystal orientation PeraiSoyaiovp t he p8
coat, then the <crystals that nucleated fromthis peptide insert should
grow nanocrystals that are crystallographically related. This prediction
was tested and confirnmed using high resolution 15 TEM, FIGURE 12 shows a
schemat i ccuy%ﬂéﬁlaﬁn epatark e aWripde Phs&PEsPHEER! { 6X AT R AW TESS zns

nanowi r es Eﬁgecl})ést”%@ qalki NG 1409; Bapepact hches takf 10fcathenAdspepti de
f usi on ong t protein coat of ML3 phage. The ZnS 20 nanoparticles

coat ed thehsuﬂﬁadeeﬂﬁletehes?m%@@ T?%‘tHRI"FEI\/I SPEwRL of 'PREVHBEFedPEE on t he

coats of Mgéeplg' gﬁuéf'é‘éti}?@’eznst hendgapeptide inseid suiddy it haepPoprotein
showed th the nanocrystals nucleated on the coat of the phage were

perf ect | yAdr fesmted.alang $hgoecort e Mit¥et her t he phage coat 25 was a mixture
of the p8-A7 fusion coat protein and the wild- type p8 protein. Simlar

experi ments wegenhperfHEdushthtide oZ&meph deel nsattmliar;dwajd howgh t he
ZnS crystals were also nucleated alo %éethe phagL the% . _not r| ent at ed
RE5pY

rel ati ve heveehlen of RePLiFy ANSATE #0r e &% o

I magi ne theq nr esydlSe i Gl n@lrrc,at@g ﬁmea{ﬂmmp&amaseiévmmﬁy:mg 30 WO
03/ 026590 %T/ Us02/ 31091 crysta s coated the surfa%e of th

creating hBRoRRFESEhAT oFRNS HE L EXPC of 8 (}7eP e HiT& S TRHBY efh a'f Ptﬁelq ocati on

of the AfipRPtide sgguencerysdaha a@atsr;@meelﬂ\lanowmes Weh @cr e sy
nucl eating ZnS nanoparticles at the sites of usi.on CJﬁong t he

t
coat of MeBclpphedr9atEre Mirdte&E 6R®oPRHS g W@rggﬁﬂ%lm%mp%tg%

as evidenced by lattice imaging (data not shown) . The data
demonstrates that peptides can be displayed in the major coat
protein with perfect orientation conservation, and that these
15 orientated peptides can nucleate orientated mondispersed ZnS

semiconductor nanoparticles.

The cumulative data showed that some peptides could be
displayed in the major coat protein with perfect orientation
conservation and that these peptides could nucleate

20 orientated 7ZnS semiconductor nanoparticles.

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

25 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) as
selection rounds progressed. The phage display was eluted
from the surface by the addition of glycine-HCl1l (pH 2.2) for

30 10 minutes to disrupt binding. The eluted phage solution was

then transferred to a fresh tube and then neutralized with
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have the A7 peptide insert in the p8 protein was confirnmed by high
resolution TEM Crystal nucl eation was achi eved despite the fact that sone
wild typewpdsjpeaspei n was found mi xtured in 10 with the p8PAT/US0%BWAL coat
protein. The nanocrystals nucleated on the coat of the phage were
perfectly orientated, as evidenced by lattice imaging (data not shown)

The data denonstrates that peptides can be displayed in the major coat

protei n Wths &Y et®H of i bht athorekbmsei@dconetendiHae ARes&1818¢i ent at ed

pepti des &ffi& LAt/ OLLRphALLd nondi spersed ZnS sem conduct or
nanoparticles. The cunul ative data showed that sone peptides could be

di splayed in the major coat protein with perfect orientation Qnservati on
and that thesellfeptitdds cott®hudfest e t750 glﬁ‘]é Tracf”é]dpzﬂg sseur%s%gﬁ dct or
nanoparti gl 6Ssu:Repkd Ae rgleeClili on. ad hesphagendiaspbay BR2 PEptddER27BBary  was

contacted with the sem conductor, or other %ré%t il/ LN 'chri s-l%ulf fc%r ed
sal i ned (TBSYt canf ap R LA FEERE DRt o L e dGE gﬁg%egjp%aegsé int'eract i ons

on the supface;, AteroRd aelkbngef dfed few tale FeeBLLempaREiyr ehitche
surfaces were vvashecfwith 10 exposures to Tris-buffered saline, pH 7.5,

and i ncreasiigs TYEENL202¢0aeRMt r BRIGNSPIRFIR V. 195 t PR EIQAW HVRL S

sel ection_roun rogr : diS phéyi wesoel utred ¢ fig@m tize surface
by the addr ?oﬁfgg gﬁygﬁﬁggH&%&?pﬁDZ 2% for 30:L 10 ?n' nut es gtoggi srupt

bi ndi ng. Fhemel 41 a@th phage iadbut +i-wadacthehder ansd eFPEE { bsepHarestr t ube
and then neutralized with 31 WO 03/026590 PCT/US02/31091 Tri S&H(E% (pH
9. 1) . 1oheBePutr gt omdrg) ti t r - SHIiSRdi FGTCERHRE) IRy WHS conpar ed.

The phage ghuted,afterotNgdshizhdnr oud-afasubsiate isxpOSUrmNAET@mT xed
with an ES% gr?g%i a&cozi)li%gZSW or ER2738 5 host and pl ated on

Luri a- Ber thape (RB)axGIvasPicopp e e sndsisgegenced.
Atomic Force Microscopy (AFM). The AFM used was a
Digital Instruments Bioscope mounted on a Zelss Axiovert
15 100s-2tv, operating in tapping mode. The images were taken
in air wusing tapping mode. The AFM probes were etched
silicon with 125-mm cantilevers and spring constants of
204100 Nm™* driven near their resonant frequency of 2001400

1

kHz. Scan rates were of the order of 15 mms ™. Images were

20 leveled using a first-order plane to remove sample tilt.

Transmission Electron Microscopy (TEM). TEM images were
taken on JEOL 2010 and JEOL200CX transmission electron
microscopes. The TEM grids used were carbon on gold. No
stain was used. After the samples were grown, the reaction

25 mixture was concentrated on molecular weight cut-off filters
and washed four times with sterile water to wash away any
excess ions or non-phage bond particles. After concentrating
to 20-50 pnl, the sample was then dried down on TEM or AFM

specimen grids.

30 EXAMPLE IITI. BIOLOGIC MATERIALS WITH AFFINITIES FOR
ELEMENTAL CARBON-CONTAINING MOLECULES
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the library phage were derived fromthe vector ML3npl9, which <carries the
| acZa gene, phage plaques, or infection events, were blue in color when
pl at ed orwomdioasse@nt ai ni ng Xgal (5- PCT/US02/31091

br ono- 4- chl or o- 3-i ndoyl - (3- D-gal act osi de) and | PTG (i sopropyl 10
(3-D-thiogal actoside). Blue/white screening was used to select phage

pl aques with the random peptide insert. DNA from these pl a ues was

i sol ated and SeyudHcedXamPeaAT cSFRTEe ML rosdoEy N EAFREDT ChSES was a
Di gi tal 1psty %ﬂrﬁﬂie%sGc%p%agpmtgpameac;e'h%%hﬁaﬂ o¥&ted oy rHIQsi2t v,
operating 1Tn tapping he i nmeges were taken in air using tapping node.

The AFM pgmxd};lmr@i@%ﬁ‘dhe@ndsF}ﬁl%%ﬁrwltlﬁdlﬁﬁnﬁﬁ%%nfwl\@/er@s d "§5Fi ng

const ant s of 0100 Nm 1. drizven ngat idheir resenantiHer egHessy Qlon2@0400
kHz. Scan ra?renﬁlwere g} %[heES osgjc%er of 15 ms- 1. Qﬁ@ es w%re 20 level ed

usi ng fa fsebtciordlef rphanslarernéRBye SRSISe @?th"ﬁ né$i ST IHEEEct'r on
M croscopys(JEMy, TWéﬁge%nWer@raﬁ%%lon QJEOHWB%QP@Q JEQGZ00E%

transm ssion el'ectron mcroscopes. M grids used were carbon on gol d.
No st ai nN@Qad3Usedound terth rmr@éﬁﬁlte:@f\ﬁeﬁée@ﬁab% L@ her FRACtR IR IS 5Fi xt ur e

was concepirated an MleauLar ekl cut - offodd | telscomand mashed four i res

with steri away any excess ions or non-phage bond
parti cl esDMPRTEMSRRRRCEHN aﬁﬁﬁgID tPHJ 2@e50bpung Hee g hs W sPPﬁE?I dried down
on TEM or AFM specinmen grids. 30 EXAMPLE 111. BIOLOG C MATERI ALS W TH

AFFI NI T ES FORyp, ELEMENTAL: GARBON: CONTA! NHNGeMahEGHLES 32 WO 233/13:26590

PCT/ US02/ 31091 In this exanple, seven- and twel ve-ner ept| de sequences

with af fi APTFesPeRF et bBPTITANERetES HcgHIty oG dar e]tfbﬁ);rl Pyt ® ite
(HOPQ), apd; i ”&'1%0‘9@%1:@%%1%@6 (SWHTM1Bast el e arfaterksed disi ng
phage display. Anong the phage cl ones ,
visualizing them on their substrates using confocal
microscopy. Confocal microscopy was also used to visualize
15 +the binding of the substrates to fluorescently-labeled
synthetic peptides containing these substrate-specific
sequences. Clone Graph5-01 displayed some crossreactivity to

HOPG, as determined by AFM. Examples of additional
methodology is described below.

20 Biopanning. Carbon planchetts (obtained from Ted Pella,
Inc., with dimensions at about 12.7 mm diam x 1.6 mm thick;
in pieces at about 5 x 2 x 1.6 mm) and highly ordered
pyrolytic graphite (HOPG) (obtained from the University of
Texas at Austin) were used as graphite sources for

25 Dbiopanning. SWNT paste was molded into cigar-shaped
aggregates (at least about 0.1 g wet) and dessicated for at
least about one night before use in biopanning (final dried
mass was at about 0.05 ¢g). PhD-C7C and PhD-12mer libraries
were obtained from New England Biolabs, Inc. (Beverly, MA),

30 and biopanning was performed according to manufacturer
instructions. Biopanning for each substrate was repeated at

least once.
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5 selected from bi opanni ng, clones G aph5-01 (N -WAMWPWC ) (SEQID

NG 238) and Graph53-01 (N -HWWMHP-C ) (SEQ ID NGO 239) bound with greatest
ef fi ci encweswwwsse@r bon pl anchets in phage bindi ng studi ePCTASON&1091

H pcol 2R44-01 (N - DWPRTTMSPPPR-C ) (SEQ I D NO 196) bound best to SWNT
paste. 10 The relative abilities of these phage to bind to their
correspondi ng substrates was verified by | abeling the phage w.th

fl uorescei n-| abfedgsnl Ghohe MVBnphalR Hift-i bodiPEs FS v?Euang? nG1CREM on

their sub ugd nf0Gah JHL/@86aPYre A0 REALHI BROSTRRYhVAS al SO
used to V?%fua 1?e‘;de %’% t §et0bi ndi r?g%mf t he subsetratr%s to fluorescently-I abel ed

synt het i cPipeyt | désneantsslechgdt RESENshbSTTE R3eci YPES BEGHRATEs PYA one
G aphs- 01--@1@%&%%@%@ AbAssr sarddiudd YadeQ nsHORGRG ase At dred By AFM
ne

Exanpl es o itiona odol ogy i s described bel ow. 20 Bi opanni ng.
Car borb pl 4iePetts (dbtedtrt tireomsTedibbl | B M9mcinsefth WPHRNIMTSat about

S2 T ol A e b MO O Ghay) LLQILCESoBEe AROWEED X0 2u8: 1,6 JiidecBad 1 oDl ¥

order ed f)yro yt1c ‘graphite PG (obtained fromthe University of Texas
at Austindlwmes® usedttas groaghretnedur ce®Sor 25SBrbpannfHiet SWRFSSaste was

mol ded i nt 0,61 AL SNAREM13900 802 RLRY) Leass abaus:)0. 1 g wet) and

dessi cate or at least about one night before use in biopanning (final
dried mass was at about 0.05 g) ., PhD-C7C and PhD-12ner, Ii%gari _were
obt ai ned from ReEERA-and BIBF abBiot YISl erBSPTIR) , "B®RAE bi Opanni ng

was pgf f opplraeses sidur @ ' nBNs a0t Ul&fo TnskoUctiOnswaBi opartEsigeor each
substrate was repeated at |east once. 33 WD 03/026590 PCT/ USO q:rl?gcfl
Phage O ohe Renehed atyiidiestie ABfes (A0 pPHEARRCIEGnes? el eBLRY car bon

pl anchet s wer g5 ef @e50h 115G ARN-AcWWSWHPWCGGGK-C'-biotin)  (SEQ ID
NO:240), JH127B (N'—ACDSPHRHSCGGGK—C'—biotin) (SEQ ID NO:241),

and JH127MixB (N'-ACPRSSHDHCGGGK-C'-biotin) (SEQ ID NO: 242)

15 were synthesized by the ICMB Protein Microanalysis Facility
(University of Texas at Austin) and purified by reversed
phase HPLC (HiPore RP318 250x10mm column, BioRad, Hercules,

CA, acetonitrile gradient). Disulfide bond formation between

the cysteines of the GraphitelB peptide was performed by

20 iodine oxidation according to methods known in the art of
chemistry, resulting in the cyclized GraphitelB peptide. The
purity and molecular masses of the peptides were verified
using electrospray ionization mass spectrometry (Esquire-—

L.C00113, Bruker Daltonics, Inc., Billerica, MA).

25 Phage Binding Studies. Dessicated, flat, square-shaped
aggregates of SWNT paste (at least about 0.05g wet and
0.0025g dried) and at least about 0.04 g carbon planchet

pieces were used for binding studies. Phage clones were
amplified and titered (according to phage library
30 manufacturer instructions) at least twice before use. Equal

amounts (at least about 5x10%° pfu) of each phage clone were

separately incubated with the SWNT/carbon planchet (e.g., as
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Phage cl ones sel ected agai nst SWNT paste were prefaced by "Hipco." Phage
cl ones sel ected agai nst HOPG were prefaced by 5 "HOPG " Sel ected cl ones
with 12- r®@0 o3ns@pt s were named, (Substrate) 12R (round#) PCTaLsazi31091
repeat#)-(SEQ ID NO); whereas clones with constrained 7-ner inserts were
naned, (Substrate) (round#) (round repeat#)-(SEQ ID NO). Peptides The
blotlnylated pepti de H pco2B éN - 10 DVPRTTNBPPPRGGXK- C - ﬁlot §SEQ | D
NO. :244)agasessyithesiz el MhyTREHene? Whihesirs, 1A% (st‘e? nC|

Bi oti nyl abeds peotides Gaphi hehB 4 rAVMBWHRAGEEEK- @ tibi nidung SEQ | D

NG 240), JH127B (N - ACDSPHRHSCGGEK- C - bi ot i n) 1%?EQ | D hK)24ﬁ%

JH127M xBa(NthxepRssﬂﬂaﬁm%e bi ot %) 2ESEEYF ER NOPBHSFEA 5" %t?m hesi zed
by the | QyB;RLQt 8110 M croanalirsitmsEacihi hly pkbniersj tandfprEepasieate Austin)
and purified by reversed phase HPLC (H|Pore RP318 ZSOXISgE%%ﬁﬁynn, BloRad
Her cul ®s, elahed ae8f ofiher FHELYFEIIRNtIXPAIER fide ot o

the cystejpes QE}Ht he & aphit elB peptide.was peef oemededy pacageodme:e

oxi dation according to nethods known in the art_ of chem str Iting in
the cyclizedeciaphiY eltBapepereRe The 2 piFetly &M oIl Er+ ﬁé sés g"f t he
peptides yerg yerified,; Usidig @heot 1pSpiRY 41 Zaltie@BdMBS SASFEIA T I'y
(Esquire- LCO0113, Bruker Daltonlcs Inc., Billerica,, MA). 25 Phage Bi ndi ng
St udi es. E@§b|ch@éélnglafxp%ﬁﬂmﬁpé sﬁéﬁedpeééﬁPﬁaéteEW%ﬁe SMNT]ﬁhstgl(at

| east ; gbout;,04Pmgn el £ and &e@@%@glﬂﬁé@@or@nd:e@ealt@asblﬁ@mﬁ Ok egs car bon
planc% pi eces were used for binding studies. Phage clones were
anpl|f|eduamﬂgtﬁmﬁﬂedﬂﬁﬁ@@@ﬁﬂﬁn&SFBQp%§@eﬁqmﬁ%ﬁ%ﬁ?ﬁﬁﬁﬁﬁﬁufé@?ﬁréﬁed

instructieps) +at E@@éinéf“é%%éggﬁgﬁgspsfhcﬂﬂﬂéa andBERL 81 (Wdsd eaisih about
5x1010 pfu) OF each phage clone were separately incubated with the

SWNT/ car boa @pancqq*él@arq@ for ashosy and 030265896 Pesruso 213 ¥e6%r) -

Confocal Microscopy. Phage clones were amplified and
15 titered (according to phage library manufacturer
instructions) at least twice before use. Equal amounts (5 x

10° pfu) of each phage clone were separately incubated with
pieces of carbon planchet or small amounts of wet SWNT paste
in 0.2-0.3 ml TBS-T for 1 hour in a microcentrifuge tube with
20 occasional shaking. The carbon planchet/SWNT aggregate(s)
were then washed twice with TBS-T (1 ml per wash), incubated
for 45 minutes with 0.2-0.3 ml of Dbiotinylated mouse
monoclonal anti-M13 antibody (1:100 dilution in TBS-T,
Exalpha Biologicals, Inc., Boston, MA). The aggregates were
25 then washed twice with TBS-T (1 ml per wash), incubated for
10 minutes with 0.2-0.3ml streptavidin-fluorescein (1:100
dilution in TBS-T from Amersham Pharmacia Biotech, Uppsala,
Sweden), and then washed twice with TBS-T (1 ml per wash).
Excess fluid was then removed from the aggregates. The SWNT
30 paste was resuspended in Gel/Mount (Biomedia Corp., Foster
City, CA) and mounted on a glass slide with a ©No. 1
coverslip. The carbon planchets were mounted on a glass

slide with vacuum grease, covered with Gel/Mount, and topped
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aggregates) in 1 m TBS-T [50 mM Tris, 150 nM NaCl, pH 7.5, 0.1% Tween- 20]
for 1 hour at roomtenperature with rocking in a mcrocentrifuge tube. The
aggr egat ewousiases were then washed 9-10 tinmes with TBS- PCtuset/3per wash),
and phage were 5 eluted off the surfaces by exposure to 0.5 nm 0.2 M
Gycine HCL (pH 2.2) for 8 mnutes. The eluted phage were immediately
transferred to a fresh tube, neutralized with 0.15mM 1 MTris HCL (pH
9.1), andwibers t¢qearsdiPn dApKi 48 eSTNVERIT U ARG SEx perT et 9R&e °Ber f or ned
twice. In one 0. empdorent R 1408 Rlesant whsivary isyep.repeat ed bi ndi ng
studies wusing SWNT aggregates using the sane aggregates (ones used for
the original experinents) included an initial \2@32 with 1 mar%c%%% et hanol
for 1 hour andPafHerfasni d&twi tR2EEm akRtter )t B8AfoLal "R &r o3E0PY. “PRage

cl ones werg.gppldd i@transhecks tdft eaedoh agtanéidly ¢ gpiege dridunasy of

manuf acturer instructions) at |east tw ce_before use., Equal apopunts (5 x
109 pf8) BeteadWNPhagastfondwefelsepldrat ePy 1 nchJét ed vmg‘fjﬁr piece§ of
carbon pl gaghste ir SRl @BINGStIOf cvehs NN paisdeing.n 0.024@isaml 1DBS-T for
1 hour in a mcrocentrifuge tube with 20 occasj onal shai(i - _The .carbon

pl anchet / BAWIF a§§r&dat 1) FLREPER t HEASwaSHES t WP c&%wi Thi ul%% T1°/° per
wash), ingubated rff AR Myt BsedM it Onchdd idedofcdaipbtitaybatied 4d8use
monocl onal anti-ML3 antibody (1:100 dilution in TBS-T Exglsphtﬁ d

Bi ol ogi caP§eteRmELL 1 IBst o oML Fitid CRgdPedBEes  wiPE25P PR Wastdd i ce
with TBS- Tntde Mo Repwash)s . | ncyhat edpkeratdd Richit esham t WaBh@d 0.23131
streptavidin-fluorescein (1:100 dilution in, TBS-I\‘RH%T] Aner sham_ Phar maci a
Bi ot ech, Uppsal €ithsEBderR) , (lafd t98n ¥elHed 1RGO SFBS-T T PHHSper
wash). Eggess 4l dppas stt%?té@mwle&mb@ahw_en aggr:agat esi 1 TheorSWR 30
paste was resuspended in Gel/Munt (Bionedia Corp., Foster Cit CA) and
nount ed oAB8) gl 88 hicge WRtF% No tilme(?’ov"é]rts}}i%gs THE &dr B5T p"f%s'r]ilehets wer e

mount ed O@XQegé agPuid was removed from the substrates. The SWNT paste
15 was resuspended in Gel/Mount and mounted on a glass slide
with a coverslip. The carbon planchets were mounted on a

glass slide with vacuum grease, covered with Gel/Mount, and

topped with a coverslip. For the SWNT paste samples,
centrifugation was required for each labeling and washing

20 step.

Confocal images were obtained on a Leica TCS 4D Confocal

Microscope (ICMB Core Facility, University of Texas at
Austin) . Images were presented as maximum intensity
composites.

25 AFM. Phage clones were amplified and titered {according

to phage library manufacturer instructions) at least twice
before use. Equal amounts (5x10° pfu) of each phage clone
were separately incubated with freshly cleaved layers of HOPG
in 2 ml TBS for 1 hour with rocking in 35mm x 10mm petri
30 dishes. The substrates were then transferred to

microcentrifuge tubes, washed twice with water (1 ml per
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slide with vacuum grease, covered with Gel/Munt, and topped 35 WO

03/ 026590 PCT/US02/31091 wth a coverslip. For the SWNT paste sanpl es,
cent ri f ugapios265%ms required for each | abeling and washi n@CItuEsp2/3M@ept | des
(at least about 1 ng/m ) were separately incubated with pieces of carbon
pl anchet or small amounts of 5 wet SWNT paste in 0.15 ml TBS-T for 1 hour

in a mcrocentrifuge tube with occasional shaking. O ngnaI 10 n?'i/ m
stocks ofw#ilpoo2Bderessberieed coRESENGhl e THPER, oot bAKTYi TR EAd

cyclized ang popgyclized Geanh t gl Bulbif58 aeeodi tdrce. Mipapsdibetion in
TBS-T, these peptides formed 10 white precipitates. The substrates were
t hen washéRi@ital tTnpssuppphs TEROCY BagPaper WRdsh), incubated for 15 minutes

with 0.15 m streptavidin-fluorescein (1:100 dilution in TBS), and then

washed 2-3 ti %ﬁ!ﬁﬁln@%é@uéﬁce@er wash)phagEx cessrafivsd wiab rnermeed from
the substrates. Th

e SWNT paste 15 was resus%gnged jhn C‘ﬁl/l\/bl.ﬂtI an%trmunt ed
on a g asard| ¢S tiaineda TeB¢&r SPABSRCRATe TEFHGR pFARR hEYS Wete 'msifted on a
gl ass sligdeomith Wasumday easese crteredndst hiErl bpbonticanids tropped with a
coverslip. For the SWNT paste sanp| es centrifugation was required for
each | abeF#FRPmari-ansdistdy H9BCstap SBYRf BRaF®i mages were obtained on a
Leica TCS 4D Confocal M croscope (I1CvB Core Facility, University of Texas
at  Austin). |mgesaMeie FlesestedsasdaExxnmusingt ehei PyD-Chpddirteey. 25

anUF act URER LT PRI bR T adt ot bes DBFOTe Lok e Amaaits (ox 108
pfu) of eash pbageds! Dneerese separ at eliysimehat etbRd t1D fi¥ESRBY dyveaved
layers of tkﬁeC]D%thi nro%lnrg ;’ESS (o)vrmlilhlmi:rIGWREah 1r30.Cki %%oinn r%%@@c%n&omﬂepet ri
selection, a similar dominant sequence N'-HWSWWHP-C' (SEQ ID
NO:239) and a less dominant sequence N'-YFSWWHP-C' (SEQ 1ID
NO:243) were obtained by the 4th round. Selection with the
15 PhD-12 library yielded the consensus sequence N'-
NHRIWESFWPSA-C' (SEQ ID NO:172) by the 5th round, and
repeating the selection yielded the sequences N'-
VSRHQSWHPHDL-C' (SEQ ID NO:179) and N'-YWPSKHWWWLAP-C' (SEQ
ID NO:180) by the 6th round, as indicated in FIGURE 14.
20 These sequences were rich in aromatic residues and commonly
included the residues S, W, H, and P. One one embodiment of
the present invention, N'-SHPWNAQRELSV-C' (SEQ ID NO:178) was
observed in round 5 of selection with the PhD-12 library, but
was a contaminating sequence from biopanning against SWNT

25 paste; the sequence disappeared in subsequent rounds.)

For SWNT Paste. Biopanning with the PhD-C7C library
against SWNT paste was unsuccessful due to the domination of
the selected phage by the "wildtype" phage clone (containing
no peptide insert in pIII). As shown in FIGURE 15, the

30 consensus sequence N'-SHPWNAQRELSV-C' (SEQ ID NO:178) was
obtained by selection using the PhD-12 1library by the 4th
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30 dishes. The substrates were then transferred to mcrocentrifuge tubes,
washed twice with water (1 ml per 36 WO 03/026590 PCT/ US02/ 31091 wash),
and dessiweatoad2@v@r ni ght. |1 nages were taken in air usingPcagmongioapde on a
Mul ti mode Atomic Force Mcroscope (Digital Instruments, Santa Barbara,

CA). Bi opanni ng Sequences. ML3 phage libraries with 12-ner 5 and
constrai ned 7-mer sequences inserted into their TE)I Il coat, protei n_were
used to saluest, @rchexeaminch aagetPirei FPREtOvRT dH T ai DU PrENERBEES S HOPG,

and SWNT eﬁaezfc?e'd Rol. Gaihen Bl anchataprSekrekion' usimg theicPhB2C7 Ot i-brary
agai nst carbon planchet’s yi el ded a dom nant phage cl one w th '185%6
pepti de iDMRRITMSERERNES NSEANERHBN €96 ) SEend DYNC B8y SR SPheC at und as

shown in ﬁ m Upon repeating the selection, a simlar dom nant
sequence - P-C (SEQ ID NO 239) and a | ess domi nant sequence
N - YFSWMHP-C (SEQ ID NO 243) were obtained hy the. 4th rkg)unq)hD%lﬂécti on
with the 15 PH»n2 HGB6r ar §ei8 €108 PRIt nsdlETs S8408ncE' N -

NHRI VESFVPSE Gy (SEOCR MaEd2ledy e cBich pround, Lomdhxy eieatieng thire
selection yle

ed the sequences N - VSRHOSWHPHDL - (SEQ,ILD NO.1 and
N - YWPSKHRNADE T sqBEOCel B NOSYBBIRBY Rihg 6t(f?%gr]?d,“%agli9ﬁdﬁ‘8%t ch‘)ei n
Fl G|UR5 é‘ll%s?so Lhgsea8eq RS cHEr §' FRKEDREDP SFAINRIG'C [&H) daps Nend2dommonl y
i ncl uded t i S

e residues S, H,' and P._ One agne agod' manr%tof th Brsesent
i nvent i onandy NSHPNRRERE RRECC ' ( SEB2 5DNC9?O_L'7Z%)O) Y bRserVRdTPR*FolRd 5 of
sel ectd ongyibh fherRhREL2 .1 brgbys: buthe Wasp@neenari nEADTEHHREGIENCE froOm

bi opanni ng agai nst SWNT 25 paste; the sequence disappeared. i.n _subsequent
rounds.) FEO SYRTNPRLID. B opam R§SREVRIt b PRD- Eﬁ’ﬁg?i%@aer lo&ggﬁuﬁ%st SWNT

paste was unsuccesstil e Lo headomnald oseglientbe mehectetbaphdge by the
"wi | dt ype" phage cl one (cont ai ni ng
against SWNT paste.)

An example of many major sequences obtained from

15 Dbiopanning is presented in TABLE 3.

TABLE 3: Example of consensus sequences (N'-to C'-terminus)

obtained from biopanning

Library | Carbon Planchet SWNT Paste HOPG
WWSWHPW
PhD-C7C (SEQ ID NO:238) Unsuccessful Not performed
HWSWWHP
(SEQ ID N0O:239)
YESWWHP
(SEQ ID NO:243)
NHRIWESEWPSA SHPWNAQRELSV TSNPHTRHYYPI
PhD-12 (SEQ ID NO:245) (SEQ ID NO:178) (SEQ ID N0:219)
VSRHQSWHPHDL LLADTTHHRPWT KMDRHDPSPALL
(SEQ ID NO:179) (SEQ ID NO:192) (SEQ ID NO:221)
YWPSKHWWWLAP DMPRTTMSPPPR SNFTTQMTEYTG
(SEQ ID NO:180) (SEQ ID NO:196) (SEQ ID NO:220)
TKNMLSLPVGPG
(SEQ ID NO:195)
Phage binding studies. The relative binding

20 efficiencies of the different phage clones determined from
biopanning were tested by exposing carbon planchet pieces and

SWNT paste aggregates separately to equal numbers (5x10%° pfu)
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no peptide insert in plll). As show in FIGURE 15, the 30 consensus
sequence N - SHPWNAQRELSV-C (SEQ ID NO 178) was obtai ned by sel ection

usi ng t hewBhBrie&90 i brary by the 4th 37 WD 03/ 026590 PCT/ BEGA/SBA48®21 round,
and second and third repeats of the selection process vyielded the
sequences N -LLADTTHHRPWI-C (SEQ ID NO 192), N - DWMPRTTMSPPPR-C (SEQ ID
NO 196), and N - TKNMLSLPVGPG- C (SEQ D NO 195). 5 For HOPG Selection
agai nst HEPGeashnghele RHDRE7CECM ibrieyr wasd nbt BEFRDr FBE, 2BOY"t h&*PhD- 12
ibrary yiglded Jhe 1 amanl $6aHEncauN - ESUPETRINIES - diSERShRbO 219)
and the TeSs dom nant sequences N - KMDRHDPSPALL-C (SEQ ID NO 221) and

N - SNFTTQUMIREYTIBL T .( SEQUND Kbageoyery thes StNteduAdCRsth® TR 3ERSFI GURE
16. (NOTE, ; Jneoseakenag e HADT BHRPWT-Lia GSEQ 120 NO5l0); veasngl.so
observed Imnthe first selection but was found to be a contam nating
sequente Thenchoopanmed fagaiimse SWRTrpastes )arh biaifsl & o 28&Ry ‘mj or
sequences,pbt gineq [ oM. An.Dl 9paoni Besks: Present gl | TABLE BiscHABLE 3:
Exanpl e of "Consensus sequences (N -to C -termnus) obtained from

bi opanni nglbnds aand CariotiyPeAncheite JRKE PESE e HORT 2 WARSWARPHF PR C7C (SEQ I D
NG 238) Unsuccessful Not perfornmed HAWWHP (SEQ I D NO 239) YFSWWHP ( SEQ

| D NO 243}, NHRI WESFWRSA SHRWNAQREL S JSNPHITREYYREed PBD- 3RadSEQrAINNO 245
(SEQ I D NCE1{B)- ( SEQ | D NO 219) \/%%—%SW—IPHDL LLASTTHHR%’V\%'& K%RHDPDESALL :

Phage Clone |Library pIII insert (N'- to c'-
Source terminus)

Hipcol2R4-01 PhD-12 SHPWNAQRELSV (SEQ ID NO:178)

Hipcol2R42- PhD-12 LLADTTHHRPWT (SEQ ID NO:192)

01

Hipcol2R44- PhD-12 DMPRTTMSPPPR (SEQ ID NO:196)

0l

Hipcol2R44- PhD-12 TKNMLSLPVGPG (SEQ ID NO:195)

03

Graph5-01 PhD-C7C WWSWHPW (SEQ ID NO:238)

Graph53-01 PhD-C7C HWSWWHP (SEQ ID NO:239)

Graph53-05 PhD-C7C YFSWWHP (SEQ ID NO:243)

Graphl2R5-01 { PhD-12 NHRIWESFWPSA (SEQ ID NO:245)

Graphl2R62- PhD-12 VSRHQSWHPHDIL (SEQ ID NO:179)

01

Graphl2R62- PhD-12 YWPSKHWWWLAP (SEQ ID NO:180)

02

A7 PhD-C7C NNPHMQON (SEQ ID NO:229)

Z8 PhD-12 VISNHAESSRRL (SEQ ID NO:230)

Graph4-18 PhD-12, - ino insert ("wildtype")

c7cC
10

As shown in FIGURE 17 (panels A and B), phage clone
Hipcol2R44-01 bound to SWNT paste in higher numbers than all
other SWNT- or carbon planchet-specific clones, whereas
clones Graph5-01 and Graph53-01, as shown in FIGURE 18, bound

15 with greatest efficiencies to carbon planchet. Little

crossreactivity to SWNT paste was observed by the clones
selected against carbon planchet. In addition, clones
selected against SWNT paste were not crossreactive with

carbon planchet.
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(SEQ ID NG 179) (SEQ I D NO 192) (SEQ ID NO 221) YWPSKHWANALAP DVPRTTMSPPPR
SNFTTQUTFYTG (SEQ I D NO 180) (SEQ I D NG 196) (SEQ I D NGO 220) TKNM.SLPVGPG
(SEQ I D N@o13sY6sBhage bi nding studies. The relative bindi RgT/UB02/31091
efficiencies of the different phage clones determ ned from biopanning were
testedt bly exposi ngI car %n pl anchet pieces and SWNT paste aggregates
separately to equal nunmbers (5x101 pfu 38 WO 03/ 026590 PCT/ US02/31091 of
each phage cl dﬁgllieorseyeﬁéérC%ﬁelﬁ"csgrsle?‘ﬁﬁef‘ﬁﬁsa%ﬂ%to oL eéjck#r(?fno%{elel ef t

bound to {he. Subsly 30Ukl aces afiielomaghi fhagel td1chBS- EelBouad phage were
then eluted Tromtheé substrates w.th 0.2 d ycine HC1, p .2

.M
quant i fi edigwanting: i MY 5 Prhe %ﬁ%ﬁé@nﬁseﬁl?%‘?r%he%' exXperi CéLegEg li sted

in TABLE 4..,ihe A%i6G0onsth 8l 0eds 7cdBind Ruektragss ZBe4tld refani naett )
cl ones an w [dtype" "cl one were used as negative controls. 'ITA%LE 4. P11

i nsert® obfphhgevtldnge WedeshorspRegerBIRRA My St eP Py EORE Library

plIl insegt 1, G ur cerher ahass)i i RGPl 2R 1@k RRD-rk o SHPANACQREL SV
(SEQ I D Né) 1%%“1 H{i))E)coJIE% 2- PhD: 12 LLA[;'IFI'IS','HHRPV\T %SEQeI g NG 1 2) o%RE
H pcol 2RABin@HTy 1PhERPRITRBPIPR (SSEOTFRERD. 16679 ileHiedé%ll?mZ’- BRD- 12

G aphs3- 01 PR (7 THBWNP ' BEO' 1§ N0 209) © Graphss: 05 Pni> C7C YyESWIHP ( SEQ
I D h[1243p0351ble source © error in the interpretation o these
10 experiments. These results may also illustrate the
significance of selecting and testing several consensus
sequences for each substrate (i.e., repeated biopanning may

yield better sequences).

Visualization of Phage and Peptides on Substrates by Confocal
15 Microscopy

Carbon Planchet. As shown in FIGURE 19, the binding of
the carbon planchet-specific phage clones (Graph5-01 phage
and Graph53-01 phage) to their substrates was visualized by
exposing carbon planchet pieces separately to equal numbers

20 (5x10° pfu) of each clone for 1 hour, labeling the phage with
a biotinylated anti-M13 antibody, labeling the antibody with
streptavidin-fluorescein, and visualizing the complexes by
confocal microscopy. (A1l images 250pumx250um unless noted.)
Phage clones Hipcol2R44-01, JH127 (97umx97um) (from Sandra

25 Whaley, with constrained pIII insert N'-DSPHRHS-C') (SEQ ID
NO:231), and wildtype (Graph4-18, no insert) clone were used
as negative controls. Consistent with the results of the
above phage binding studies, carbon planchet bound most
efficiently to clone Graph5-01 and, to a lesser extent, to

30 Graph53-01 as shown in FIGURE 19. A considerable amount of

crossreactivity was observed between the substrate and clone
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G aphl 2R5-01 PhD-12 NHRI VESFWPSA (SEQ | D NO 245) G aphl12R62- PhD- 12

VSRHQSWHPHDL ( SEQ I D NG 179)

NO 180)

whereas @ikhbs @aphstnllahbl ey RPRY5291724s CERBM

wi th greatestoefif bahenebes dipLarkan-phagehale willtthpe crassreactivity to
SWNT paste was observed by the clones

addition, clones selected against SWNT paste were_n : | ith
carbon pl anchétte 3PIRE1HY O%SQWWFUSGQF\?%@E %\ﬁi F%e retg/é?éfaag’%‘r:ﬁs{:n\gus

sequencess yBksn ot abaet Sgaminie bb opaesni sug pr boessts notf athe ophebe phage

meani

01 G aphl 2R62- PhD-12 YWPSKHWMWALAP ( SEQ I D

WD 03/p2¢3b- C7C NNPHMN (SEQ | D NO 229) Z8 PhD- 12 VCSNIAESSRRL ( SEQ

| D NO 230) G aph4-18 PhD-12, - no insert ("w ldtype") C7/C 10 As shown in

FIGURE 17 (panels A and B), phage clone Hi pcol 2R44-01 bound to SWNT paste

i n higher nunbers than all other SWNT- or caybon chlagchet-specir{ai ¢ cl ones,
|

n EFECRE fg, Bound 15

sel ect ed agai nst carbon pl anchet.

In

cl ones selected b bi opanni ng may. be _efficient Dbi Qggrf (s &oscoblficient”
FOERLn s

eani iy haberRp aPPPRFti'es t 6-FRe 4E8s gt e&PE
Wil dtype ghone, Asudeker minegdgylf hisr t ypelakedi ndemigideor GfefobAiteyBst udy)

at 5

The inability to conpletely renove all i ndi ng phage -f.romt
A 3

usi ng t he(@PER§BIPHEFPer £O( 0.2 NPA yEPR
i'([)udl es n@ya@ei@lﬁqossbabem@ur Ceigdo r Or({cbAré Heonditray pr e:to_at! gdopE t hese
experinents. These results nmay al |BI I u(sctor;:%tGEPgr@gingl gpnificange of

sel ect | ngHjaPn‘EP%?ePs‘Jt‘li‘Hé)sevé’reé’ltic%nséjﬁégg

10

15

20

25

30

JH127), and peptide UJHI127MixB (also corresponding to clone
JH127 but having a mixed amino acid sequence) were separately
exposed to carbon planchet pieces for 1 hour and then labeled

with streptavidin-fluorescein.

As shown in FIGURE 20, a detectable amount of background
fluorescence was observed in the sample incubated with no
peptide, indicating that nonspecific binding occurred between
the streptavidin-fluorescein and substrate. This result is
most likely due to insufficient washing in this particular
experiment, since a similar sample that was not exposed to
phage nor peptide in the experiment depicted in FIGURE 19
exhibited no background fluorescence. Despite this
background fluorescence, the sample exposed to noncyclized
GraphitelB exhibited a higher degree of fluorescence than the
other samples. In contrast, the fluorescence displayed by
the cyclized GraphitelB and Hipco2B samples was no higher
than the Dbackground, indicating that the cyclization of
GraphitelB interfered with substrate binding (images
250pumx250um) . A slightly higher degree of binding was
observed between the substrate and peptides JH127B and
JH127MixB. The amino acid residues common to the GraphitelB,
JH127B, and JH127MixB peptides are S, P, and H. Future

confocal experiments visualizing peptide binding to carbon
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sequences for each substrate (i.e., repeated biopanning may vyield better
sequences). Visualization of Phage and Peptides on Substrates by Confocal
15 M cr oswopp/og#pbdon Pl anchet. As shown in FI GURE 19, t hePoirricsozgioof the
carbon pl anchet -specific phage cl ones (G aph5-01 phage and G aph53-01
phage) to their substrates was visualized by exposing carbon planchet

pi eces separately to equal nunbers 20 (5x109 fu@. of egfh 8'9” f% 1 hour,
| abel i ng Rrengirdgeshauly W idilgei MAYREED SOREPPMIBEHHtS bodyP P abeti g t he
anti body with -t repiaeisdefct! uahescejdteand wakhlifyi zbmgcthereonpkexes by
confocal mcroscopy. (Al inmges 250=250m unl ess noted.) Phage cl ones

H pcol 2R4de @aeasrHPREREOTWRD7m) (from Sandra 25 Whal ey, with constrai ned
pl1l insert N-DSPHRHS-C ) (SEQ ID NO 231), and wi |l dtype (G aph4-18, no
insert) clone yaie msed. @be Negadine crommal pasBonissd strentpheigeh ctllioger esul t's

of the above phage binding_studies, c n_ pl.anchet 1
ef fi ci%entVith OEE‘F oh&dkes siphst B and, ¢ og@pfe% B lel n%%filé?%élgg%g aph53-01 as
shown in K QURE J911Ace0ns denabtel ambunds@fpy arsossroeactinyiRiEUREs 28bser ved

bet ween the substrate and clone 40 WO 03/026590 P uUs02/ 310 H127, but
very |ittKemagemli sRPHmEsSonBLr veth et iardir -O3r BOH Wbﬂ%%t (%r?é’%jzll_&%é

H pcol 2R44- 01, o exttt}e W LY Pgehongsedhe sbi Rding wf eanbesipl anchel to
peptides with sequences corresponding to the plll inserts of thmhage 5
cl ones abBipceBRR4-93 vilsnal Frededya dbiffo GRIITRP cPosELPYE SEFILIS amiint s (1

ng/ m ), of i epty hitglB £y r 65HORAIANGiA O telkOn®Braph5- 01),
noncy%q i z%gxﬁé%%f%el% péla‘g%et%clg%, pepti de Hi pcoz2B (cor%espondi g\g to cl one
Hi pcol 2R44aB)¢s pept Fale baHkI 7B 0fLESBBABRTRE t Y2E| ARSIV SPHIDT) tiEnd

peptide JS%%Z%%‘Bo%a'p%%g%Qrrﬁﬁﬂ%@i&% tih OM§ fluorescence in the
Graph5-01 and wildtype samples was not due to nonspecific
substrate binding by the antibody or streptavidin-

15 fluorescein. Although these confocal binding studies
utilized concentrations of phage (5x10° pfu in 0.2-0.3 ml =
1.7-2.5 x 10 pfu/ml) that were on the same order of
magnitude as those used in the phage binding studies (5x10%°

pfu in 1 ml = 5 x 10%° pfu/ml), relatively little binding was

20 observed by the Graph5-01 or wildtype clones to SWNT paste in
the phage binding studies as shown in FIGURE 17. The
differences in binding observed between these two experiments

may be due to the manner in which the SWNT paste substrate

was prepared and handled. The centrifugation of the wet,

25 malleable SWNT paste used in the confocal experiments may
have lead to trapping of both specific and nonspecific phage
within the substrate, whereas the use of large dessicated
SWNT aggregates 1in the phage binding studies may have
prevented this. Wet paste was wused in the confocal

30 experiments to facilitate mounting under a coverslip, but
future confocal binding experiments should utilize dessicated

SWNT aggregates.

42



JH127 but having a m xed am no acid sequence) were separately exposed to
carbon pl anchet pieces for 1 hour and then | abeled wth

st rept aviwo3fbaser escei n. As shown in Fl GURE 20, a det ect @cirassareont of
background 15 fluorescence was observed in the sanple incubated with no
peptide, indicating that nonspecific binding occurred between the
streptavidin-fluorescein and substrate. This result is, , nost i’]ikel due to
i nsuf fici ent V@B ngP##te hi 32HakRS cub&Patekpeli-FBnt PSEFACE® a $PHiPEr sanpl e

that was Q&%ueﬁ%ﬁ&segowe@&rﬁh%e O thepthHer | Ankber exper | tent ptepiect ed i n
FI GURE 19 xhi bited no background fl uorescence. Des i%e this ., bacfkgr ound
f 1 uor escemk@ed heseshbPES e%PTs - X0 PASREYeri 24 We@eagﬁ t SFBEXHi St ted a

hi gher degree of fluorescence than the other sanples. In contrast, the

f1 uor escepcs, i splaved oy pREyd ey Gyeci pedn& aphi t el B and Hi pco2B sanpl es
was no higher than the background, indicating that the cyclization of

G aphig el B i ntetd epachmid hosubsigeaten biawbidg giamges aRBOMHES0gws.LeA
slightly higher degree of_binding was _observed het V\eenhglggssggsttgl%te and
pepti des 9PRLYBrahdPS02D#IEAN X8 1 h AT dd d-H%ediNi88E8mTon T6 t he
G aphi t el BypsdHlis Bsu Ao lH1 2 M oR spe ptHictes varse WSedPanandhd. dastulrte

confocal experinments visualizing peptide _bindin carpon . 3/ 026590
PCT/ US02/ 819930t atz hEt CEof%d  utiid9%%e %oé‘ﬁef;rg&glgecﬁfr gsfpleocnl;glg}/\@ﬁgrpti de to

ST Past 5 B o SUNT paste Lq the phage ol ons.. & with the
hi ghekt afhe nf iy EPS\RPISa4TR I(‘i%i ﬁ@fﬁ%ﬂ49gi§r€\%§ O%a?i@%(;\'/i s\lljmal i zedeby
confocal mcroscopy as shown in FIGURE 21 (inages 250nx250pnm) . The
G aph5- 01 and whé dipipee( Goaphdnd 8,studdeisnsend) Wleonedswet ezaseah a9 inegati ve
COﬂtrOls'pgggides and phage binding to carbon planchets by confocal
microscopy in this example consistently showed that the
sequences N'-WWSWHPW-C' (SEQ ID NO:238) and N'-HWSWWHP-C'
15 (SEQ ID NO0:239) bound with greatest efficiencies to carbon
planchet. Phage binding studies also revealed that the phage
clone Hipcol2R44-01 (N'-DMPRTTMSPPPR-C"') (SEQ ID NO:196)

bound most efficiently to SWNT paste.

Tittle crossreactivity was observed in the phage binding

20 studies and confocal experiments between the carbon planchet-
specific phage clones and SWNT paste. Although the graphene
structures present in the carbon planchets and SWNTs are
theoretically very similar. It is possible that the walls of

the SWNTs in the "raw" paste used in this studies contained

25 contaminants and/or had been damaged by oxidation. To
eliminate the possibility of the 1limited crossreactivity
(i.e., high specificity) of the sequences due to the presence

of possible contaminants, it may be desirable to use a purer

nanotube source.

30 EXAMPLE IV. APPLICATIONS OF BIOLOGIC MATERIALS WITH
AFFINITIES TO ELEMENTAL CARBON-CONTAINING MOLECULES
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Hi pcol 2R44- 01 cl one showed a hi gh degree of fluorescence, but 10

consi derabl e fluorescence was al so observed in the control sanples. No
backgr ourmiofiBwedsescence was observed in the absence of pragajsor/smpcati ng
that the fluorescence in the G aph5-01 and wil dtype sanples was not due to
nonspeci fic substrate binding by the antibody or streptavidin 15
fluorescein. Although these confocal binding studie Hyégill

d
concentrat i on$*@fMPpREge t5XEFSEE | POt 0. 3 =T }?Fg%gslolﬁfpfu/n1)

that were, 0 ithe;$ame o¢r dee phesomgnidvie iam t hoseetisedEONIDhEOPhage
bi ndi ng studies (5x1010 pfuin 1

Ll ml =5 x 10 10 f&grn 1i28|§E5¥8|y
little bidtd mpvndee 25ShserWed By tiAR: GAPMNB-TL Y WS GE¥pe el ones t o SWNT
paste in  ddhe, phages bindi Rgmsbith BsmsAsoshens ipreEEEUREnEZntitre wdthf er ences

i n binding observed between these two_experiqgg}s may be due to the manner
i n whisch Qe SWIFNEAsEE SEPRAT A AR P IBpt et ®4nd handl ed. The

centrifugation of the wet, 25 nall eable SWT paste used in the confocal
exper i merndspodmt i ravetheat Necdndppeng sémbetdindpednti eNand nonspecific
phage wthin the substrate, whereas the use of |arge dessicated SWNT

aggregates in Q? QagellinQEggﬁ%égg S pRy ggggucpmfvggg@ggtQgglewet paste
was used int confoca experinents to facilitate nounti ng under a

coverslipaiign fadnmesonfsosal biatd nylexpers mehteetoAddcd 2nei FPFE -
desst cat ed . ST A0ur g8l 5. 42,1003 020090, LT USHR31031 <1 SURT spast e

sanpl es tT¥H i des” havi ng sequences correspondlng to the pll
i nserts ofetvhephage isl baesfiused atovepserdealtde pespar-éd BHNTwWERE not

oo e S R T RS, M A, pe s o
due to theetwighnessetofltihe and semi-conducting SWNT ~may be
distinguished by the fast-evolved proteins obtained using the
phage display or similar method. Based on the selected
15 protein sequences from the phage display results, the
negative column may be built to purify the mixture of
metallic and semi-conducting SWNTs. If the mixture of
metallic and semi-conducting SWNTs is passed through the
negative column, the specific interaction Dbetween the
20 peptides and one metallic or semi-conducting SWNTs cause the
elution time difference. If metallic SWNTs binding peptides
are applied to the negative column, the semi-conducting SWNTs
elute faster than metallic SWNTs. Therefore, the one specific
SWNT can be separated. A schematic dlagram of SWNTs

25 purifying negative column is shown in FIGURE 23.

Alignment of Carbon Nanotubes

One of the greatest challenges in using carbon nanotubes

as nanoscale devices is aligning the nanotubes in three-

30 dimensional arrays. Although a chemical vapor deposition
(CVD) method may produce unique aligned structure from the

fabrication, a CVD method may also produce a mixture of
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substrate surfaces. Instead, HOPG was used and the results are shown in
FI GURE 22. Phage cl one Graph5-01 (specific for carbon planchet) could be
observed wo oBioef9a 0 HOPG, whereas 10 the w |l dtype cl one wa3/usor/3rendi |y
observed on HOPG The phage bi nding studies and the visualization of

pepti des and phage binding to carbon planchets by confocal mcroscopy in
this exanpl e consistently showed that the sequences N -WAMWPWC (SEQ ID
NO 238) avetad Ligqne\eakP- Gemis esgert B RO 8885 hoGRESWITh gr eal85ET°C

ef ficiencigs 1 0+GaNbeR tRkanshete1thage bbndiag & udi gxrealise, reveated that
the phage clone Hi pcol 2R44-01 (N - DMPRTTNVEPPPR- C% (53, D NO 196 bound
nost ef f ikdnefiilgialo SWNFepaseke LPet | GOIFBEELNYI t s 'obServed in the
phage bi ngli 0 stydi oge confRo@l nexpericsenés betsreimd heo candon

pl anchet [}E]lé}glcrle%i C gﬁgggég?ones anlg&%V\NT paste. Al t hough the graphene

st r uctiur esePrass eptrev hophky cé?ﬁﬁéﬁl}iﬁ%ﬂcheﬁgt%?fbﬂtsmﬁ?geﬁ ® aﬁ’ﬁ&%?@ﬁ?%al ly

very si mv%jﬂe dded S PAsSbkeathad e val he-ef 1nt hetiMNERd Rehhechsaw'
paste used in this studies contained 25 contam nants and/or had bggn

danmaged bfowmnd dardmEolto edIS-mi nhhesSt hemPpodhi I13%F ofPHNECPFni £8

crossr eact i Mt ildna8- a1higBasBReH f heigdmert. t heviequmsinasndueyt anthe
presence of possible contam nants, it may be desirable to use aﬁggrer

nanot ube @oiATEtIZMAEXRVALESNYS ABET | CRATPENS TOF HIVGEEERE KRTERPAEST W TH
AFFI NIoT1 EgheTrg 1AL ;CARBONCONE AL Nb NG MY EGHLEES t43 tWD BB 26826
PCT/ US02/ 31091 anples illustrated below are illustratiaons

f
appl i cat i esedof FREPrasasCtrAVentERRTe AseFEPHRSED Nt~ %E%‘aﬁﬁy be

used. In additior lé%%ﬂgyﬁginQYSbﬁhfﬁﬂﬂﬂd%é ¥HoNgigldep nedihadsinartded
conpositions of the presént invention with 5 other elenental
carbon-colnjzaitrlpieng)q:ﬁﬂj@@“@@j_.t. It is expected that SWNT connected

phage building blocks would produce microphase-separated

15 lamellar like structure, with the resulting structure having

aligned SWNT structures.
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Separation Between Metallic and Sem -conducting CNT. Current synthetic

nmet hods for producing single walled carbon nanotubes (SWNT) yield m xtures
of netal IWO cafezksseni - conducting SWNTs. In order to fabri earasezsmscal e
electric 10 devices, it is beneficial to separate the metallic SWNT and
se{n l—f:_onducél ng _SV\NT.dM nut e shape and symmetry differences between

netal | ic and seni-conducting SWNT may be  distinguished by the fast-ev

pr ot ei ns YBiTaitAed-NsPHARCH IR %ngéydg%ﬁfﬁ%? GAOSERY ar mat%od. Based ono'ltx:d
sel ected 15 protein sequences fromthe phage display results, the negative

g\c/)\th{_rm Irr?yt Ee whlhbutt @n?u&héxyictah]e middtficet bén, nedral+dancared ivenP¥EBRduct i ng

S. e mxture o metal lic_and.senm -conducti ' ssed

through t¥RMeTdgdt iMRY c4PUfm, 21 h&"EpEES Pi %fpger a%??ggrg(\é[\mgké%ﬁg' 20

g_e]I?]El des @ﬂginli%a@ ﬂfﬂcl&laifi@aﬁrorsethoaﬁucéiérg:&N&B@n@adlse tdroupe| m&Yon tine
i fference. metal lic SWNTs hinding pepti ar |.i o] negative

col um®, tPRVEEH -Cén dictiRiTy %U\%Tsnw e‘?—tﬁyg i gg't%gr' t h}ienﬁ%e%tlé:%g%% g\%}\ﬁ% °

Ther ef or gpe gih@ic@ne speci f jene SVNJy canahe seppaatied. Aegehévely c didgram of

SWNTs 25 purifying negative colum jis_shown_in FI GURE,23. i t of
Car bon NaptHes1on 6 9eHe Pdﬁ”%&ﬁ@stdogﬁéﬁ‘ engés Claﬁgés Frlllé% ceal'rélglgggﬁgﬁot ubes

as nanosA %ﬁp&@\ﬁie%e@ﬁi Swﬁlrisgni ggNthechzanabwbepeiodhe gees 3G védilreasfonal
arrays. ough _a chem cal vapar depositian D) .nme ce

uni que al ReFRID VSIPUCTRTE ST SIRTHES fallr ibc?atlidoengg)a&\lﬁ%%%t%ﬁgggﬁggggﬁso

pr oduge ap i xﬁw%\/\%% élé&nl\/&hriwddﬁz@5%rﬁ>eﬁtﬁ)2/3legis metsalibie ahdt
sem - conducting s toget her. cause abrication of the o-electric
devi ces i8h%0 IpFEEFPSBICFEITY °bendfi i alf_bﬁoj élﬁg%%?se t aélsts%emﬂ?f(:orall ucting
SWNTs fromghe nbxbdE eectiies separ atdomplimytbe perfregmetedc caridicngtt o t he

functions as NAND, NOR, AND, OR gates. A schematic diagram
of n-type SWNT modification using SWNT binding peptides is
15 shown in FIGURE 25. These same modifications may be applied

to multi-walled nanotubes and multi-walled nanotube pastes.

Solubility and Biocompatibility of Nanotubes

Low solubility in the solvent may Dblock further

20 application of SWNT. Generally, solubilization in water is
essential for the biologic application of SWNT. Although
wrapping polymers and surfactants were applied to solubilize

the SWNT in this example, they must further be applied to
biclogic systems. It is believed that hydrophilic peptide

25 groups conjugated with peptides that recognize the SWNT
surfaces may solubilize the SWNT in water. In addition,
removal of hydrophilic peptide groups may help SWNTs
solubilize in non-polar solvents. These same modifications
may be applied to multi-walled nanotubes and multi-walled

30 nanotube pastes.
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5 nmet hod previously described. Al though several approaches were used in
this exanple such as LB-fil mnethod and neniscus force control, etc.,

t hese netwods/ob&ve produced only orientational aligned SPNT/Gshi/gnaent .
Both positionally and orientationally aligned SWNT 2D or 3D structures
were built 10 when phages having a specific binding property to SWNTs were
used. SWNTs connected by phage as shown in FI GURE 24, behave |[ike di-block
copol ynes rwhochhéabent 1gendugitd 2Bl %" connected by the peptide unit. It is
expected that SWNT connected phage buil ding bl ocks woul d produce

m cr ophase- separ ahedo2Bah@delwiadh | itke spresény e, invdarttihe resptidey
structure having aligned SWNT structures. 45 WO 03/ PCT(,USD2/ 31091
SWNT to Peqoguiétron %sty (E@B#]dec Bﬁﬂgi Ny W t ﬁ8399§€§§®he%%aﬁ9g

modi fi cat,j;QRg S&feternrdues | Rgr®VWES ingenenakblly SWBY havesudn iand imsYc p-type
el ectric property. Chem cal nodjficatiqoqn with an el onsdo i gr oup
may 5 Scorfesive ﬁﬁeaprVEElet%l%tF)}ﬁeg%Wﬁ?‘ elrI?%aaﬁfglézlr’l r11hgoﬁ%%l“g%epti des
that generally haveagepar applnegatb vehyt andhlipositancgiipechangedtpedt ei n
dormai ns may cause the electronic properties of SWNTs. SWNTs that have

peri odi ¢ PEsienieel 9aélﬁﬂn‘?|%rg‘?ft1ir\}élﬁym8ﬁ%?"b]eeds ‘domai ns nay be identi cal
structures with 10 P-N junction sem conductor structures. It is possible

that thesiddeiseennecti on of these P-N junctions cause FET and hi gher
architecture of conplicated integrated circuit functions as NAND, NOR
AND, OR gates. .A schenafi [ am, ., of, n-1yipe SWNT, J1odi biieath&hr usbng SWNT
bi ndi ng pepti @éé’cpﬁnpfg%%%m%w?%EF%REeZS. Thezse saame nmodi fi cations may be
appl ied decgat thinatéedhranoribesr apdymiFel - vidlare@snandt ¥ 3pastes.

Sol ubi 111 Yo and, Bl 000mak BLLLLY f NARALUDRSyLoyeselubiy Ttk | Ribheysol vent
affected by the electron distribution around the SWNTs. As
such, biologic interactions may be monitored by measuring the
conductivity of SWNTs that are conjugated by two recognition

15 moieties: one for SWNT and the other for the biologic
targets. When the biologic target detecting-peptides bind
with target molecules, the electron distribution in SWNTs may
be affected by surrounding peptides. Binding and non-binding
states of peptides may be monitored by electric signal and

20 directly wused as biosensors, such as antigen-antibody
detection, glucose measurement in blood as well as others.
Multi-walled nanotubes or other elemental carbon-containing

molecules may also be used as biosensors using methods and

compositions of the present invention.

25 Additionally, the peptide chain conformations that bind
to SWNT are also affected by the pH, ionic strength,
concentration of metal ion, and temperature changes. These
environmental changes may also affect the electron
distribution of SWNTs. All of these changes may be detected

30 using SWNTs binding peptides.
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20 application of SWNT. Generally, solubilization in water is essential
for the biologic application of SWNT. Although wapping polyners and

sur fact anwe osoee9@appl ied to solubilize the SWNT in this exanmsbhe3iovhey nust
further be applied to biologic systens. It is believed that hydrophilic
pepti de 25 groups conjugated with peptides that recognize the SWNT
surfaces may solubilize the SWNT in water. In addition, renoval of

hydr ophi 18i.c Heptrdelgr Repeasgy SHEFPM SWNTs  sol ubilize in non-pol ar

sol vents. These same nodifications nay be applied to nulti-walled

nanot ubes andgiithti nwel bedusd8 aanedwibe pRsife1ddGo\W0o08AD2659@rug.
PCT/ US02/ 31091 Wring the Sem - Conducti ng SWNT | n c?ordan%e &é& t he

present ilmvepeibhiopeptiids WBBCodhf2i Mf S s (hef8IHY% add $é

conduct i %e@)&l@? ;v ned taget heindind Qeptanicsntbegr abadf SWNToxi ticei t and
may 5 servé as a functioning electric devige. Siml

Ge. ar | th LT
t echnibquaneddycalsaoappl | PT FHAIPLE: whPPe deHa8t uBRE SHHX%?%%f]&%I%ﬁ%ntal
car bog;c?%)acii@eggm equles. HBi osensaid &iqconpat.i blanSWNTsy rayhese uti | i zed
as a bioseris

or to O detect m nute chem cal or ical chan ]
or gani smetedderddensyi thnstifdt af FRESWATs Tfay 8&§ER€%W3? bgeﬁﬁg§?§bgaffected
by the el gotirQn disstribhyti of a&ound itheiSYAES. £46 tisucinplbicekogncof
interactions may bé nonitored by measuring the condug{éﬁ*ﬁngf SWNTs t hat
are conj jatedebyat Asuge&64arEIth TR et e¥2°Bhe' o and the ot her

for the tﬁéﬁf%gdﬁ, tiafPetsai Mhennt haybie! agiredraygampdeneedi ngepephedes bi nd
wi th target nolecules, the electron distribution IQ%SMNTS may be affected
by sur r outidiarg epepitticd 65 Ch Bradi Hy SFABPABN- Bi NETHy CStat es of peptides may be
nonitored by electric signal and

Other elemental carbon-containing molecules may also be
used as pharmaceutical compositions of the present invention
that release drugs, diagnostic markers, and/or medications to

15 be used with methods and compositions of the present
invention for ©preventive or prophylactic  therapy, as
treatment, for diagnosis, monitoring, and/or for screening

(e.g., of drugs, symptoms, interactions, and/or effects).
Cancer Medication

20 Biocompatible CNT may be used as radioactive or highly
toxic medication delivery. In addition, multi-walled carbon
nanotubes (MWNT) may be converted to biocompatible MWNT by
peptides that have specific binding properties to MWNT.
MWNTs generally contain at least about 3-4 nm of MWNT

25 channel. This channel of MWNT may be filled by highly toxic
or radiocactive medications for special usage such as chemo-/
radio- therapy. MWNTs that contain highly toxic or
radioactive medication may then be directly implanted to the
tumor cells or organism and thereafter, release the highly

30 toxic or radioactive medication as desired. By changing the

diameter of the inner channel, the releasing speed may be
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20 directly used as biosensors, such as antigen-antibody detection,

gl ucose neasurenent in blood as well as others. Milti-walled nanotubes or
ot her el eweriBabese@r bon- contai ning nol ecules may al so be weadsay3tbpsensors
using methods and conpositions of the present invention. 25 Additionally,
tEF peppldetchainhconfornations that bind to SWNT are also affected by the
pH, ionic strength, concentration of netal [on, and t ratu anges.
These erfAvGoRertal AhaRBBR I FHE9G 28t 85tk?%ea%$%%¥$g§% §%s%§§§%tign of
SWNTs. Al of.laesacahangesn MRy shewdet @t EEURE3@7usi ng SWNTs bi ndi ng
peptides. 47 WD 03/026590 PCT/ US02/ 31091 8. Medication Rel ease System

SWNTs may be used as robust_scaffold tq _contain n i ti0n, SWNTs
may al so be U§E@FFQEﬂéﬁ?ﬁé?lacaf?ﬁﬂ_mﬁk6%€ﬁgpl?O?Fg§%%3§ﬁa%sggg%dF%g’
peptldfsdﬁﬁﬂjgﬁgkflﬁﬂgbghéh&péﬁﬂﬁiﬁdﬁliiﬂﬁy Bor agearsl eas t erempbuerht i ons
connecte y the eptides may slowy be rel eased oyer ti 1y,
these55rmﬁﬂQ%ﬁ|Qﬁ1.qﬁnﬂﬂﬁlﬁﬁrégéﬁéﬁﬁQ%éet8IB§FSH§%9%eML dVCEEFoggﬂgé?ivgry
systens. 4 sahemmijendiagiandmiittibasappl i cation of SWNT as a drug

rel easing systemis shown in FIGURE 26. In 10 addition, the nedication may

be directly inplanted into.the .dise - sit u S; for agpl e t unor
cell. Cther el n?ﬁ?s%rg:r oA CONT Al nl}%%g ?r%l gggl g{sbtﬁai/ﬁcglluscgexbﬂﬁ uis:lélg as

phar naceuihewd -rearmiesict enspofientre. pr 8senexanvkht i biplatiar saféaddsdr ugs,

di agnostic rkers, and/or dications_t Se i o] nd
conposi t i st ¥h S%&%§%ﬁ¥ggfﬂseﬁ?¥o§ef%%é%?%%%g?}ag%%%ﬁﬁgggﬁyﬁgc?ic
t her apy, asbstreadrentny ddditdioagnobespenods orndgsorardidiongr oScit8€ni ng

(e.g.., Ofpgégg%i fXQ@EéEQ% nE@t%kﬁ%&kSQEd %%q/%%egfﬁﬁc%ﬁkidgagﬁgﬁ Medi cation
optics, microelectronics, magnetics, and engineering. The
applications include the synthesis of elemental carbon-
containing materials, carbon nanutube alignment, creation of

15 biologic semiconductors, junction conversion for single-
walled nanotube paste, junction conversion for multi-walled
nanotube paste, enhancing solubility and biologic
compatability of single- and multi-walled nanotube paste,
producing an integrated single- and multi-walled nanotube

20 paste, biosensor production, release of pharmaceutical

compositions, treatment of cancer, and combinations thereof.

While this invention has been described in reference to
illustrative embodiments, this description is not intended to
be construed in a limiting sense. Various modifications and

25 combinations of the illustrative embodiments, as well as
other embodiments of the invention will be apparent to
persons skilled in the art upon reference to the description.
Tt is therefore intended that the appended claims encompass

any such modifications or embodiments.
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20 Bi oconpati ble CNT may be used as radi oactive or highly toxic nedication
delivery. In addition, nulti-walled carbon nanotubes (MANT) nay be

convert edwbDe3lbo2eseonpat i bl e MANT by peptides that have spe@cirfiso2/piondi ng
properties to MANT. MMWTs generally contain at | east about 3-4 nm of MANT
25 chargediMdhi s channel of MANT nay be filled by highly toxic or

radi oacti ve nedi cations for special usage such as cheno-/ radio- therapy.
MANTs that contain highly toxic or radioactive nmedication may then be

di rect Iynhdepl@ncedimedt he: tunor cells or organismand thereafter, rel ease
the highly 30 toxic or radioactive nedication as desired. By changing the
di aneter of the inner channel, the releasing speed may be 48 WD 03/ 026590
PCT/ US02/ 31091 cant medtled! Afsthentitiestdicagr agmiepndpetappl ifesmedn Vi

SWNTs in cancer nedica%ion i s, shown in FIGURE 27. Qther elenental

car bon- eoAPE}hiRg FBPeEGFBE Aay al so be used for the therapeutic delivery
of agents as treatnent 5 tools or for nonitoring di sease progression
(e.g ., for capgehcthgot herpgaiatagi oreendid | onspriihe phaserrind@sertion
may or nmay not include all the ,aboye-nentLon%%Wﬁ%nponeqés&_Eprw§§%np e,

bi ol ogi predatevmdsedoffatre pPesEhicihy eSO EXpr&pared 1 n"the absence
of a 1Of§%g%tr8£etol@r%QQEtbogegﬁggnﬂﬁEBBQSmQEGr@@ﬂpﬁﬁébUQBSerahﬁe

pr esent FhventTon may be applie or uses in fields such as optics,

m croel ectronics, magnetics, and engineering. The  applications inclufe t he
synt hesi s of adHément & ceedor cbeitai APng tREt erSRHSOSHAG ndlt The®

alignnent, creation_ of 15 bi gi 1 dugtQLsicl URctdos conyerstos for
si ngl e- PREFPEG °fignot” ggeﬁgstgﬁgjuﬁ%??@%fggnvergéoﬁcfor mul ti-wal | ed
nangi ubeopasteonedmnehagpselabe kit yednd alieol suiad £ icErpyat 31l ¢y @t T ngl e-
and nulti%maLlﬁd nanot ube paste,

materlial.

2. The method of claim 1, wherein the polymeric organic

material is an amino acid oligomer.

3. The method of claim 1, wherein the polymeric organic
15 material is an amino acid oligomer on the surface of a

bacteriophage.

4. The method of claim 1, wherein the polymeric organic

material is an amino acid oligomer displayed on the surface of

bacteria.

20 5. The method of claim 1, wherein the polymeric organic

material is an amino acid oligomer displayed on the surface of

cell as a label.

6. The method of claim 1, wherein the polymeric organic

material is a nucleic acid oligomer.
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produci ng an integrated single- and nulti-walled nanotube 20 paste,

bi osensor production, rel ease of pharnaceutical conpositions, treatnment of
cancer, awo osopdshmati ons thereof. Wiile this invention hasThsSen3swescri bed
in reference to illustrative enbodi nents, this description i,s not intended
to be const?ued Theambihbdi af séaiw. lvarheasinodifi PRAVERS Lan§LrIpsLc

combi nations,of the illustrative ] ts, as well as other enbodi nents
of the THvERt# nlﬁAFICBEBéB%% %ﬁ?fgggg%%? ons skilled in the art upon

reference to the description. It is therefore intended that the appended
cl ai s enconpass TaRAYmsHabdmedi Eileahi dns wive redipo dihee pod YIeF IO I BPES 90

PCT/ US02/ 31091 CLAIMS What is clained is: 1. A hod r _gdir.ect
senicoﬂﬂ@t@biaiopﬁﬂpﬁéﬁescéﬁﬁpps@ﬁ@EfHEDiW% SO?EE%eg%% gc?ﬁﬁg%a7ggfyﬁeric

org%pic Hagﬁéﬁglaggag_binds a predeterm ned face specificity sem conductor
nateria% W a irst ion to create a sem conductor material precursor;
and adding a second ion to the sem conductor materia

. L precursor, wherein
the pol yneri 8. or gdhiec metked alcfdi ceei® 10 FEEFRELTontBF f@ﬁ?%é%ﬁﬁg%ﬁ ned
face Specl Ll Sy 3eMCondURL BhnallBLEE! Al eZialne STBbNgA-ghealalmel, wher el

IC 0

t he pol yAEFi EP5 nmateriral s an anmno acid ofigomer. 3. The nethod of
claim1, wherein the polyneric organic 15 material is an am no acjd
ol i gomer on the sThkaceedfiod dfactérivphbge Wwhereife FREhREI G HHad

wherein Lhe POLYIErlC Of 4aniC o MRLEL:Ahale,3013TuNg:1861E elbaensn idiespl ayed

10 11. The method of claim 1, wherein the predetermined
face specificity semiconductor material comprises a Group II-

IV semiconductor material.

12. The method of claim 1, wherein the polymeric organic

material comprises a chimeric protein.

15 13. The method of claim 1, wherein the polymeric organic
material comprises a chimeric protein and wherein the portion
of the chimeric protein that binds the semiconductor material

is on the surface of the chimeric protein.

14. The method of claim 1, wherein the polymeric organic
20 material comprises a chimeric protein and wherein the portion
of the chimeric protein that binds the semiconductor material

comprises between about 7 and 20 amino acids.

15. The method of claim 1, wherein the polymeric organic

material nucleates size constrained crystalline semiconductor

25 materials.
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20 5. The nethod of claim 1, wherein the polyneric organic material is an
am no acid oligoner displayed on the surface of cell as a |label. 6. The
met hod ofwoloaiomasd) wherein the pol yneric organic materi alPCirassa2/sneel ei c
acid oligoner. 50 WO 03/026590 PCT/US02/31091 7. The method of claim1l
wher ei n the pel ynehecmethadi of maleimall,i ¥hgredrbithst BPLAMSTLEr H4P28-C The

met hod of claim1, erein the polynery ' I &l cOmIiSRSAM no
aci d pohghersadr Bek 8ﬁsabib}3ﬁ f%%%ta#%%%%%% aci d%r 9. The nethod of
clai m 1, mbereinctbe predrtesshneendfiaeerspeci ficity sem conductor materi al
is polycrystalline. 10. The nmethod of claim1, wherein the predeterm ned

face specificity sem conductor terial is single.,cryst i 1. The
met hod of cl &7m 1Theh8e&rAdt RE gralé‘&é‘t r'niwrsﬁ’t?dfefl cgchsepé&ls}ir&celxil% soeriqo%%lrllcduct or
Bt &f i 8, CONPL) S€8 A FAURHY 2 dde s pONSUSE OF haBhanbalrystaLThet metdiod of
claim1l erein the polyneric organic material conprises a chineric

pr ot ei nsethbcdB8duthernet hod of claim 1, wherein the polyneric organic
material conprises a chineric protein and wherein the portion of the

chinmeric protein at _bi e icand naterd hfe Ot t swrdace
of the chi rreﬁlgc erP eeimr?ﬁ?l%} t#heca%eq;mhgd g@{%eéﬁ@n%é \?%Oelryei nt he&g%l meric
or gani cma2@rrater cahteonpr i sBs adopaneri tepedsei af anthahe? MM E PBP¥i on
of the chineric protein that binds the sem conductor material conprises
bet weennapeGrYFtadd S0 45 no acids. 15. The nethod of claim 1, wherein the
polynmeric organic material nucleates size constrained crystalline
serjgonduct of g 25 et @EtRbS. for directed semiconductor formation

comprising the steps of:

contacting a peptide that binds a predetermined face
specificity semiconductor material with a first idon to create

a semiconductor material precursor; and

15 adding a second ion to the semiconductor material
precursor, wherein the peptide directs formation of the

predetermined face specificity semiconductor material.

50. The method of claim 19, wherein the peptide is on

the surface of a bacteriophage.

20 21. The method of claim 19, wherein the peptide is part

of a combinatorial library.

22. The method of «claim 19, wherein the peptide

comprises between about 7 and 20 amino acids.

23. The method of claim 19, wherein the predetermined

25 face specificity semiconductor material is polycrystalline.
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51 WD 03/026590 PCT/ US02/31091 16. The nethod of claim 1, wherein the
polynmeric organic material controls the crystallographic phase of nucl eated
nanopar t i wbaes/oad59¢ he sem conductor. 17. The net hod of cl aiPeTiSowbwpei n t he

polynmeric organic 5 material controls the aspect ratio of the nanocrystals
of the senizondmitor metBodTheE melhon of9 cl hALEINWHEIR] ﬁr@ﬁl@tﬁaﬁwér@f/ c

organic_ material _controls the dopant |e f. 1t he: 1 C ne.
nanocr yS¥&F sSPBFmEdCLEy I A° ?ﬁ‘g rf%?ygllf?aegt%% %leé con%ﬂg%%%gf{%)??mti on

conprising the steps of: contacting a peptide that binds a predeterm ned
face specifjpgityraemgandictor rmtgm al 9w thesrefiinr sthé oprecediegamicne

sem conductor material precursor; and 15 adding a seconé:l ign e Roohel _

seni conBaice oFPRELERICAILY reddGractictinte M TPt HE" pePts te® &F r 8c € OH, fration of

the . prgdeterm shecifLeity sem conductor material. 20. The nethod
of CE)I ai ﬁ?é%&%gﬁg%@?%e peptide is on the surface of a bacteriophage. 20

21. The method of claim 19, wherein the peptide is part of .a conbinatorial
library. 22.2%heTimet hedhot! efaichels, Lther&iat e thépHde ™o <E et ween

about 7 .and 20,39Ln0 3600523, The UELRGHLObeCLALELAO, wherein the

predet el e specifrcity semconductor material is
pol ycrystal line. 52 WO 03/026590 PCT/US02/ 31091 24. The nmethod of c|aim
19, wherein phe phedetethoidned tdedmspdoi fihsineyins diicc ATIIEIB TR eF3 A Ci s

singl e srystalline: 29, Ths 1t 1RY 8L, 2LAL T, 0uaeLE B Aentedeter i ned

10 8. The method of claim 19, wherein the peptide

comprises a chimeric protein.

29. The method of claim 19, wherein the peptide
comprises a chimeric protein and wherein the peptide portion
of the chimeric protein that binds the semiconductor material

15 is on the surface of the chimeric protein.

30. The method of claim 19, wherein the peptide
comprises a chimeric protein and wherein the portion of the
chimeric protein that binds the semiconductor material

comprises between about 7 and 20 amino acids.

20 31. The method of claim 19, wherein the peptide
nucleates size constrained crystalline semiconductor
materials.

32. The method of claim 19, wherein the peptide controls
the crystallographic phase of nucleated nanoparticles of the

25 semilconductor.
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face specificity sem conductor material conprises a Goup II- 5 VI

sem conductor material. 26. The nethod of claim 19, wherein the polyneric
organi ¢ watoeebo i s di spl ayed on the surface of bacteriaPCTuSOTbwonet hod
of claim 19, wherein the polynmeric organic material is displayed on the
surface of csBl asha labehod 1®28.clhie méPhodvwbereini ih®, RARES the

pepti de conErises a chigeric £rotein .%QarThe met hod of claim 19, wherein
the pepEPHRCTEENBFP¥ed 42chPheriBePFot&Ph®ANd wherein the peptide portion

of the chinmeric protein that binds the sem conductor material 15 is on the
surface of the chirperigeprodeidt Iaifhe 1vet hatleotinl athe 1Ppepibidei nig he
peptide conprises a chinmeric protein and mgerein the portion of the

chi meri sepeotedn frkaEt abi/ nBSTt REN8EAPEBRAULEBF it eri al  conprises bet ween
about 7 and 20 am no acids. 20 31. The nethod of claim 19, wherein the

peptd de nucggat es Siga NStk nedyel ¥gtahbi ngcsedogandtotror maeteiahl s.
32. ‘The nethod of claim 19, wherein the pepfide controls the

cryst al togpapkiagpliase ssEpaucifeat ed nanoparticles of the 25 sem conductor.
53 WO 03/ 026590 PCT/ US02/ 31091 33. The nethod of claim 19, wherein the

peptide is selected fro QBr Jiean s hibrary. ; 3drefibe chitined ofagdai m
19, wherein I eﬁ%ﬁﬁﬂdég}gegéé ectéelJl froﬁ1a 7 neracgnstrained library. 5
35. A nepbed rfieri tjuedagatriing ;senmi conductor material conprising the steps
of : selecting a peptide that binds to a predeterm ned face specificity

materi al ; preparing a portion of a gold surface that has been

10 altered to have the peptide attached to the surface;

contacting the gold surface-peptide complex with a first

ion needed for semiconductor crystal precursor formation; and

adding a second ilons needed for semiconductor crystal

formation.

15 36. The method of claim 35, wherein the peptide is

selected from a constrained library.

37. The method of claim 35, wherein the gold-surface is
prepared by forming a self-assembled monolayer with 2-

mercaptoethylamine on the gold substrate.

20 38. The method of claim 35, wherein the predetermined
face specificity semiconductor material comprises a Group II-

VI semiconductor material.

39. The method of claim 35, wherein the semiconductor
material is zinc sulfide and the solutions are zinc chloride

25 and sodium sulfide.
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preparing a portion of a gold surface that has been 10 altered to have the
peptide attached to the surface; contacting the gold surface-peptide
conpl ex vwol3@2d5po st i on needed for seni conductor crystal POTAS02/31091
formati on; and adding a second ions needed for sem conductor cr¥§taI
formati on. 160 36. THhemeehbod @f claiim 355, wWeeaeAnt H 9 epEMdE RSt ect ed

f trained library. 37..7Th t hod, of i s '
g0l 0. SUFTEREL 1t efAFEAUBy TEHTT NG & ebl FoseoRabl B Ron] Syer wr Th -

”EFCGPHQQE ] 381 864084 hen 0ok O sabst rate. 20 38. The nethod of cl ai m 35,
wherein the predeterm ned face specificity sem conductor materi al

conprises a Goup Il- VI sem conductaqr erial. 39. The t : lai m
35, wherein 4he s@hﬁcdﬁﬂﬂﬁ%ﬁrC”%aﬁ%?ﬁ&lnsg'ziﬁ SEGfti de™%n q%“%%l&f?ons

are.zin h i,d {4 subiide. s8dedDiNg( 026590 PCT/ US02/ 31091
40.5The§%%?%€%&o§yc%gyg?g%?ga%%rein the?SZni%ondu%tor material is cadm um

sul fide and the solutions are cadm um chloride and sodi umsulfide. 41. The
met hod of cl&2m 3B, m#igrasd noEheCRGETEELIRY 5IOVACLSd By RbhbBiRdt ort %l
|ibrary screening. 42. A nethod of constructing nanow res conprising the

st eps o??egﬁlggting peptides that bind a predetermined face specificity
sem conductor material; and 10 expressing the peptides as a fusion protein
with a proteklethahg s mapdlles of tihatf- &sgehbl§; PHEASEREBLRES fusxwi th

sem conductor precusors to. direct fornmmatio f sem conductor nanocrystals.
specifigity semiconduc%or ma erg%&; 9n8 y

10 expressing the peptides as a fusion protein with a

protein that is capable of self-assembly;

then interact fused with semiconductor precusors to

direct formation of semiconductor nanocrystals.

43. The method of claim 42, wherein the peptides

15 selected are expressed in high copy number.

44. The method of claim 42, wherein the self-assembled

protein is on the surface of a bacteriophage.

45. The method of claim 42, wherein the polymeric organic

material is displayed on the surface of bacteria.

20 46. The method of claim 42, wherein the polymeric organic

material is displayed on the surface of cell as a label.

47. The method of claim 42, wherein the self-assembled
protein comprises a portion of the major coat protein of Ml

bacteriophage.
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43. The nethod of claim42, wherein the peptides 15 selected are expressed
i n high copy nunber. 44. The nethod of claim42, wherein the self-assenbl ed
protei n iwOoma/oedseo surface of a bacteriophage. 45. The net ired/usb2/810ai m 42
wherein the polyneric organic material is displayed on the surface of
bacteria. 20816. The nethod @E(ﬂkaim422,wmﬁﬂ§Qiqrﬁb%oﬁ?ﬁéfﬁésﬁpﬁiﬁﬁc

material is displayed on the surface_of, ce Al : e fephod of
cl ai m &ZXONHER FPPRESER| F-BRERNBT edt bPOt ?nﬁg ﬁﬁr?ggt géégﬁg?oﬁggf t he

najor¢%%%t%¥£g§%gg9f ML bacteri ophage. 55 WD 03/ 026590 PCT/ US02/ 31091

48. The nethod of Claim42, wherein the self-assenbled protein conprises a
portion of the p8 mmjor coat protein of M act eri ophage :

seni conduct of9 nad® BSMHEORMECH? HB3LS IS EPGi e . PE° .Sﬁegéﬁg%gﬁh%étor

mat eri al nmade using the process of <claim15. 51. A nanowi re made using the

progess of ck@i m 35. 820 Aukelkogin el T ohddsonpiisi rgie apsabstsate
capabl e of binding one or nore biologic 10 materials; one or nore biologic
mat eri atBasht 88hed to the substrate; and one or nore el enental

car bon-cont ai ni ng nol ecules attached to one or nore biologic materials. 15

53. The biol ogic scaff f i Yher si-Bcths osubshiat8sis sel ected
fromthe grogg‘co%spg ?kgrgfmgé?iggggg Langﬁui?-Bodgett filnms,

functionalized glass, germanium ceramc, silicon, a sem conductor
materi al, PTEE, carbarlogpol ycatbohdt epmpreainfyl ar, plastic, quartz,
pol ystyrene,

a substrate capable of binding one or more biologic

10 materials:;

one or more biologic materials attached to the

substrate; and

one or more elemental carbon-containing molecules

attached to one or more biologic materials.

15 53. The biologic scaffold of claim 52, wherein the
substrate is selected from the group consisting of silicon,
Langmuir-Bodgett  films, functionalized glass, germanium,
ceramic, silicon, a semiconductor material, PTFE, carbon,
polycarbonate, mica, mylar, plastic, quartz, polystyrene,

20 gallium arsenide, gold, silver, metal, metal alloy, fabric,
tissue, cell, organ, protein, antibody, and combinations

thereof.

54. The biologic scaffold of claim 52, wherein the
biologic material is selected from the group consisting of
25 virus, bacteriophage, bacteria, peptide, protein, amino acid,

steroid, drug, chromophore, antibody, enzyme, single-stranded
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20 gallium arsenide, gold, silver, netal, netal alloy, fabric, tissue,
cell, organ, protein, antibody, and conbinations thereof. 54. The biol ogic
scaf f ol d wD osloaispo 52, wherein the biologic material is seCaatsez3foorom t he
group consisting of 25 virus, bacteriophage, bacteria, peptide, protein,
am no acikddosbérsistradded, nohlerophere, andlisddy acéflz Py §itngladist3Hhded
56 WO 03/02659Q PCT/,US02/ 31091 nQl g ubl e-stranded nucleic acid, nucleic
aci d pofyFELCadndoghy ICahidffeaF "W8& Fi cations thereof. 55. The bi ol ogi ¢
scaffold of claimb52, wherein the biologic material is identified by a

conbi nat ori alsl.i brary bIoseyeeni agafb61ldThefbi olaygic Btaf fulerefn cldien 52,
wherein the biologic nmaterjial is an_anm na acid oljgo Fesent . e
sur f acebéP1QGB§ct@FF%F)h%be.1557?‘31?}:}215?8908?% saca??lglg%irq%f“ogﬁ%? mn%fpﬁgr ein
the ¢ 1OSgifrglteqin material is an amno acid oligonmer displayed on the
surface of bacteria. 58. The biologic scaffold of claim52, wherein the

biologic material is an amno acid ol gomer bet ween 7_and 20 _am no lgé:i ds
long. 15 59. 5Phe Bihs! 0§ilo1eeart oF@a6Eodrai RE52CIAHRY eP fr t HEPC BT b ogf

material .i s a.peptli t surface of a-ibacgherbrrhragsce£ht The bitweéogic
scaf f ol glgﬁogllacl mﬁlégtgr%lerg%n ﬁl\e%lbinol ogi%: mat ePi al i g@; pepti de sel ected
from t hgugreawe o0 = arsitstrieghefdeSEQ | D NO. : 105- 245. 61. The bi ol ogic

scaffold of claimb52, wherein the elenental carbon-containing nolecul e

rocogni zes aPEPLIAR  $93843¢ T LTS 07 0P £90%hSt5RY OlnSEELD the
10 biologic material is an amino acid oligomer displayed on the

surface of bacteria.

58. The biologic scaffold of claim 52, wherein the
biologic material is an amino acid oligomer between 7 and 20

amino acids long.

15 59. The biologic scaffold of claim 52, wherein the
biologic material is a peptide on the surface of a

bacteriophage.

60. The Dbiologic scaffold of claim 59, wherein the
biologic material 1is a peptide selected from the group

20 consisting of SEQ ID NO.:105-245.

61. The biologic scaffold of claim 52, wherein the
elemental carbon-containing molecule recognizes a peptide

selected from the group consisting of SEQ ID NO.:105-245.

62. The Dbiologic scaffold of claim 52, wherein the
25 elemental carbon-containing molecule is selected from the group
consisting of carboneo, carbon planchet, highly ordered

pyrolytic graphite, single-walled nanotube paste, single-walled
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62. The biologic scaffold of claim52, wherein the 25 elenental
carbon-containing nolecule is selected fromthe group consisting of

car bon6o,woamlorsopl anchet, highly ordered pyrolytic grap®crdiso2/31091

singl e-wal | ed nanotube paste, single-walled 57 WO 03/026590 PCT/US02/ 31091
nanot uhenoribé j - walled-wadietubeanauibe » waliléd Haredb RIS  BRFEMd,
graphite, activated carbon, carbon. bl ac in Il bonRachanrceal ,
coke, @ieBPndca Rty e, 24’ Torbi na ?8Hé q#ﬁ%%%bf?léé%é.lThg%%Lologic
scaffo%%rggngl@Hggg%ayMMﬁéﬂé;tbeeespbshmabaicy@msenandr@@mbm@dﬁhﬂﬁﬁﬁc
scaffold. 64. The biologic scaffold of claimb52, wherein the biologic

scaf f otdersofised for applications selected fromthe group consisting of
synt hesi s of el enental carbon-containing 10 materials, carbon nanutube
alignment . cpatignoof ,bhobogic sseftsondust ordLaininetd on wenensi drhd or
sin%le-malle hanot ube paste, junction conversion for multi-walled

nanot ubebpaskees ienbasenngfsomubhei Pyoardibi 8F8§feleonpatability of single-
and nulti-walled nanotube paste, producing an integrated single 15 and
nultl-malledgggno be ggiggi?iogggfgglgrogyctégg&mJ%gz#xumhéﬁein the

phar maceutic composi tions; treafnenti of cancer, and combinations

t her eof bigﬁogﬁcbis@aﬁc@_dscﬁ f obddc dimpr | apmig: cat isubst sat eckapabiteof EBF ndi ng

one or nore biologic , 20 terials; .a biplqgi ri ached {0 the
substragéoéﬁdQ£ﬁs%ﬁEkﬂﬁcg%oﬁy €St ttach de?S%Fﬁgggi5%%5?%{nateri%ﬁ% gnd
oneg por @Egrgéggent ah 168 oG anlsd niang gialeeayl esreattachedt t didhkow¥gani ¢

polymer. The bi ol ogi ¢ scaffold of claimés, erein the substrate
is seleebedcbndmntbeSgrd@@c@@@§i§ﬂmﬂ§nﬂ1Q§|ﬁQﬁNﬁln3¥] %2808

paste, Jjunction conversion for multi-walled nanotube paste,

e—wa

enhancing solubility and biologic compatability of single- and
multi-walled nanotube paste, producing an integrated single-
15 and multi-walled nanotube paste, biosensor production, release
of pharmaceutical compositions, treatment of cancer, and

combinations thereof.
65. A biologic scaffold comprising:

a substrate capable of binding one or more biologic

20 materials;

a biologic material attached to the substrate and an

organic polymer attached to the biologic material; and

one or  more elemental carbon-containing molecules

attached to the organic polymer.

25 66. The biologic scaffold of claim 65, wherein the
substrate is selected from the group consisting of silicon,

Langmuir-Bodgett films, functionalized (glass, germanium,
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Langnui r - Bodgett filns, functionalized glass, germanium 58 WO 03/026590
PCT/ US02/ 31091 ceram c, silicon, a sem conductor material, PTFE, carbon,
pol ycar bowetoajo2especa, nylar, plastic, quartz, polystyrene, PCgaiSh2/snon1

arseni de, gold, silver, nmetal, netal alloy, fabric, tissue, cell, organ,
Pr ot ei nyes@iti dodys i Bnebroonti naEmrsndSictiver esBLe6221The PBFBl 0gFETSER  f ol d

of claim#65, wherein the, biologjc material.Ls s d f heup
consi stRNg FrrWRF 1, H&Jc‘fae'riorﬁﬁja@]é’, b%%?%ﬁgf pg{ﬁfgg gf prbg:ﬂg{sﬁ?rgm no

acid, stergif 34 dehr asmpior @4 188t batysaBnzyeealsiagley st fakddd 10 or
doubl e-Stranded nucleic acid, nucleic¢c acid po]yner, and an chem.cal
PEBPEY of i S

modi f i catsoms, t heebbf . 68J2Fhe Bret®gic seBFfoP ePdi mCBBRTWRST ST t he

bi ologi ¢ naterial and organic polyner are the same. 69. The biol ogic
scarf ol %Ife%fai m 65, wherein the 15 organic polymer is a protein,
anti body, peptide, nucleic acid, chineric nolecule, drug,  |abel, Qﬁper
car bon- cont agMi ngTheganiclogiat erscd BERIDWPE 0 @didt GP reul: it the

organi sns, _and derivatives or_anal.o i i YNEsSs i batngog@i n
one or PHDFRIBF ol Hononkr sselalneccto i%ﬁiﬁ?ﬁoﬁé&% %ﬁgg%ntn%%t?c m)Irllgrrers 20

that migig,those freundpnater aldastetQa, Theeht Ddogi pretaihol gmafioc|atiA 65,

wherein the organic polyner is identified by a _conbinat.orj.al_Jl.
screeni agerdid, T usi-ol BH ARl PRFLRPEY m 687 Y{ker esll%(;{lﬁee A%ﬁ%%ni c

pol.ymer is.an.am_ hdgohi,g9neE hetweenytiand 2Qidamolgras dsarddnny 59 WO
03/%026586 9&??%@0%%%3%‘5 !95 The bi ol 6gic scaffol d of claim65 wherein
t he chemical modifications thereof.

68. The biologic scaffold of claim 65, wherein the

biologic material and organic polymer are the same.

69. The biologic scaffold of claim 65, wherein the

15 organic polymer is a protein, antibody, peptide, nucleic acid,
chimeric molecule, drug, label, other carbon-containing organic
materials known to exist in eukaryotic organisms, and
derivatives or analogs of biologic polymers that contain one or

more biologic monomers in combinations with synthetic monomers

20 that mimic those found naturally.

70. The biologic scaffold of claim 65, wherein the

organic polymer is identified by a combinatorial library

screening.

71. The biologic scaffold of claim 65, wherein the

25 organic polymer is an amino acid oligomer between 7 and 20

amino acids long.
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organic polyner is a peptide that recognizes a select portion of the

bi ol ogic material 73. The biologic scaffold of claim®65, wherein the 5
second biwbogizesemterial is a peptide selected fromthe grerfUSOZaMsi sting
of SEQ ID NO. : 105-245. 74. The biologic scaffaold of clai 65 .wherein the
el emental carbon-Toat abioinpiml et aletodgti z§slaalnbe|§t5l'de SEPEL edFr om

t he group consi st of ,\SEQ I D NQ. ;1 4 B,edhg Beokegi ogealiol d of
cl ai m 6% 9athet ePﬂ'lLY‘ﬁgr &P effe R 1E5 gzglnaztco%?%?%rl?ngesno lecul e i s%sel ect ed

fromthe: Ooup; §08§1 stiargefarar bon60r carbon planchet, highly ordered

pyrol ytic graphite, single-walled nanotube paste, singl e vval I ed nanot ube,
mul ti-wal | ed nanot ube, mJItl-vvaIIed tub %ban%lst raphite,
activated cafben, Tear oo bP&tk, |a‘? ar drco , co e, steel,

carhon ¢ 9ns t@erae Hﬁde ThelbiotdgEcomcahkolgrfp cl ai m
65, l%\/\/nerééé;(lﬁr??{h le%og?gb?n%%%caf olld |so%es%d for applications selected from

the 20c@niolpttogsbst BE@ 8P Bgnt hé8ps26P- el enental carbon- cont ai ni ng
materials, carbon nanutube alignnment, creation of biologic sem conductors,

junction conyersi fo not gibe-1 Past €55 ) Ungid@icontes si on
for multi- Y? ﬁgﬁot% 8!{8%1?6\’\@&%%%%‘ ng solubility Jand bi ol ogi c

conpat a@léﬂnéutaﬁ Sicagben- a:ndt%nnmt;tl mpdlelcad enafeCeNa1EESt e 2 piRFRICIHRY an

integrated single- and nulti-walled.n notub t 0sS Q roduction,
rel easesebeChh r%@@uFPEaHrBBﬂpSQPﬂ%ﬁ%ngtP ?ﬁé ?D &bcagggrmgnd

conbi nations thereof. 60 WO 03/026590 PCT/ US02/31091 77. The biologic

scaff ol d of ekai mrea, wheneghct hecagbsldat efandlatre b6l ogitermieriicare
the sane. 78. A biologic scaffold corrpil Si ng:
elemental carbon-containing molecu

is selected from the
group consisting of carboneo, carbon planchet, highly ordered
pyrolytic graphite, single-walled nanotube paste, single-
walled nanotube, multi-walled nanotube, multi-walled nanotube
15 paste, diamond, graphite, activated carbon, carbon Dblack,
industrial carbon, charcoal, coke, steel, carbon cycle, and

combinations thereof.

76. The biologic scaffold of claim 65, wherein the

biologic scaffold is used for applications selected from the

20 group consisting of synthesis of elemental carbon-containing
materials, carbon nanutube alignment, creation of biologic
semiconductors, junction conversion for single-walled nanotube
paste, Jjunction conversion for multi-walled nanotube paste,
enhancing solubility and biologic compatability of single- and

25 multi-walled nanotube paste, producing an integrated single-
and multi-walled nanotube paste, biosensor production, release

of pharmaceutical compositions, treatment of cancer, and

combinations thereof.
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a substrate capable of binding one or nore 5 bacteriophages; one or nore
bact eri ophages attached to the substrate; one or nore peptides that
recogni zewe opoedésvon of the bacteriophage; and 10 one or morasset/svent al
carbon-contai ning nol ecul es that recognize the peptide. 79. The bigl ogic
scaffol d of TVainTHE, Wwhetegict ecakimkdr st iBlain| Gon, MATFRAY - Bofget t
filnms, functlonallz e S on, a sem conduct or
mat er | afUPYErBTREAD aFB% gl%%?@car %%% afnégglg%§ éém&plastlc quart z,

pol ystyrene, gallium arsenide, gold, silver, nmetal, nmetal alloy, fabric,
tissue, ceII789rgAnbiQQOUEbnscaﬁfbbddgompnﬁsingnbinations t hereof. 80. The
bi ol ogi ¢ scaffold of claim 78, wherein the 20 peptide is selected fromthe

group consisting of SEQ ID NO :105-245. 8 ogi G scaffol d,pfe cl ai m
78, wherein the @8l enBmHi* a4 bofi2RBRLSi niHy nD %g%ﬁé |§ﬁ§elected fTom t he

groqﬁ cggététkgghggegarbonGOr carbon planchet, highly ordered 25 pyrolytic
it si ngl e-wal 'ed nanot ube paste, single- walled nanotube,

nultl-malled nanot ube, multi-wall ed nanot,ub aste ap
actlvated car bon, oB&r bofTbl &S 6 PGS C%Fgﬁﬁg0§109 b Jastrlal

car bon, a&cg%l coke, steel, carbon cycle, and conbi nati ons thereof. 82.
The bloFB T8¢affol d of cIa|n178 wherein the peptide is sel ected from
the group consisting of drug, 5 antlbody, chr onophor e, ht en1£t

| abel , 1ight absoobiengr mmyel pemiddesgdiiad gEIGAm@YLze @ po ion o

bacteriophage; and

10 one or more elemental carbon-containing molecules

that recognize the peptide.

79. The Dbiologic scaffold of claim 78, wherein the
substrate is silicon, Langmuir-Bodgett films, functionalized
glass, germanium, ceramic, silicon, a semiconductor material,

15 PTFE, carbon, polycarbonate, mica, mylar, plastic, quartz,
polystyrene, gallium arsenide, gold, silver, metal, metal
alloy, fabric, tissue, cell, organ, protein, antibody, and

combinations thereof.

80. The biologic scaffold of claim 78, wherein the
20 peptide is selected from the group consisting of SEQ 1ID
0.:105-245.

81. The biologic scaffold of claim 78, wherein the
elemental carbon-containing molecule i1s selected from the
group consisting of carboneo, carbon planchet, highly ordered

25 pyrolytic graphite, single-walled nanotube paste, single-
walled nanotube, multi-walled nanotube, multi-walled nanotube

paste, diamond, graphite, activated carbon, carbon black,
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83. The biologic scaffold of claim 78, wherein the substrate is absent.

84. A nethod of nmeking a biologic scaffold conprising: 10 providing a

subst r at ewoapadseo of bi ndi ng one or nore biol ogic nmateri &CTjusay/s®mehi ng one
or nore biologic materials to the substrate; and contacting one or re

el enent ahdeat boaicaredian ngchascoal ecwioks wi $hethe BitdPOF cChateri 4°% o
forma biol ogic, scaggold. 85. The method of claim84, wherein the

subst r af&@mPEnaEEPREL 5B FFBM t he group consisting of silicon, Langmuir-
Bodgett films, functionalized glass, germanium ceramc, 20 silicon, a

sem conduct ogomat ehial biBIEELccasbanfolpol yEarbbmine, 7§ calhangidr, rastic,

quartz, polystyrene, allium arsenide, gold, silver,. , t | oy,
fabric,peptééae,l@elﬁﬁgéfﬁéﬁ, EFBPeiﬁ,eanﬁF%Bﬁ?,Cﬁﬁﬁlfgﬁ%ﬁ%afﬂgngirt ‘er eof .
25 86. gggigga@xjéﬁr6méﬁﬂgﬁéﬂ_mﬁgﬁngmghgig@MIKhéa,nmighpMabsbﬁhﬂm@ted
fromthé group~éonsisting of virus, Dbacteriophage, bacteria, peptide,

prot ei nlabeilnoaacdi drga®2cWoc08Me26590 PCT/ US02/ 31091 steroid, drug,
chronmophore, |abel, antibody, enzyne, single- stranded or doubl e-stranded

nucl ei ¢ aci d,.nuclgi c i |y jrepkc pphegul g, dritgsraity other
carbon-conta?%Tng&%ﬁat%ﬁfgpgegnoaggfgggxist in eukaryotic organisns, and 5

deri vat kvesteatandlsogdsehthi ol ogi ¢ pol ynmers that contain one or nore
bi ol ogi ¢ nonomers in conbination with synthetic nononers that m mc those

found natural ly. 87. The nethod,of claim 84, . reiz the bieLkagii¢ o mat eri al
is identifieddy %o%%%ﬂfaﬁaﬁilBﬁaFyb%@ﬁegﬁwg’.cgf%la cBnPhdditg

10 providing a substrate capable of binding one or more

biologic materials;

attaching one or more biologic materials to the

substrate; and

contacting one or more elemental carbon-containing
15 molecules with the biologic material to form a biologic

scaffold.

85. The method of claim 84, wherein the substrate is
selected from the group consisting of silicon, Langmuir-
Bodgett films, functionalized glass, germanium, ceramic,

20 silicon, a semiconductor material, PTFE, carbon,
polycarbonate, mica, mnmylar, plastic, quartz, polystyrene,
gallium arsenide, gold, silver, metal, metal alloy, £fabric,
tissue, cell, organ, protein, antibody, and combinations

thereof.

25 86. The method of <claim 84, wherein the biologic
material is selected from the group consisting of virus,

bacteriophage, bacteria, peptide, protein, amino acid,
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10 88. The nethod of claim84, wherein the biologic material is an am no
acid oligoner on the surface of a bacteriophage. 89. The nethod of claim
84, wher ewp oBlozsshd ol ogic material is a peptide displayedpren/tushw3war f ace of
bacteria. 15 90. The nethod of claim 88, wherein the am no acid k oljgomner
i s bet weeardidpd Rhigni corasdomsorengladel, TR HRIBY ofNEVEEm 9T ei n

the peptide is_ selected fromithe group ISt S ) - 245.
92. TheShERRE8%0f A ai %B!,’Le’ %Jf%?%e?hen%%&%ﬁ%e ir%cﬂzfo sEg‘l!égtegldQ f?%%%he

group cggsiSting ofi e tddady, debgomphonehelr ghtremi-tadmg b,
l'ight absorbing |abel, and organic polyner. 93. The nethod.%fsclajﬁg 4,
wher ei nmehergpémentiovicar bon- ESAEEI nilty nBFERTY Rt ecodhiP784°Rpept de

sel ect eg H%gki%git %%]ggﬁgpoﬁnéksymo@ié@giﬁn& . 405t 245nt94n Thee

met hod clharm erein the elenmental carbon-containing nolecule is
sel ect edrf r avwrehe bgrodnyi 63 MADCOBAB26590 ROMRISTH/IPr09 #itdonsT SR  of

carbon60r carbon pl anchet,, highly_order relytic graphite,
singIe-ﬂﬁPP@ﬁrﬁaﬁgﬁgb@lH&§tgbggﬁnngpgwggFggg%g ot ube, multi-wall ed
nanotube, nulti-walled nanotube paste, dianond, graphite, activated
carbon, carbgn bl agk, wmdtihstréfl chabon, 8éhar ebaireicokéhest deloleatBon
cycle, and conbinations thereof. 95 ,The nethod.of clai .wherein
provi di RgtaTrisdbdtr 4entdfasce P¥t COMRdPR O&ﬁgqoﬂlﬁg?gybﬁgkgépé iterials
and attaching one or nore biologic materials to the substrate 10 are not

required to gake ihe biglogic seaffeldim9684A muireawlie carpr i shhgloghc
organi ¢ polyner, wherein the organic polyner
material is an amino acid oligomer on the surface of a

bacteriophage.

89. The method of <claim 84, wherein the biologic

material is a peptide displayed on the surface of bacteria.

15 90. The method of claim 88, wherein the amino acid

oligomer is between 7 and 20 amino acids long.

91. The method of claim 89, wherein the peptide 1is
selected from the group consisting of SEQ ID NO.:105-245.

92. The method of claim 89, wherein the peptide is
20 selected from the group consisting of drug, antibody,

chromophore, light-emitting label, light absorbing label, and

organic polymer.

93. The method of <claim 84, wherein the elemental
carbon-containing molecule recognizes a peptide selected from

25 +the group consisting of SEQ ID NO.:105-245.

94. The method of claim 84, wherein the elemental

carbon-containing molecule is selected from the group
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sel ectively recogni zes an el enmental carbon-containing nolecule. 15 97. The
nol ecul e of claim96, wherein the nolecule is wused for applications

sel ect ed Wooaioedseo gr oup consi sting of synthesis of el enme®Caluso2/31091
carbon-contai ning materials, carbon nanutube alignnment, creation_of

bi ol ogi comeistanductof s, caFhntid, on TOHVET si BA2RERSEY ngiNd-IRaYl e FAFbBEAbe
paste, junction 20 conversion f.or -nulti-- I Dangidibe, past e, Lng
sol ubi | lﬁ>¥§oétﬁglﬁi ol Gt lé:(?ﬁpatséﬁjiq]irgfly}a&’rﬂ% n(garfja - andéjm(}l) t7- ‘wal igglg&%gmot ube
paste, RLOdUE N rEst ke cohal ed-sahyée- nandtuivel, t imuddl i-eth Ida@sht vdveo pakee,

bi osensor production, release of pharmceuytical c ositigns, tr nt of
cancer , PaR#e, 25déameinsat i GFSPRALPeof 2CH8VFRE rrBFE%Fe of2 &P m Bng&%erei n

t he prgani LYMBL . 8of, NYGI8ic0aaCT d-Qkd JORIcc164 Y034 02629@, and
PCT/I%SO%ﬂg%&&%qaéQ. Eﬁeorrbl ecul e of claim 86, wherein the organic pol yner

i s sel ecoedilbytd coentdirategyfi.al |ibrary screening. 100. The nol ecul e of
claim96, wherein the organic polyner is an amno acid oligoner on the
surface of a_ b5 bagterio : 1. | ggul e o rehial M1 Migseip the
am no acid 3I5|'go§§1re i sm%p@% ayég or?-litraﬁg{rgur ace of rb_E;cht eria. 102." The

nol ecul @uefstaladign d8Pabhbercd roirdirmyri poecachd mokegdrields dberdeenialand 15

am no acids long. 10 103. The nol ecul e of cl ai,m 96 el t L.C
pol yner 3§ RSl oed oA e h8rsHPF&C%Wﬁoglﬁa&aetrelrolpahlas\gg‘% 1%126. %ﬁgg){mgi?g%ul e
of E{)gi %@%ot""‘l%cﬁlﬂcé&eccpﬁﬁﬁéj&ﬂes bislegteddammide group consisting of

SEQ 105- 245, 105. The nol ecul e of cl aim96, wherein the el enental

15 carbon-cont ai ni ng nol ecul e recogni zes a peptide selected from
96. A molecule comprilsing:

an organic polymer, wherein the organic polymer

selectively recognizes an elemental carbon-containing
molecule.
15 97. The molecule of claim 96, wherein the molecule is

used for applications selected from the group consisting of
synthesis of elemental carbon-containing materials, carbon
nanutube alignment, creation of biologic semiconductors,
junction conversion for single-walled nanotube paste, junction
20 conversion for multi-walled nanotube paste, enhancing
solubility and biologic compatability of single- and multi-
walled nanotube paste, producing an integrated single- and
multi-walled nanotube paste, biosensor production, release of
pharmaceutical compositions, treatment of cancer, and

25 combinations thereof.

98. The molecule of claim 96, wherein the organic

polymer is a nucleic acid oligomer.
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t he group consisting of SEQ ID NO :105-245. 106. The nol ecul e of claim 96,
wherein the elenental carbon-containing nolecule is selected fromthe
group coweiosi2esgo of car bon60, carbon pl anchet, highly or@eraso28iopyrol ytic
graphite, single-walled nanotube paste, sing | ed, nanot ube,

| e- | ,
nul ti-wal | ed $notTbe, Telesull 1< n%tiﬁy"tr&befagpas‘f’ SreiBnohdS gPERBRTLE,
tivat . e ddd@USTId Ay ; nirkpke, steel,
activa %%CH@%&f Cai%%é‘t@cﬁ?@k %&ﬁ&i@%éﬂcﬂ}lﬁﬁrlﬂﬁkaﬁh%&% irkpke, stee

car bon ) inations thereof. 25 107. An integrated circuit
derived fromthe biologic scaffold of claim52. 65 W 03/ 026590

PCT/ US02/ 3109100 10Bhe A hobesenbor @er i vbaimr offt heWwbpsEoli ctBeaf PEPANAL
claim52. 109. A drug delivery system ysi t.he hiol.eqic l d f .claim
52§ 1m1y&1%arﬁce Ho :Ldfi Oolrﬂ]ﬁ_ elh ol?l +94 sﬁ?:ﬂ?fafc% ofOl o

i A coerOCS| sing a pharnmaceutically effective
anmoupt ofadierimdressdbe of claim96. 111. A treatnent for cancer using the

bi ol ogic scaffold of «claim52. 112. A nethod for separating nmetallic and
sem - conductin 10nanot ubes _co ising t ste of : _obtainin rat ein
sequences usi WYL a ERFOIRAEGHEI rap{ b?:&l‘?gm gglroeen‘ieﬁar?h%t fest?%%?ﬁ?s echd
met al | i ¢, ek, sei + S0Rdust hRgy ranatdibas: rLont @ethagertd xture of metallic
and sem -conducting 15 nanotubes with the obtained protein sequences; and

separating the sem -conducting nanotube fromthe netalli nanpt ube 113.
et

The nethod of1@2 ai Bra120lmeelei Pirefapiic By sERPEetond | MY HAnGC ks
are sel eo%f&o&é?@éhﬁe%gélﬁ €oNsh sid nagmﬂ{o acids long.

10 103. The molecule of claim 96, wherein the organic

polymer is a peptide on the surface of a bacteriophage.

104. The molecule of claim 103, wherein the peptide is
selected from the group consisting of SEQ ID NO.:105-245.

105. The molecule of claim 96, wherein the elemental
15 carbon-containing molecule recognizes a peptide selected from

the group consisting of SEQ ID NO.:105-245.

106. The molecule of claim 96, wherein the elemental
carbon-containing molecule is selected from the group
consisting of carboneo, carbon planchet, highly ordered

20 pyrolytic graphite, single-walled nanotube paste, single-
walled nanotube, multi-walled nanotube, multi-walled nanotube
paste, diamond, graphite, activated carbon, carbon black,
industrial carbon, charcoal, coke, steel, carbon cycle, and

combinations thereof.

25 107. An integrated circuit derived from the biologic

scaffold of claim 52.
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20 singl e-wal |l ed nanot ubes and mul ti-wal |l ed nanotubes. 66

WO 03/026590 PCT/US02/31091
108. A biosensor derived from the biologic scaffold of

claim 52.

109. A drug delivery system using the biologic scaffold

of claim 52.

110. A pharmaceutical composition using a

pharmaceutically effective amount of the molecule of claim 96.

111. A treatment for cancer using the biologic scaffold of
claim 52.

112. A method for separating metallic and semi-conducting

l0Onanotubes comprising the steps of:

15

20

obtaining protein sequences using a combinatorial library
screening that distinguishes metallic and semi-conducting

nanotubes;

contacting a mixture of metallic and semi-conducting

nanotubes with the obtained protein sequences; and

separating the semi-conducting nanotube from the metallic

nanotube

113. The method of claim 112, wherein metallic and semi-
conducting nanotubes are selected from the group consisting of

single-walled nanotubes and multi-walled nanotubes.
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