WD 03/ 026590 PCT/ US02/31091 BI OLOG CAL CONTROL OF NANOPARTI CLES FI ELD OF
THE | NVENTI ON The present invention is directed to the selective

recogni ti ogy@hasgédpoUs materials in general and, specifi Ca%é?’ms&z%‘f@sﬁd
surface recognition of sem conductor 5 materials and el enenta

carbon-containing materials using organic polyners. This application clains
priority from Provisional Patent Application Serial No. 60/325,664, filed
on Septenber 28, 2001. 10 The research carried out in the subject
application was supported in part by grants fromthe Arny Research Ofice

( DADD19- 99- 0155). A nucl eotide and/ or am no acid sequence listing is

i ncor porated by referend&BOGLRAL neNTROH OEnNﬁ?Sﬂ%%ﬁ"g?CLF@S readabl e form
BACKGROUND OF THE | NVENTI ON I n bi ol ogi ¢ systens, organic nol ecul es exhibit a
remar kabl e T OFf TEENLNVENDY@} the nucl eation and mineral phase of
inorganic materials such as cal ci mcarbong}f.e and 20 siljca, aq%tcgv r the

er t
assenbly of cryst®l | PEEESRhd TR 1ORanbs c A %5t di hg bHEtkSSi ¥Bnpl ex
struct ures fefpyniedonf or ofi ol @girGohsiNCtmPreriBlsS camt r olgetewthd, i Bnéiheory,
be applied to materials with interesting nagneti.c, electrical or ogti cal

g

I
properti es.SEEFINECEALEY s PP e FUBY 26T ol TFFPEdOBss@E A UPPAEEFPY  sof t,
and cony stmfferd a38r Ppah8l NGl omerita| ec&mbdBddnda iah ngNoheEdkt i1 sbuiukeh§g
bl ocks (i.e., lipids, peptides, and 1 WO 03/026590 PCT/US02/.31091 nucleic
aci ds) arr SHFEPIN PRS¥BEABE ngl y conpl ex architectures. Unlike the
sem conductor industry, which
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 1listing 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 biologic function. This control could, in theory, be
applied to materials with interesting magnetic, electrical or

optical properties.

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

molecular Dbuilding blocks (i.e., 1lipids, peptides, and



relies on a serial lithographic processing approach for constructing the
snmal | est features on an integrated circuit, 5 living organisms execute their

ar chi t ect urvad o3/plssgopr i nts"  using both coval ent and non- covarfifsod/Ahses
acting sinultaneously upon many nol ecul ar conponents. Furthernore, these
structures can often el egantly rearrange between two or nore usable forns
w t hout changi ng any of the nolecular 10 constituents. The use of

"bi ol ogi c" medlesical s hoiﬂsocesaﬁﬂmwdxt gener atsitonndingigr oelcempneni c,

optic and etic deV|ces I OSSIb| qutlon tQ_resol the
limtations® ]g?r}l TS Sonal’ Hr;‘ cesgl g Erert“h%%fls & cruSeTY factg‘%ggl n this
15 approachreried dent i byi agridme dpphopr aplt e C@m@teisbﬁhgt | &pmacth for
conbi nati ons of bi ol.0qi ¢-i nor ic materials, the ynt.heti,c process
and recogni $9HH 457 i Ctthi "%?hq i g%%l eFediti cjo%efgrfaaitegns‘:lr&’f&%t he
under st andi Ny itdee w@fahesms Oéxeddte aphe Dpr iatet ibeckdray bisdaeprizfls SUMVARY
OF THE | NVENTI ON Tge pr esent inventl on i s based %he el ection,
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product i on, “§9Y at PO and“ChAr &t er i‘a? ti o HICd OFSRter s 2cE1g9,

pepti des, V‘éirﬁhlﬁ:l’ﬂiﬁ@@@dysﬁb@ﬁt méhtyy mbleciBdt OtSMpYr@NYsC anchivhergiane ¢
materials. In one enbodi nent 25 of the present invention, biologic

material s, &'%e stEobivn&SorrRI °FFeR aFr%etg?n%th%%rﬁartﬂ?adiftd"ie?BI YOI Pbrary,

cause direchéih MsaBULAT £68EOY R EhoRE ofchanahgetarn@kiofg trélvadtagalat
iterative rounds of peptide evolution. Oganic polynmers (e.g., peptides)

may be ¥} eat¥tP i @Epi-ved that 30 attach with high specificity to a wide
range of materials including but not limted to sem conductor surfaces and
el enental carbomrheoNtaéNidly CHIPLIHIAS Stisteris 1GaAr BON prddOs0HH 609Kt

PCT/ UsD2/ 31091, Nangt ubes .and anapile . Furtermore, Lhe Lnventon all ows
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 biologic-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 1is 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 1limited to semiconductor surfaces and

elemental carbon~containing compounds such as carbon



for the selective isolation of organic recognition nolecules (e.g., organic
pol ymers) that may specifically recognize a specific orientation, shape or

structure &foddrepol ogic 5 material (e.g., crystall ographi]g1 r
?f ggﬁﬁﬁhﬂ

orientation), whether or not a conposition of the structur
material is used. In one enbodi nent of the present invention, a biologic
scaffold is disclosed. The scaffold includes a substrate 10 capabl e of

bi ndi ng on@aabtimse Bhal Qiaphiteer i abertH¥IRCRE, M bidO el Brdwal S
attached tqo the substra and one or nore elenmental carbon-containing

te, . Car
mol ecul es &PTalRBdSEISFhEYe bit 3P LYF P hetferqngedic) FESAGPRELORNBBLRFHERS of t he

present ineeglj oBrganhbtolRUivhesepf ftohd ingydi stdagadatihgt inddudes & 15
substrate capable of hinding one or nore biologic materials, "a first
bi ol ogi ¢ NEPEFIEIC attACREAT LBt heShaRSst Pat StENGLETe seRondhsi oPiRAIitat eri al

att achesl tﬂat@ﬁiiiVSerégjOgéﬁysEgﬂfﬁ?rabhi@ndsﬁﬂﬁeOroBDr@r@éﬁﬂg%ﬁéﬂ),
carbon-contai ning nolecules attached to the second biologic material. 20 In
anot her enBEFR®Nt °&f BAk Fr eSERROTHIOM | oh, thee SHIW AL l¥cas¥oildy ncl udes
a substrat gaeapabl g Ofydigndi ng one or nore bacteri ophages, one or nore

bact eri ophages attached to the substrate, one or nore peptides that

recogni ze a portion of the bacteriophage, and ope or nore elenental 25

car bon- cont ai ni 1y 7BF cEUPRSIPFRE PECOHRYRI PESIIR: ppisieionm anbthggic

enbodi nent sehffde PLesediisdipseali ontha Kehhedld ofinerkiues & bi@bsgistescaf fol d
is disclosed. The nethad _.includes providing a substrate capable of binding
one or 1%or E2PEPHE 08f c HHECdRPal e aPF aRRFRgPOALOBEC nBrECkiBl Bgi ENfmt%&Ti al s 30

to the subsbiatsiodih £onitactibng ARLaOied e tBlkeRBBEakatS, VAP 26390
PCT/ US02/ 31091 car bon-contai ning nol ecules with the biologic material to
form a bi OF‘@@?C‘%@&?PSFH. carbon-containing molecules attached to the
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.

In 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



I n anot her enbodi nent of the present invention, a nolecule is described.
The nol ecul e contains an organic 5 polyner that selectively recognizes an

el enent al eay dmwAssogont ai ni ng nol ecul e. I n anot her enbodi nerigc.lg& O%E’? Eresent
invention, a nethod for directed sem conductor formation i's % 1%8d. The

met hod i ncludes the steps of contacting a nolecule that binds 10 a
predeterm ned face specificity sem conductor material with a first ionto
Create a seatisacimiterintaiger nale@ilaur soth anthe adth heyic seaesdiadn too t he
sem conduct.or nmateri.al .precur.so wherein the nol ecule directs formati on of
the predet &P e d45& csﬁé:@if%f’iaSem conductor material. The nol ecul e may 15
i nclude an am no acid oligonmer or peptide, which nmay be on the surface of a
bact eri ophage a& partotdfer e.embodamefit merfi ¢ theoaprpsehei ninvdetionl, ecdl e may

even be a nucleic acid  oligaoner and, may sel ected froma_conbi natori al
library. lil?"lféecr}’b]leec&Is'e %@c%gjeé{ri amfjr ] a%c%)]gecpuaeyn%?n%?“bset RBerPHEIE 7 20
and 20 am polpmdxds.thiEe pedsehivélywemniecognbie® aICcCOoORNamsrsad GAboaenduct or
mat eri al made_usi,ng th neéhod of the present invention. Uses for the
control | ed PR oﬁ&?fl 8 and grown using the naterials and nethods of
the present invention 25 include materials wth novel optical, electronic
and nmagneti c propenrtdther Ambadihebe &khiowte toreiskaseiofreskidh, ian edthodrt, the

detail ed optical.__electrgnic an neti c opert.ies ;may_.pe directed by the
for mat on BFF satirsGitaac: grneroafuf T P gl OBET nalP dTRke B oy PHEES W ch
usi ng t he pedsehtimudesenheostepy ofctartadtdygr engobechhyi tigrtd®andpat t er ns

to create_crystal formafi ncinS at.tern | ayers Q& teovreanOeth. 4
03/ 026590 ﬁC?%ié%%?@TﬁﬁT} né?hé? usécofytﬁg b%??e htan oflﬁéygﬁghforned
usi ng the presest iswetd i eredise tdhesdmbravatiucnonf msear taindeecd@irsor and
adding a second ion to 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.



devices for high density nmagnetic storage. Another design may be for the
formation of transistors for use in, e.g., 5 quantum conputing. Yet anot her

use for thwomslotesp®s, designs and novel materials nade w ent
invention include inmaging and inmagi ng contrast agent for tr‘r%&?@f/g{ogf
applications. One such use for the directed formation of sem conductors and
sem conduct or crystals and designs include 10 information storage based on
quantum dot patanether &s@ ,of dend ifdttrirnen of/bri eagees froembd Gkhhgary or
even personnel situations. The quantum dots cgul d be_used to identify

i ndi vi dual "ol &FEPENEr PRYSVMHE dSi niPT dTREERRI oRf i PeHESPAECEPR ar nor
or on the qarises Ad ehbghi vehyity hRagedisidSstdyadie us@dokRe£0deB8ghhe
fabric of noney. Yet another use for_ the present invention ,is to create bi
and mul ti -PFUne i dRAI ot FYERTIoN Rfug-TRBISIeEPYSi £ apif nd?t h&-8rug to be
del i vered ¢fidt@mt Rempapihges bt tiitieesapt EbYerhd Ofhttetlls,aB@ENghsUSE 1S
for in vivo and vitro diagnostics based on 20 gene or protein expression by
drug trap@Hy RV BHeL TR iR tWH-telihfe PR SRt INVENt4CRDABCEBAPI et €

under st andigriely the iﬁagyﬁﬁsc&r&as@dagéﬁ@%% qiedtieslpaﬁﬁfﬁaﬂirb\ﬁ%nti on,
reference is now nmade to  the detailed description of the invention along
with the 25 accorrpanéi ng figures, BRI EF DESCRI PTI ON OF THE FlI GURES For nore

conpl ete under §P8ndi AYCBF tHESfeatW es tAAd  SHFanteYes TEF™ReOPr eseht

i nvention,sdrtf-ehaneeots BAW BBAEcdiuctbe deysidrd Hesuddilgnenigtitbe
i nvention along with the 30 acconpanying FIGURES. 5 WD 03/ 026590

PCT/ USE2/ 3PPt iePRES HOXRIR cPesed| &t eHUARHIO MARN nB2 s Sseqliefices in
accor dancej gurth rtibat ppRSERL £HNVENtd0Foe FhBUREL 2t £8P it S vERSpereshhdl of

structures in accordance
situations. The quantum dots could be used 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.




with the present invention; 5 FIGJRE 3 depicts phage recognition of
het erostructures in accordance wth the present invention; FlIGURES 4-8

depi ct spewiofg32659% N0 aci d sequences in accordance with t
invention; FIGURE 9 depicts the peptide insert structure opﬁ‘lﬁs‘?ﬁq@%hage

libraries in accordance with the present invention; FIGJRE 10 depicts the
various am no acid substitutions in the third and fourth rounds of selection
in accordance WIGUREhE ¢Ebetd daleentd ofanddrCGURE nbl adedi Gegueheeanimno acid

substitutions after the é%ifth round of .selection in accordance with the
present i AFEREFBRCE FY PIESFEE T HE 5186w re made from the ZnS
nanoparticles i rdance, wi th the present_invention; .FIGJRE 13 depicts
organi ¢ pol yner 9(@’5@99&?}%#@ q?(f? S8 ﬁgﬁ%e L obtAIGTES oFr 6fh BREP 98 brary
sel ecti on agahnshe soedaft plrakeebni n accordance with the present invention;

FI GURE 14 depicts organic polynmer (e.g., peptide) sequences obtained from
PhD- 12 bi brary SeGEBRE | On cagdichst phaaebarcpbabhchet bfi aeterdancectidds t he

present invention; 25 FIGJRE 15 depicts .organic_polymer (e.g., peptide)
Bequences. dft AFRBHTRSM'HD 139 PEPAFY: SOVCEEGR’ agal nst  SWAT past e
aggregates in a ce with the present.invention, FILGJRE 16 depicts
organi ¢ pol yrrerg%gﬂ.’]% ge\glti g%?lc%eﬁt%ﬁ%é]sc ot?tméinﬁedacfjr m SRSeF| blrnary
sel ecti on agabreintORG B Hen paesentaneemiibh ;t he present invention; 6 WO

03/ 026590 PCT/ US02/31091 FIGURE 17 depicts binding efficiencies of various
phage cl ones t oFSYWRE pastde@ggrsegeiespeptiairoidaace wittrhcthee pifesdrt

nventLgn: ELCLRE, 18, depl ts biading efficl engi g oL, Al aus Bhaoe
FIGURE 10 depicts the wvarious 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 2ZnS

nanoparticles in accordance with the present invention;

FIGURE 13 depicts organic polymer (e.g., peptide)
20 sequences obtained from PhD-C7C 1library 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;




5 clones to carbon planchet in accordance with the present invention;
FI GURE 19 depicts confocal imges of various phage clones bound to carbon

| anchet | waaeneessbance with t he resent invention; 10 FI G‘Bgr jcts
0 " ocC r/ﬁg%%g{?

confocal inmages of various biotinylated peptides bound t Anchet

in accordance wth the present invention; FIGURE 21 depicts confocal inages
of various phage clones bound to wet SWNT paste in accordance wth the
present 15 i nvEIGURN;1F|ddgRct?? kdepiiats eAEMismges off phageoud grmegeon HOPG
in accor dagce W t.h t%ﬁ Er esent inventi og; FI GURE 23 depicts schematic

di agr am of CARPEWNTC parTfyi RY® Heg 9998 6P Bmi 26‘%9@%&%94 Gt cttdea
schemat i ¢ gragemimiafvepltaga; bi nding to SWNT (phage- SWNT); FlI GURE 25 depicts
a schematic diagramof n-type SWNT nodification using SWNT bi ndi ng
peptides; Fl GURERRIES clepixtschdmating diffgcoendidis tde va2h capplghaatkl on of
SWNT as. a drug rel easing syst and Fl GURE 27 depicts . a schematic di agram
for the aBBTTEatfGn G RSNTELFRCRENCAR RARCAEER, HEPAl EBD BESGRPSTI ON OF
THE | NVENTL&Nent/A o) 03/ 026590 PCT/ US02/ 31091 Al t hough maki ng
and using various enbodi nents of the present invention are discussed in

detail below, irIcirReul dobedeppprecicdh@dcabatindy@spr egenvatimet ighidgpr ovi des
many appligcabl e inventiyve concepts that can be enbodied in a wde 5 variety
£ o i 8t %

of speci fi SrESH e ERTHEC s Bt BEPRENt  3CSRaLRRES hetith &PE nerely

i | lustratiyeeodntspesichitéomays to nake and use the invention, and do not
delimt the scope of
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




the invention. Terns used herein have nmeani ngs as commonly understood 10 by
a person of ordinary skill in the areas relevant to the present invention.
Terns suchwaso3d/®es90” an,” and "the" are not intended to refleéTkg ﬁal(l’% a
singular entity, but include the general class of which a spé 2 xanpl e
may be used for illustration. The term nology herein is used to describe 15
speci fic enbodi nents of the invention, but their usage does not limt the

i nvention, excepltlamaghuthakiny i anthea<lrg meariolize ebodindgy béredihe i s used
to describe ecific enhodi nents.of the. invention, but thejr us does not
it heDF ANt | BT aetnt t4s COUERPHEH Th dha el Boner abt iy

t hr oughout apheeqiasenht sipeci f tbat | @resehe t emventdoant gacddide’s, many
"nanoparticl es! nd "parti.cl es" are, us i nt er.changeabl As used. herein,
the torm » BPET b e S A eg PGP P B b o T P T Sy & 638 Vi r s,
bact eri ®phageiet?5 dfackeecafipepidrdasxtpr. ot ei The anspeeidicd, esbedehtsdr ug,
chrom)phorg, antib % enzyne, Si (r%al e-iﬁhra ded. or doubl e-, stranded nucl eic
aci d, and ShyCLHY TSI Fhe AASTEY BPERRHL YL hi BT T aladSi 4° nay
sel f - assempbRe t and Ot athdr Yntém i dn | e dhencoaAadnirg 13y fsaepeofora
substrate. 30 Self-gssenbly may permt random or uniform alignment of the
bi ol ogi ¢ mEPBrIA Y Phe surface. In addition, the biologic 8 WO 03/026590
PCT/ US02/ 31091 material may forma dry thin filmthat is externally
controll ed by smmentusahcCesaidiat i bave appinioais ars oformonlgl eahdd s tardd Or
magneti& fiel ics, .or_other ch al, or. field interactions. ,As used

her ei n;" bi Yogi, @%%%f’grlbgl ogﬁi&ngryorsgg}li' ¢ ‘Bol Ve AT eERd “BISIREr '€ JPGani ¢
materi al " pRysde: irseshtiirirer chaegesabkych Ass uSed” heaej 11, aadganhe”palrgner
refers to mult] Pl i eed 9N G TRLC Bhuy MPCLEL N 1 NS, A 98N Se
the general class of which a specific example may be used for
illustration. The terminology herein is used to describe
15 specific embodiﬁents of the invention, but their usage does

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

The terminology herein 1is 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 bacteria, 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 film on the contacting surface of a substrate.

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

biologic material on the surface. In addition, the biologic




materi al includes several "nononers" that nmay be the sane or different. For
exanpl e, proteins, antibodies, peptides, 10 nucleic acids, chineric

lr)ml ecul es, wiresgresoand ot her carbon- contai ning material s k%éog/g‘f@% in
iologic systems (e.g., eukaryotic organisns) are illustration rgani c
polymers. Qther organic polynmers may be derivatives or anal ogs of biologic
pol ynmers that contain one or nore 15 biologic nononers in conbinations with
synt het i ¢ mobenmerls mealyat fm mam dry hogeirf odddimnatbagl | /s Tdsbe:dmarluy

"inorganic, I r, “ingrqani c compound”. refers . t.o ounds such as,
e.g., indi u(?rnotflfoﬁl%c?% dg) cirY% Lag&h gg lilrogulon’ i B aCS, lIQadl 8?50?8pe
salt, and QDecc:tmﬂm raatd cms matgir@tta@f flb@ual spiys i et ugkehela, crﬁmuc}i& oBI Ta
Zr, Fe, N

G, Rl ScTIOP IResipeetne o0 a8 w8 Rarelhe B %tg. Weghen ahdbiric.
const argt n‘abﬁgarfnla pélﬁseﬂ'at ansg) Wma$lbal’drlgﬁhﬁbr aid Hd v a1t afg epbebari um

25 zirconate nat zirconate titanate, | ead, | anthanum titanate,
ot s o Sed AT Y FanbEAPLT | Lot uSest et ar g8tk ¢ A A degk ne b
titanate, séraaltipldi ﬁﬁ‘th:h oEaru:aanthe mmdrsalpnmu%bnsrmtah drg@ahati t e

ni obate, or_ _variatio t her eof , _kpown t e, of Or??' nary skill in the

0

30 art. THEIYHAL MG HFS%BFESEF‘%" IB?nG"“&ﬁrGan a&oﬁﬁé’u " Yhgr §fEe Pg
conmpounds @&DfferelitNg CAFOON eHaA eQr bPoEOIHH, Nabnelbodi€s, | IdeptQd¥l),

03/ 026590 PCT/ 1JS02/31091 . as nucl eot i des, nucl eot.i des nucl eosi des,
steroitds, BRI RGCIGFapt FHTET 15 ST LER | 86%9%5 aBﬂzfﬁ@?‘: C&B8Rydr at e,

l'i pids, COcEIﬂ'L@atiri‘i.@gpoinaﬂBfﬁaléjr Ugwnando C asHistat llﬁnSbloIdS’@.{@OfsysAeﬂE ug nay
i ncl ude an antibioti c, antimcrobial, 5 anti-inflammatory, anal gesi.c,
anti hi Stan{qmg 'anauﬁﬂﬁy%&ﬁﬁﬂ organisms) are illustrations’ of organic

polymers. Other 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, Z%2r, Fe, Ni, Mn, Pb, La, Li, Na, K, Rb, Cs, Fr, Be, Mg,
Ca, Nb, T1, Hg, Cu, Co, Rh, Sc, or Y. Inorganic compounds
may include, e.g., high dielectric constant materials
{(insulators) such as barium strontium titanate, Dbarium

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




used therapeutically or prophylactically against manmal i an pathol ogic (or
potentially pathologic) conditions. The term "el enental carbon-containing
nol ecul e" vaeosHEREkdyy refers to allotropic forns of carbon. Exanples 10
include, but are not linited to, dianond, graphite, activatBETFaI%HM1
carbon6a, carbon black, industrial carbon, charcoal, coke, and steel. O her
exanpl es include, but are not limted to carbon planchet, highly ordered

pyrol ytic gsaplcléotidR()  posihigieowabbef AABDEdRILSVWERDe rodiary! endal | ed
nanot ube paste, 15 multi-walled nanotube, nulti-walled nanotube paste as

vel | as nBYat BFPregRat e CHeEON- coMtRdiRg mAYmESs. A_TRRBAYRdEei n, a

"substratelipBys pe aonteeoidPri a3l oflersol i draysf acando Wabmb Y €54, es
attach through either covalent or non-coval ent bonds and i ncl udes, e.g.,

silicon, 2BPEESRfnui r ABSHGE MY | HBCLydmcRR oRBF iR ERL 4t ras3nt Heksrahiady

ceram Cs Shht £OMhfIRAMMAFLEQNAUHDIGJEBEST | AloinREEENi 8] DAhg  BRY YGRYRenat e,
mca, nylar, plastic, quartz, polystyrene, gallium arsenide,” gold, silver,
netal , net@fedl (thprapapiieallian@rcordnnintiasihscahby eguadagablvamaliani ng

functional p%mi@_(ggcpoeén@mm FhBeXYL ) tdUf1 tqbnBYdr oxyl i ncorporat ed
on its surface. Simlarly, the substrate may be an organic material such

as a protein, mammalian cell  antibody, organ, or tissue with a surface to
whi ch a biol ogitSmat 4§ mayeleftended. TIRETEORTeeRtMi e | AYeBeeSmal | and

not 30 necgsserdilly UpsfOFdN Byt =ShQuhdpdst fAsmd Nt asthdl. SUr:ae@1eEnot
necessarily in nonol ayer). The_substrate may be porous, planar or

nonpl atfar . ITREdubPutarE e Rekudésited ortadiizAgndiosnerpii o2 asdd vated

PCT/ US02/ 3d08don S U A5 b Nata PBYn be14 bR, Subaldatiall teslidordr éha3eoand |ayer
(e.qg., substrate or biologic material with a contacting surface) nade of

organi ¢ or Pk e EtesllecuPEBeanexarlffi dmclefdganfet ;rre mtgdiindtadl ecul es
My contac{, carbon planchet, highly ordered pyrolytic graphite (HOPG},

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, quartz, polystyrene,
gallium érsenide, 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 nonplanar. The substrate includes a contacting

10




5 The inventors have previously shown that peptides may bind to
sem conductor material. Sem conductor materials wuseful in binding peptides

include, bylo@iBsgpt |imted to galliumarsenide, indium p&oﬁgg}ﬁbgﬂ gal I'i um
Kih

nitrate, zinc sultide, alum num arsenide, alum num galliumarsefi 10
cadm um sul fide, cadm um sel enide, zinc selenide, |ead sulfide, boron
nitride and silicon. Sem conductor nanocrystals exhibit size and shape-
dependent opirfizale arithtelrezyrbealthpr cpbstraise Theskf dovensesecphapaaiees

' appcl)]i: _ca})t.iocins.i na.,l5 .ngri ety. of _devices,k such as

[t i t hei t ent | t
Iri63ﬁt elmnttreﬁ‘lggr'dﬁg %gskﬁgb?, Si gl eogf%ctr?aotr?rtllaansfqﬂ\'/]ar s2 pcr?&%S\CiSFPﬁi cs,

opti cal andsumibgret imadeerntt icegyandedodi dgoogdnic nerleetid eancngesokiichCont r ol
of particle size, shape an is.also critical in protective coatings

, d_ph
such as car®pHimt grjfdlf‘ﬁr%flr@]ﬁ%%f?@éscdl&ﬁsa@aiéoc%ﬁ?fé'pai nts. The seniconduct or

materials may be engineered to be of certain shapes and sizes, wherein the
optical and el &beri taterqraoperhaes ptretiwesdysesticcondticdior pept bdéesl mapay

pest,be oXBLil ool LU EoLAUIET QRa0RH 025, STHEBLSTENL. | RUSHLEL s eve

further devel oped "a reans
their self-wssiriblin bibéimmi pefeidasy esnadfudehe pgptakesnat e liheted abbl ity to

recogni ze and .hind technpl ogical,l.y inportant materi.als wt face ,
speci fi ci ty?aqtl&%nucﬁjéﬁ?%l%?’ze-l (C)lr:‘ié"f'r gﬂﬁgggé%m A3hhtem s%h?ﬁ?ﬁ?duc?b?c
mat eri al s, sandide,cordInndirire caysirdldepgr aphinén3@ phadeiah nualseatad,
nanopadtéj cles, .The pe t'iges can .also %‘%1e\é$c€eﬁ/ 026590

e

PCT/ US0Z/ 3165 T WontF o1t Phe asHERt P at FaCSr | A% °R8%t het&fBre, the
optical propdarfiiides. bBroaf hytride dmcisiiiyomd t h whi ch bi ol ogi c systens
assenbl e i mrensely conplicated structure on an exceedingly 5 mnute scale
has notivated aS%Rg%%n &8 on £Q£S%§§§faag tQ?:hibit 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 semiconductor 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

11




desire to identify non-biologic systens that can behave in a simlar
fashion. O particular value would be nethods that could be applied to

mat eri al s wd d3/02689@r esting el ectronic or optical properti % Té@%b'tz/ no%t ur al
evol uti on has not selected 10 for interactions between bio (f 3% dnd such

materials. The present invention is based on recognition that biologic
systens efficiently and accurately assenble nanoscale building blocks into
conpl ex andofitiisl i el d3pecopttsitd @it atheSinauetilaes shd hthegdhrqies,f eqki on,
controll ed %5 i ze and conpositional uniformty. One nmethod of providing a
r andom or g8H Jcc%]ol%ﬁ?é’re%&SF'i s using a Phage-display library. A
Phage-display library is a conbinatorial |ibrary of random pepti des

cont ai ni ng bet vieeirefly,andhk? afdaidiagi deifhisedhicht hieiplddicoatygiremisei n of

ML3 20 col i phage,  ptovi di di fferent ptides that are reactiv th
crystal | i nB Sal sontIReoroSf r GEPRFEE BT of ReTCHiter PAI &7 RV LOREs of ¢ he
pl11 coat piobtted nseake | beat adtdmabed endreat dhel phdgdneresel an ateounti ng

for 10-16 rimof the, rticle. The.phage-displ ay .approac rovi des a
bhysi ol 28ef iR bty i bag PREY St Y P BB o o
t hat encodesmilwdt faslei@cti of. pRepicdearsegabne esoiby ebbearetthedel apad with
affinities_ for various, naterials such as,sem conducfors,. and el enental
car bon- conF%ﬁﬂrf; RF n%?éﬁ]tﬁr%st%lf%teisl &r H&ﬁﬁné%?ﬁ%%tslrégnde%%? Hpfii &, Five
cé;lia ff (elr en; sptitar 8%:),«6;6@?:5@;1'8 ' glgmﬂuabeﬁsal S@%l%gﬂ%}géhgga%t( 1slel)eted
As B, InP(1 an j (1 , were_ 1 X :
PCT/ USJch/ Sﬁﬁﬁlln(ﬁ?s"é‘&tilﬁntshégF‘G?%%vﬁ%?&°é§8Hb?%s?nérrf‘éJ§g“ FehecoAltict ors al | owed

for systematic evaluation of the peptide interactions and confirnmation of
t he general utilhd ypeksthe nethadaloagyisf hdweed proasertcbgrnietidron that

different crystalline structures., I.n addition, el enmental carbon-containing

mol ecul es 2%%&?%&5 sys%ems e§%1c1en%ly ané) accurage?y assembie
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 fusea. to the pIII coat protein of M13

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

that encodes that interaction.

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

30 graphite. Five different single-crystal semiconductors, GaAs

(100), GaAs (1l11)A, GaAs(1l11)B, InP(100) and Si(100), were

12



carbon pl anchets, highly ordered pyrolytic graphite (HOPG, and
si ngl e-wal | ed nanotube (SWNT) paste were used. Using a Phage-di spl ay

i brary, pwa@inesequences that successfully bound to the Pctpl%' j rystal
were eluted from 10 the surface, anplified by, e.g., a ml I|oné-01fz}8foa? and

react ed agai nst the substrate under nore stringent conditions. This
procedure was repeated between three and seven tines to select the phage in
the |ibrarysadtin tite nbsilsped kexampbesndi Mhaeptsiedésondlitesrs eald.owetihe
third, fourth and fifth 15 raqunds of age sel ecti,on,, ¢rystal. -specifjc phage
were. i sol SPB ANEPRETF BYE NBGIRcAT  PRanPrroiie HESFasH-ase  BPfd: ng
that i s setesfimeatfie@n tdfe tteygkakradnpaislittivoef( the mexasddBogiotdithg t 0 GaAs
but not to Si nd, crystallipe fac fqr exanple, binding,to (100) GaAs,
bt not t oPrae R o RoenfsTerinis SIREALITF GiERALETbO) e o

anal yzesl tadddetsl,m nelaprtene idihond cot@inishdy nslidwrlas d suehct iagnal ity
analysis to the GaAs surface, , The partial peptide sequences of the nodified
pl 11 or pVFRFPR oPERRCRE S shBIRRIn BF PYIYXFES | HpRiHS atf % Sdi ng

domai ns anehg $ERliddes18¥A0aeHot o O HMAS. piELd wery ersidlg nunber of
exposures to a GaAs surface, the nunber of uncharged pol ar and Lew s-base
functional grqups i ncr<reF sed._dl?ha?e clloges fromthird, fourth an(rilf Fifth
round sequenci ng ¢tht &i 967 ATRF 3G e 13056 TR0 UPARES HH06SSAEFCCF urlfitonal
groups, respecdssminy Wodrel the thacspedi fifc leawissal0 weaee dlned @ralh gr oups
increased af the same ti fr.o 1%to 48%to 25% h]? observed increase in
Lewi s basesl® wiitH Cshdit thdT‘?ai Yut & -Gnr y 2384 Ot O REC KN AFD 2 Bups i n
random || ad3il¥R 08h&H26608t P USR8 108de d2r imferpepidritis ifonem aui sl i brary,
suggests that interactions between Lewi s bases on the peglti des and

Lew s- aci dPEPEHITEn Vhfie ¥SRRAISH f REEVSRY TEdPSt 21%he SSEPECt FREDI 78I ng

exhibited select the phage in 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

13




by these peptides. 5 The expected structure of the nodified 12-nmers sel ected

fromthe library nmay be an extended conformation, which seens |ikely for
smal | pept wie83/02868d6i Ng t he peptide nmuch | onger than the unféT/ﬁ§(1|31§9 .65 A
of GaAs. Therefore, only small binding domai ns woul d be necess rzf/ r the

peptide to 10 recognize a GaAs crystal. These short peptide donains,
hi ghlighted in FIGURE 1, contain serine- and threonine-rich regions in
addi ti on t a2therppesendes of ram oer Lelbsardyasesggestishthst aspaezggtnenand

glutam ne. . To detern ne fhe exact . bindj sequence, 1he surfaces have been
scr eened vvibfeﬁwi%ns#lgf’%%rg PBF aPledhei ﬁ%?glg?ensg -({r}egé%lnsd ke |lsc{JIsplh|e5e on
constrai netthe7cars bubrace esay Usediptichase skdecelivei biadieg éfiaibiteduce the
size and f ex'gi Iité/ f. the binding domain, fewer peptide-surface

i nteracti of¥ {é 2%l e(ﬂ?\(létﬁ,esyi el ding the expected increase in the strength of
interactions between 20 generations of selection. Phage, tagged with

strept a¥i di n-| abet edxpdetrad sotddiwdel ofgthd padiitédslPonads t seldmguhage

(irouoh = Bhgh Lol S AP, L Lheclli ot BLaLeLn, veLs asgd

guantitati ve assessnen ecl on
spect r oscopykéXPSKoel esnmitlal pephpdss,t | makidet etlne n@epbadeasnucher¥orgeed,

noni toring, the age substrate_interaction throu the intensit f the
Gl ar - o ebrRoRhe ot trt BURESDAT) ot BrbRout ThrES BrEtontE oA Gl 3
phage, XPSb@ﬁaLi&%rraﬁJorﬁm;s tWaRi1ant bRodye @Ybalriye @ekd sheeppayi i digd not
bind to the 30 GaAs(100)substrate. The g@ol}ed-st reptavi din bi ndi ng was,

t her ef bP e, T8pReP¥FE 20 EARSpepiyddlexpr 8668 o Fe HPRGEIgndIoBALTSndi cat or

of the phageqhi Nl t Ont RPEGERBSET akentish NGeride WO A3/ 0REa8 RCT/1UH02/ 31091
XPS it was a(IJso ound that the Gl-3 sequence isolated from GaAs(100) bound

speci fi cal F9g{.@nq3aA§( ﬁ%ltﬂ.@p At Eee presence of amine Lewis bases,

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 quantitative
assessment of specific binding. X-ray photoelectron

25 spectroscopy (XPS) elemental composition determination was
performed, monitoring the phage substrate interaction through
the intensity of the gold 4f-electron signal (FIGUREs 2a-c).
Without the presence of the Gl1-3 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

14




Si (100) (see FIGURE 2a) . In a conmplenentary fashion the 31 clone, screened
agai nst the (100) Si surface, showed poor 5 binding to the (100) GaAs

surface. Someosfeaésvosequences al so bound the surface of InP % /31635"“ her
zi nc- bl ende structure. The basis of the selective binding, ﬁ it is
chem cal, structural or electronic, is still under investigation. In

addition, the presence of 10 native oxide on the substrate surface nmay alter
the seleckpyitiy ehspefitsodefdinditiat Tite plefersntuealcebi ixbilngedl firbe Gl- 3

Cer mi nat ey RAER D RN s HHUTEI 4] o0 “PF §- 281 08) - PFhe T8°G1YS ol one

surface copgendo)afse@n FESURE e2des Olnt ke c(oﬂ:ﬁbﬂ)ameﬁuaf:@.CEasWi]bﬁhthasSllSed for
its selectlﬁ than on the gall HC%?EM%A or rsenlc ric 111)B
surfaces. TheR® dFFPERENt 29 rlflﬁ Ngre wn Jtosgﬁ 6%t FPPFEfeMOOfheni cal
reacti vitipsndidyfl Hd the NADOFUCHAS SdUXFakBat there is 20 selectivity
denonstrated in the phage bi nding to the various <crystal faces. Although

the bulk t t 111 f th tri
St ructure, -t he 19 G A8 T BRERBCA T H Ak Br PASTSEDrEE olitr AL 71 n t he

surface biahatyl&rr bed:ﬁUEb]]@ﬂidae appanentravhemhe onpaaiisngos uthacesdective
reconstruc s nposi ti,on f th OXItdeStOf %he va i ous .GaAs surfaces
is also ex% ’td” ?’(? f-&r &Rt © 31Fi3dcﬁ SHRCHPOR L e *Rat ure of
t he pepti det_bll’ldlu’llgierThQntféEEﬂ@aﬁ:bbrﬂf @a 24d el e, onshagapﬁeieztdzae bitndi ng

ener romsubstrates that were exposed .to the Gl-3 phage 0c eis
oot Db BtV St o ( VERE nATPRSRES (TrhERge oBaY na g Top The |

i ntensiti esephsainey oF pbptGadso{rdliG),. (111)A 15 WO 03/ 026590
PCT/ USO02/ 31091 and (111)B surfaces are inversely proportional to the gold

concentrations.,, [ne, decrease.h NeBadly 'dH €08 BY-9"c28AL 368 5cans (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 is not surprising that there is

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

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

15




wi th higher gold-streptavidin concentrations was due to the increase in
surface coverage by the phage. XPS is a surface 5 technique with a sanpling
depth of aworwweessbel y 30 angstrons; therefore, as the thighnegssibst he
organic layer increases, the signal fromthe inorganic substrate decreases.
Thi s observation was used to confirmthat the intensity of

gol d-streptavidin was i ndeed due to the presence of phage 10 containing a
crystal spegdfi(é¢lbbBdisngfsegacace dmvemeesyr pacporivior@AstoBithdi rq;@lslt udi es

were perfo ”i?é’eﬁt{‘r%ttl %”e'm%ted&ctxfé sENEnX3 talnt"gfh%r “o%a' %rs of

specific pagec ones \Wwere exp 0364 to variod semcon dctor SUbStTates with
equal surwacke higast Wld—fw@tﬁms (coocenndaim @ept vaie dnseﬂ:b) th® did not

bind to Ga no. pl.aques d r e - cl .Qne, eI ut ed
phage popu réff‘Ilgc?)ansel.\jval'z}l 1s2uﬁ£|%erréees ‘gﬁea a@r %D}yo the Gﬂé‘ﬁ%o?”?han fromrtefh
GaAs( | IS)Atsa:&urijacpm ThetiGl- 8, Ghapliand GEpdhcl orfes d;mmdutmat&ﬁs(:B(OO) and

I nP(100) were ina ed sin atomc f.Qrc roscop AFM | nP
crystal  ha3 % %9 S He 9 ggﬁcﬁf}ctsﬁrg%é (t %'taﬁlgﬁgh t he

’bI ende Strtctir e,
I n- P bond hﬁl@regsr&!ﬂt eItIueorsugnamalfaomethet hmrghh&cGaABsbnmde a'éte:e]a&elm wi dt h
and 900-ri ength of the observe

e'nAF t ches .the dipensions of
the i3 phibes "SeeA, TT2neHrYsFon CEPELER ofAE o FOECR SRRy  Ofind t he
25 gold Sp@@l&&ﬂl@@lﬁdv&dlm&éﬁﬁtim&dereoobﬂﬁi vete bt bﬁ phlagephage
(data not shown ar%ﬁ The I nP iuaf ace has %Dhidgh' concentratlonrP hage. These
dat a sﬁ(ggeg?m't 00h&r EXEPER - nERTCT QARG o FFEYCT R sUbst LtaE8gni ti on,
i ncl udi ng oAt efAsS] Zeikdiaiges tyliledr iWeyeapdr €6 yBd I tisdt U@d:w@,atao wikg Gl-3
cl one (negaﬁﬁlvelg{1| stained) is seen_bound to a_ GaAs .cry I1ine wafer in the

0

TEM i mage Ehot *8RoftA}2 THESdSt £9°InfFRETE haf lfipﬁ&llﬁéc 2§Pr &&C885by t he

nodi fied phéte dBpIMRD3IHEH268900us semiconductor RUbsWEAZE310Ath Ri@kei n of

Gl- 3, not through non-specific interactions with
surface areas. Wild-type clones (no random peptide insert)

15 did not bind to GaAs (no plaques were detected). For the G1-3
clone, the eluted phage population was 12 times greater from

GaAs (100) than from the GaAs(lll)A surface.

The G1-3, Gl2-3 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 ©200-nm length of the
observed phage in AFM matches the dimensions of the M13 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 major coat protein. Therefore, peptides of the present invention may be
used to direct specific peptide- sem conductor interactions in assenbling

nanost r uctwioag/agsdy 5 heterostructures (Fig. 4). X-ray fl uq;%gﬁﬁm
m croscopy was used to denonstrate the preferential attachmen phage to

a zinc-blende surface in close proximty to a surface of differing chem cal
and structural conposition. A nested square pattern was etched 10 into a
GaAs waf erprotein paf t @113 condhi nédoltglm homespaafi fGxAsint earacttdopm SiiOR

spaci ngs i e [ Fig ). Jhe 2- n [
i nt eract ed@hvmgt ﬁgﬁﬁg ‘égégl %irgge;%gt’tE‘Pﬁggfogﬁbs??%?leﬁe%lwaggeglhtgo%?rée ucr:lg
non- speci fimvdntrhdinng, mand thkeggedsedi t toan dimamio- f specéstent geupdhde-

tetramet hyl rhodam ne_ 15 (TMR) . .The t.agged e re found, as the three red
| e and. > THEHENCEP dar taaeo h8 o h S BT ARl T WS e 850 ndrtlg “onl y
to A ThetSrdddrmeguoas oFighed)pattern remai n unbound by phage and are

dark in color. This result was not observed on a control that was not

exposed 0 phage.futc RS &xRaRed 204006 RESTLYLANDOL AN TVR (Fi g

3a). The same resu was obtai ned using oun eptrde. The
GaAs cl onetl@ 23 figrentbsér sbtlaclondre sifhphrgeetosperificcbIandeGatisfavcer Al GaAs

(Fig. 3c) Al n . hav ess i y_}denti atti nstrai nts at
room 25 te%ﬁl)erca lsﬁge,grggé%lg?a%g éGggg%aa%Aes%%csfl%g%%n%ng teﬁgggf)t é?%ary
al | oys of #wmGuneAs aarpdsd tépint. aXd ahésteagt oswuare Gadstesmbghsatedshe@aAs and

Al GaAs, have zinc-blende crystal structures, but .the -3 clone exhibited
sel ecti%i t32%% @ H3AGi H@‘fSﬁ?’!y%gbs BALteR rﬁ?PPFP&%r FHbst % Was2fied, 30

consi stingad gliprand] Rgabavecs af HoenseAndaot M0996pa02Assa, The substrate

mat eri al was cl eaved and subséquently reacted wth the 2-3 clone. 17 it

The Gl2-3 clones were interacted with the GaAs/Si02 patterned
substrate, washed to reduce non-specific binding, and tagged
with an immuno-fluorescent probe, tetramethyl rhodamine

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 SiQO, 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 GaAs 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 epiltaxially 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 ggGag.g2BS.
The substrate material was cleaved and subsequently reacted

with the G12-3 clone.

17




WO 03/ 026590 PCT/ US02/31091 The Gl2-3 clones were | abeled with 20-nm gol d
streptavi din nanoparticles. Exam nation by scanning el ectron m croscopy

(SEM showsy® bgo2aédoer nati ng | ayers of GaAs and Al o. 9eGao.012¢1s/U§\62tBHgd] t he
heterostructure (Fig. 3c). X-ray 5 elenental analysis of galliuma

al um numwas used to map the gold-streptavidin particles exclusively to the
GaAs layers of the heterostructure, denonstrating the high degree of

bi ndi ng specifithety Gae-8heriloakscomeasi t ilabelkd Fiwg.th3d,20-aamodedld-s

depi ct ed fo%rthg gigfrirgﬂgﬂgr ncgf phaggééfgafggns ﬁic%ggggkore tro

het er ost r uStiFBE2 VA R FFHHEL PP Lor BEFRHIAF o8N8 Y SERFP Y2 s t BT =0 a- ¢) .
The presenmicrusadtppn (dBMPNshoatke stHeheaposwrdfuingusmyafrs phig&adiss praly

i braries identify, devel op ,and | i f bi.ndi ng ,het wee rgapi c peptide
sequences 2‘3&-9? r‘ljé%i S i (?ndglngSFo bR Hes. (i s gggti ray
recogni $i oalamdntapeanbigsiy of gpaLLgani andr pitmisumasabeasedenonsiamt ed
above wth _GaAs, I nP and Si,,..and has, been extended to of her . substrates,

i ncl udi ng GAR, iﬂé‘,ﬂ'fﬁ@pqcl‘—aé’%@&fl Fgﬁﬁg,lc e, SXFTEETVERY ROt R i Aept i de
| i braries bhyybthe pFEesast heb¥easorsctud?,Bidembastrsyiridiethe g | @agraend t h

t wo- conponent recognition _(Fig. 4) are currently being designed; such
pepti des h8§ebf‘ﬂ§lg%oT%erﬁJifd'l(Clttg d:iP%eE{‘elﬁja‘Fﬁleé?DE“ip(?lsé’él?g' speRi F1& 1¥bati ons
on a sem @onfbdOr ist rasdidted These thlegadi scriidnbRobgad pabgs &

potentigl ly multival ent tenpl ates shoul d provide powerful 25 buil ding bl ocks

for thelfaBPPEEPPORCTHIT APt YT CatF6i- ofS S6FP X SophifsPPESTERpce
el ect r oni c agtir SeM Uisge EXANVBEE3L-c PEPTI DE CREATI ON, | SCLATI ON, SELECTI ON
AND CHARACTERI ZATI ON Pepti de sel ection. The phage display or peptide library

30 was contact e,g W tg var,i ou;slvrmgieori aclls su%t%\?\%s a, em %oréd gtor . .cry tal in
Tris-buffered sEMfnB PIE) BRVEAT Mhg MR FAERR. t6, KO8 r eltc & fhde- phage
i nteracti ophage-dhepyr f adbraAiéer to identify, 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, ZnS, CdS, Fe30O4, Fe;03, CdSe, ZnSe
and CaCO3; 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

Peptide 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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18 WD 03/026590 PCT/US02/31091 rocking for 1 h at roomtenperature, the
surfaces were washed wth 10 exposures to Tris-buffered saline, pH 7.5, and

i ncreasi ngwioNda¥ssd concentrations from0. 1% to 0.5% v/ V) j.on
rounds progressed. The phage were eluted fromthe 5 surfacgﬁ%yﬁﬂ%g’ (Efflddi tion

of glycine-HC1 (pH 2.2) for 10 mnutes to disrupt binding. The el uted phage
solution was then transferred to a fresh tube and then neutralized wth
Tris-HClL (pbkcRidg.fdhel ¢ wttedophagemperatund,r efheandr banes ngerefddastiesncy was

conpared. 10, .The, ph I d aft third-round rat g,.ex ur wer e
N e R S 5‘§ndp-3?s'at srdn e
XGal / | PTG phatessigi niEaNe€ 0l idonaeptphtgens weram derlitvetb f¢ dif tvher) vedst or
ML3nmpl9, which carries the |l acZa ne, .pha S e blye in.col or
when pl at eae.lgenc%é%ri‘l arcilgu 50 tréﬁgr:ﬂeﬁagigal TRE gﬁac_% s &ﬁ{tecp £4%n %

(5- br onb- 4sohfaco®- Iy ndby| -Fedtganhacbdsigle)cinardCL PT(®H  2.2) for 10

(i sopropyl -QD-t hi gpgal .act oside). .Blue/white .screening was . used to select
phage pl aqﬂ%m@\ﬁ hg?hglfaﬁ%%maﬁ%b??de inseeretl.u%ﬁ a uggemesroelu%ilgﬁe&'aés’nd DNA
sequenced them tirhaseepted eso 20 fJeBat rtatbe @Enepattan areutSwdisizest evith

orientatiops.,we firmnmed X-ra iffraction nd native .oxi des were
renoved by 51)?)?%@“ g‘fq'g %Hg‘:h cgﬁ‘espeelﬁ)éﬁ c PBRERI HgTe Tﬁletrefcglzi”b?%ik?fd] Shes were
tested on &dfscheaicy} Mdssebhpaesd. NHAOH  H20 1: 10, HCLl: H20 1:10, H3PO4:

H202: H20O 3:1:50 at 1 minute and 25 10 minute etch times. The best el ement

ratio d | east.,0xid for LqQn si.ng, . XPS) f LnP et c surfaces
was a@tﬂi eved uTsllwhngfflﬂ(:e ﬁg%tcfe gr aIéﬁt’nglrnu }(Ialr'r olr%%&egg%lfasg%aéf@onelé eot}%%v?/at er
ri nse for #ene nuired Holigdy erheisi Msehariamiencoid IRAFIXI de BRI stsed f or

other GansS8tn8tr Erd “SaxEin e B obleter < i T naP 1Y B8R on of
HF: H20 were derived from the vector M13mpl9, which carries the lacZa
gene, phage plaques were blue in color when plated on media
15 containing Xgal (5-bromo-4-chloro-3-indoyl—-pB-D-galactoside)
and IPTG (isopropyl-pB-D-thiogalactoside). Blue/white
screening was used to select phage plagques 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: NHyOH:
H,O 1:10, HC1l:H,O 1:10, H3PO4: Hy05: HyO 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 surfaces was
achieved using HCl: HyO 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:H0

1:40 for one minute, followed by a deionized water rinse. All

19



1: 40 for one mnute, followed by a deionized water rinse. All 19 WO

03/ 026590 PCT/ US02/ 31091 surfaces were taken directly fromthe rinse

sol ution awo osjopesedli ately introduced to the phage library. y

control substrates, not exposed to phage, were characterize napped for
effectiveness of the etching process and 5 norphol ogy of surfaces by AFM
and XPS. Multilayer substrates of GaAs and of Al 0.s9Gao. 02 As were grown by
nol ecul ar shedmcepi texme ontabel 10 )reGhAy. fHven ‘elpéta)ihabl yscglrlm/ﬁwnl ageds were
Si - doped (.n-t | _af X.1017 d

Label i ng. lﬁml E%%eiés%' %uc Aﬁ%f é&% ﬁi@e lﬁ%?ra es mere exposed to
phage for cbnh:norl 'Bru‘bstrbtrﬁerledt sa:kpmd; Hen pm'tgeodmee“@ tahagracarrizéd

bacteriop ju nt i body, ol |n of fd
phage, (1 %%osp g?e g§%$%lv ?bnaf9f3¥“%0%2§%g%% éB%, then rinsed
in phosphamerhmﬂbgy oA striutesy bgi AFBOaminXRol | oi dal gol d | abel (1:200 in
phosphate buffered saline (PBS), Sigma) was attached to the

bi ot n- conj ugaygd Phage: LATOUANA ROt MSILEPIA i N0t or gL 1 g; t he

surfaces were expos for m nut es and t hen’ rinse ever al
20 tinmes wirtownPB®y XmoayCPh@r oelbe@uroeepﬂm@t r ongopy (LXPE) . GIhe. f oFhew ng
control s ueri B e N PHerxagRles,de GS4Ee)0Rt o LD5.90Ld signal
seen in to the phage ahd non- spe0|?|c ant i body

|nteract|(ﬁ1xmlﬂﬁ7uhe As 25 surface The prepared (100) GaAs surface was
exposed to (1) antibody and the streptavidin gold | abel, but w thout phage,

(2) Ghp3 phageA%’%‘ibégyeQBéV'G@'lB gabd;labe EQ&“ tWetB&%t tih‘?-a &M 1 Redy, and
(3) streptavidin-gol w t hout el her - phagé or antibody. 30 The

XPS |nstrmmle§edswe§taamswe%ﬁ ﬂmerdorﬁ%spfpﬁe for 1 h in Tris-
buffered saline then introduced to an anti-fd bacteriophage-

biotin conjugate, an antibody to the pIII protein of f£fd
phage, (1:500 in phosphate buffer, Sigma) for 30 minute and
15 then rinsed in phosphate buffer. A streptavidin/20-nm
colloidal gold 1label (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) G1-3 phage and streptavidin-gold label, but without the
antibody, and (3) streptavidin-gold label, without either G1-
3 phage or antibody.

30 The XPS instrument used was a Physical Electronics Phi

ESCA 5700 with an aluminum anode producing monochromatic

20




ESCA 5700 with an al um num anode produci ng nonochromatic 20 WD 03/ 026590
PCT/ US02/ 31091 1,487-eV X-rays. Al sanples were introduced to the chanber

i mredi at el woadstoaésogol d-t aggi ng t he phage (as descri bed abo '/ §09/3M9En't

oxi dation of the GaAs surfaces, and then punped overnight a I'gh”vVacuumto
reduce sanple outgassing in the 5 XPS chanber. Atom c Force M croscopy
(AFM. The AFM used was a Digital Instrunents Bi oscope nounted on a Zeiss
Axi overt 100&7-4W,X-opeyrsat iAld i gentplesscar nhtrodecadt hoa tBes chamder The

i mages werge taken in aif using.tappi.n de. . The AFM 10 prqobe re . etched
silicon V\/iJflﬁnefg‘Sa-nc Yc rﬁtle e%?%—%‘%gglé%r :EE‘S PEBHSt ART s&%?grzlg)fﬁg avl%ier%v?i driven
near theirtseddmant odfirdaguienc\oHf tROOMRBskHuri3e®s,r dres wWeer @funipled or der
of 15 ms _-1. .Igr;gftges V\{ir | evel ed ,using, a first-lordert plane to_ renove
sampl e ti|YVeTE It S b 9 ri$h M S EHPETEM I FEM Y mifed NRer e

t aken usi ges dMunkbens EM208 at 60 kV. The Gl-3 phage (diluted 1:100 in TBS)
were incubated with GaAs pieces (500 mm for 30 mnute, centrifuged to

TS ampl o5 welSHL RBHES 2t AP PRET ur BE *acertPe Moo litg Hochron |
M cr oscopyDiSEM1. ThetGiReBtphagescépe | umtoecht&d106h | @ TBS) svweraiiovenbat ed

with a fref%y_%llveavgd ra'ﬁ%erci'nSt{iJCtéjééan s.l%lrfacgdej 0l 30 mnute aarﬁ% rinsed
wi th TBS. e Z2-3 1pp%age Rere tag}jged Wt 20 MmOt T'oi da gé:l d"°SEM 25 and
el ement al Teppinggesagesewdrakenol irechéd usiing tteppNogi amodealet Bo¢i @FMSySt em

W XL TIPS ST R O BARITCL B YD L SR ENTATH O QPO C PP TRDES 30

It has beetoristmttst hatf se@@itdondusior -handeiyst al sear their resonant
frequency of 200+400 kHz. Scan rates were of the order of 115
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 G12-3 phage

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

The G12-3 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 It has been found that semiconductor nanocrystals

exhibit size and shape-dependent optical and electrical

21




exhi bit size and shape-dependent optical and electrical 21 WO 03/026590
PCTI US02/ 31091 properties may result in their potential applications in a
vari ety of wieyiesosuch as light emtting diode (LED), g'“¥ébw§#ﬁﬁkﬁon
transi stor, photovoltaics, optical and nagnetic nenory, diagnostic markers
and sensors. Control of particle 5 size shape and phase is also critical in
protective coatings, and pignments (car paints, house paints) . To exploit
t hese opt bgabeantlee! @alr ialulpr dperiieds, pdtdntineceggdriyatonsyihhesi ze
crystallized sem copdyctpr nanocrystals with, , .anong oth ings, .tailored
1Yo and SHABESTY CORNHS BT SRt i pandt R | HLT i3 Engse (FEBhS SHIEIG hods
forht h?a sebe:l@lbtﬁ@nanﬂrmﬁﬁomepbihdewuﬁtai}idsan: c(pi;)ic?ecogﬂaz?nacydutilbi nd

t echnol ogi ca important, materials wt ace specificity;_(2) nucleate
e conot FAFABY: CRYRPRRTE IR TR0 Ra CORSRER of 1 SPRECPh) OF GRAT DIk
crystal bogsapbi §hdpe Pas eprds UG eakedchapDRar tiC RS teandve dtos0itdpl the
aspect ratiq of the nanocrystals and, e.g, their optical praoperties.

Exanpl es ofPHaPeOMmERs s &R PARES: e XQNPPe PREPES) he GOUPFRYQNY these

sem conducbptscawhi gAdi nehgderi@iler iptlopesdeBsps: it zi D§ SHéEédkarycadiy um

sul fide, cadm um sel eni um and. zinc 20 selenium Size and crystal,  control
coul d al soSBBLREEHZS t AT¥Bbalt128fan eSO ARFEAT ox PEBSCTY it S Ul Yitde, and
lead sul f kflengSoVdt ©@sirMid)era@pbiédlsiaRd anagBehpE. Materials. Using the
present invention, the skilled artisan can create inorganic-biologic
nateri§é building bl ocks fhat serve ascﬁhﬁ 25 basis,for a radically. new

met hod 8f fabri C&Fi BASBFPLomPr 198 ATSAFE FEUPREL YN oML AT I devi ce

such as |igbt trei sélagt b pimy sise0pEi papt HdLaitaits cand l(aserscodriitde

i nterconnects, wavel engt h-sel ective swi tches, nanonpeter-scale. conputer
cpnponen;s?nﬂanﬁépﬁant%ﬁﬁpﬁ PEL R YenWPORHBRE al MAhGT1&ES | il y face
di agnosti cspecificity; (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:
zine sulfide, cadmium sulfide, cadmium selenium and zinc

20 selenium. Size and crystal control could also be used with
cobalt, manganese, iron oxides, 4iron 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 1light
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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22 WO 03/026590 PCT/ US02/ 31091 FIGUREs 4-8 depict the expression of
peptides using, e.g., a phage display library to express the peptides that

wi || bi nd w@oltmessem conductor material. Those of skill in of
nol ecul ar biology will recognize that other 5 expression s§%?€§%ﬁﬁﬁv be used

to "display" short or even |ong peptide sequences in a stable manner on the
surface of a protein. Phage display nay be used herein as an exanple. The
phage- di spl ay FIGUREY is-8a qopdithatpei alkpkebshty off peslaiaspepsintes
contai ni ng between 7 and ;12 am np, acids., The 10 pept.ides may.be fused to, or
forma chindra w thHage GA1spfay DHEZHO [FRERT ofPMBRR O Phagiat The
phage prowiidedbigidf fiey eile pepticdagutbet Meteri=act ethodd hoeryisisl lime

sem conduct or structures. Nﬂ3'2|;$ coat pro&ein is useful _because five

copi es of *PRe PFFI LbattPrsiee P4at ¥d1on 1CUHE 2nd tBRT L netiage

particke, expeedBlbNJ shRteh@- My Wk Ofisddetopardiisphey” TRaopbags- déwedi ay
approach provided a physical |inkage between the peptide substrate
i nt er act i GRMAnBePhédIONRETEPRAe e AB0oBeSLERER THIGTAOD She FHETREFi Torfiuct or

material sprbesifd i nehagleddZe$ayChimy CdSeusand nérSen 23 Tah Obkahgn Pept i des
wi th specific binding properties, protein sequences that _successfully bound
to the spdtefikhageydizplater d1BFated ¥ oM t FEMBRIRE alanptPFREY RE e.g., a

m | 1ion-fehddoRnNgepdated-a0aiRShgt BetwedIstT &l URdRMiABr 8ci&s I'i NaaNt _
conditions. This procedure was repeated five tinmes 25 to select the phage in
the | ilBr aPgPRiEfsSt ReYnbst f3586i £Pc ©Bi ABFRg2 ARLBPra eWHth, thed thithe fourth

and fifthoreundsoof pREEnseIECULIN.cALYARGE: SPeehbl GHRRIC WEY£id$O! at ed
and the BNA sequenced to deci pher the peptide notif responsible for
surface bidAdEREENBO PeP&AEeExafPre oFerhe pPasEat i H¥EBRt | 6RYSERADLENG f erent

peptides wemechpundibp Buchesifed WO HhBT greRl RPASES-Hein is 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, ZB, has been found

23



guantum dots. A linear 12-ner peptide, Z8, has been found 23 WD 03/026590
PCT/ US02/ 31091 that grows 3-4 rimparticles of the cubic phase of zinc
sul fide. AOeameswi sul fide constrained peptide, A7, has begdruishehed that
grows nanoparticles of the hexagonal phase of ZnS. In addition, these
pepti des affect the aspect ratio 5 (shape) of the nanoparticles grown. The
A7 peptide has this "activity" while is it still attached to p3 of the
phage or tattaciwavas 3adnomol ppetichegolod. time addibticonphgdragefsenimonduct or

nanoparti ¢l e_nanow fes_w I es. Wer. r Qun i A7 fusion t.he p8
protein o%u? ﬁ:ég\a/iruis\ Zo%?r. S\éﬁfgd%agg%satr#lcr}r%s%ggpg\?kﬁebnk?heﬁ%ﬁﬁa%eea{goat show
perfect dsp3bbddoghaphigroaki ganepdriofclésS garthe| rsxadReptl dédwaseordf ol | i ng

nanopartigle siz morphol ogy . and aspect rati.Q. Phage that display a
shape-congflgl'l i nghar?‘idﬁétlgréf dtsgaﬁeﬁéag%\%\%?se iasfg ﬁfeggechafrpéa&%erlf)aztelcf’ and
sel ected t(bakpdb spechéi aahbyattiind etso gZofn. CdBheZASepaptidiE Seacriytsitsal s. The

bi nding affipity apd discrimnpation of these tides test ed and based
on the resﬁF?é‘,’yﬁépt Vgéjzewffll es%ﬂ]gll Rt edfooo iﬁ%ghoe%lvatgﬁi 39 Bi’ndi ng. To
conduct thetheséd, tae phage mdnobbgey wasn scrggdried agai 08t nadditzion

pol ycryst aLI [ n? ZnS 20 pieces. Bindi ng cl ones were seguenced and %ﬁ_‘gl ified
after thPPRISF TP RORERAY (FHIBERELEEF e APPOHS T Se ftdRE e ' ShEr I AHAI yzed
and cl onessirgeaheatedubdont be wld g8 protepapbhdere thats béduk ZnIHe

nucl eat e nanopartjcles of ZnS. The clones_desi gnated Z8, A7 and Z10 cl one
wer e i{ﬁdeﬂaf‘ ABELHRS sy AFRER| s %Bx pertSrent839% atcf’é‘g‘pt T oINS

particle celg€annslyrasio sneganéyt adf rRGMpherperas ure i n aqueous
conditions. The ZnS-specific clones were interacted with Zn+2 ions in

i11inol trati f ZnCl2 sol ution. -The ZnS- i fi tj de bound
to the phage abTR-bi5 CAPBFHMIoGARRoRIT CsEr 113 g THRCA B nehr i cle

Si ze as ZaSpestf @afkd. up@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 agueous
conditions. The ZnS-specific clones were interacted with 2Zn*?
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 2nS is formed upon

addition of NayS to the phage-2nCl, solution.
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addition of Na2S to the phage-zZnd 2 solution. 24 WO 03/026590 PCT/ US02/ 31091
Upon introduction of mllinblar concentrations of Na2S, crystalline

mat eri al wa exgesgged to be in suspension. The suspensionsp &zg%llyzed
for particle size and crystal structures using transm ssion electron

m croscopy (TEM and 5 electron diffraction (ED). The TEM and ED data

reveal ed that the addition of the ZnS-specific peptide bound to the phage
cl one affect ed Udoen ptticduetibze odf rtifiéimol ar ngodeshitratsitoalss .o fCrNesBal s gr own
in the presence.qf, the ZnS.were observed .to be _approximately 5 nmin size
and di scr e?%ys;tfrjtqil&eesmazcefd\g% Vsaﬁalogsﬁlrﬂc’f\e/\% \?\notﬁgult%t hsélsréggsﬁﬁrége clGnes were
much | ar gesusderBd®nsr) ward exdmlyizeeld dorangertofcls zesze TABLE kryBitadi ng
domai ns of

nS specific, clopes (witten _am no to.carboxy t ,ous) .. A7 Asn
o Pro MR A PR teR 30 M0’ SueBkasiy SaRMlzhy &%
G u Ser5 Sesldftror glilffracBEGh [ED)NO. (ThHe) TEMO aher EG yla s orftenldds tBlay Met Phe
Ala Arg Pro Leu (SEQ ID ) : 233) TABLE.2. Bindi,ng.dongi ns CdS specific
cl ones 20“(%?‘?‘&3&&%{!71 ?116N11%e cg\?%ﬁﬁﬁcﬁ A RERFLAp PO rrg ﬁPs%&FapgéﬂgAsn Ar g
Leu Ser CysldrzEQfflact th2)pddidicld wiZbr oPhehd odrimgArgsPepoydtuidro Il e
Tyr Pro (SEQ ID NO. :14) 25 E15: dn Met Ser Gu Asn Leu Thr Ser Gn Ille Qu

Ser (SEQ ID NO, 15 CW 96: Ser Q Gy Asp Se u Lys Leu Ala Ala Ser
(SEQ I D NO. : 28)Cr53) 08678590 g%‘r/ 8&%%?%‘?%9%{ i i R R
to be approximately 5 nm in size and discrete particles.
10 Crystals grown without the ZnS phage clones were much larger

(>100 nm) and exhibited a range of sizes.

TABLE 1. Binding domains of 2ZnS specific clones (written

amino to carboxy terminus).
A7 Asn Asn Pro Met His Gln Asn Cys (SEQ ID NO.:232)

15 zZ8 Val Ile Ser Asn His Ala Glu Ser Ser Arg Arg Leu (SEQ
ID NO.:72)

Z10 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).
Fl: 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)
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JCW 106: Ser Leu Thr Pro Leu Thr Thr Ser His Leu Arg Ser (SEQ ID NO. :30)
JCW 137: Ser Leu Thr Pro Leu Thr Thr Ser His Leu Arg Ser (SEQ ID NO :30) 5

JCW 182: e odlévssobyr Ser Arg Leu His Leu Cys (SEQ ID NO :3%@)05@%%01: Cys
Arg Pro Tyr Asn Ile Hs dn Cys (SEQ ID NO :235) JCW205: S 0 Phe Lys

Thr Ala Phe Pro Cys (SEQ ID 10 NO.:236) The peptide insert structure

expressed during phage generation, e.g., a 12-ner linear and 7-ner

constrai ned |JGWai0es Werh IeuwdiBu froe bondThavB@hbe8arudidd, Deut R mi | ar

results. 15 Peptides selsee%t gEéo%D%,%i ng a 12 amno acid linear library
ed |'oop |

verses a 7 amno acid constrai i)brary had a significant effect on

both the SryStaluStEict W deZnRANL, e, dppeckyratle oot heZng

nanocrystals. H gh Tesol ution i ce 1 nages of nanoparticle in 20
the presence of phage diSspl dgEQQIANGe30)i near peptides that had been
selected for ZnS reveal ed the crystals grew 3-4 rim spheres (1:1 aspect
rati 0)5 of the ECW+18Zzi rMysblndd)yd o¥em ohrg Zh&8: Hhscdatr &y, (SBEQ 7ZDrer
constrai ned peptides sell\ﬁ)ct,%g ;o bind zZnS grew elliptical particles and
wires (2:1 aspect 25 rati o"ané 8:1 aspect ratio) of the hexagonal (wurzite)

form of ZnS. S,n1 e n i C d i e by
adj usting the %g%%f'ané{%e%&r%i@ofﬂlﬁgggb%ptflf%egyg FS??hg&g gl%g@t ?IoDn

diffraction patterns of Nhe28bystals revealed that peptides fromdifferent
clones can stabilize 30 the two different crystal structures of ZnS. The Z8
12 mer 26 WO IGQF-026500 QYET/RIS0F @109 Pept Atk EhabPrkpzE&dst HSERi Ad bl ende

structgire and the A7 7 W.:236)

The peptide insert structure expressed during phage
generation, e.g., a 12-mer 1linear and 7-mer constrained
libraries with a disulfide bond have been used, with similar

results.

15 Peptides selected for 2ZnS using a 12 amino acid 1linear
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 ZnS revealed the crystals grew 3-4 nm
spheres (1l: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 1length 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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constrai ned peptide stabilized the wurzite structure. FIGURE 10 shows the
sequence evolution for ZnS peptides after the third, fourth and fifth

rounds of sebegélssyy. For 5 peptide selection with the 7 nme i.ned
i brary, the best binding peptide sequence was obtai ned by fﬁfélgséz?srlﬁdlr ound

of selection. This sequence was naned A7. Approximately thirty percent of
the clones isolated after the fifth round of selection had the A7 sequence.
The ASN G.Neatipeskstabinlifediieerzificvaseida itk tuetheesagdi theakil Bttt | ng
fromthe third, _roun efourt round of selectlon t he

ASN/ GLN al §8nBE53ﬁ§eﬁgn%%@ila it stcﬁgb%lsf?ﬁi R EEF 5 15 SR 2 ® Thi s i nport ance

increased in round 5. Throughout rounds 3, 4, and 5, a positive charge
becane prom nenFI&URPoOENt isbnw§_ tHb ﬂ@dﬁ@elbvaéptctbs tbe andnpepicidks

substituti QR$ . af tt%r %ht(i f| f ergunlq?offl%(;ll1 e%&r% :agfnaggfe%al ce vlet h the

present i AVERT i on. e-di rec agenesi §°1s b cted inthe A7
sequenck t pepesdef gelazcthangeviith bihedi Vlgnwtrflmrtq/cramemlhttsrar&o beheng

tested inc osiiion al a; 05|t| 4: 0 t|on2 gln
al a; and p(k))a% 89 éln%s%e%ifl& TRESENC h“éansge% al)}lelg %é E ?Jﬁe ]|5°eu |de
concurrent by, deidioticdmal | yThbs bsagoemds naasomeahGWam nApacoxllmjance

ot el 05 LT 20 BT e 5 bk DSLELELE (ALY L2000, G0Ny
PRO MET - olfl SeleASlilbal Nad ASN @N ieﬁﬁférﬂc@ NO T%?ASN]I’GI&J cdnonpssiisnirat ed for
20 BB B 09, 3Lu0 5 BAOVEC,PESLASIL Sl L aglign e G he
forei gn suwbshdatods.sedkMDon3/ OZﬁBQBldDG'ddBﬂQ/deﬂﬁﬂ of nserecticamns tife
different %Eﬁ?SEngHngJJ£§%n1mportant in position numbers 1 and 2.

This 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 1is 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 2ZnS binding
25 1is, 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 7ZnS, the substrate against
30 which they had been raised, versus foreign clones and foreign

substrates.
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substrates such as FeS, Si, CdS and ZnS showed that the clones isolated

t hrough binding studies for ZnS showed preferential interaction to the ZnS
agai nst wwabs/é28sw had 5 been raised. Briefly, after washi pgsyanthdif ection,
phage titers were counted and conpared. For Z8 and Z10, no titer “count was
evi dent on any substrate except ZnS. WIld-type clones with no peptide
insert were used as a control to verify that the engineered insert had

i ndeed nedi at etintdéeadliond er aft i odi Dferiemtter eslond¥ t houittht hedpefetate;, no

specific _binding occurred,_ a s gvid ed_hy iter count of .zero.
Usi ng thesggﬁgr%?%sdi r?élclririet%sod%faﬁgt s\ef\L/és %Eéggdaflgr ,ﬂ}sstevcsarg% cQi Fiﬂggen%eZnS
cl ones weréonespatedlitecdacthrougbr . bChdives dtaadireg difbter em$ papdwede | nserts

at the sane _concentratio 15 were_ interagted w_th sim lar_sized piece of
TS Tor oRESRRLFTEAnE SBSTT ST hit et Bt e ad AREs A Pogditediyt and

t he bosindbpbageaddsdel ut BaidflGhanflidry wdshipids Tael einsdéetiomgs phdgcted into
bacteria and the pl aques re counted after _an gvernj i ncubation. Z8
Shoved {hELGPEaT HEFabPRALEY PO SORHE DS B thb A5 01 R ar Hhnt i des
sel ect ed. cdlint Wa@- éyiderti domoknghewobt Adtegekaepbe zA8S crysiattypehe Z8,
Z10 and the vvild-j1t%ge geptigeg did not bind to the Si, FeS or g:d%

crystal s. S TRBE3yittesi B° aRFPALSENDIN SGF nHiSer PEEQAI £%n? p&FPEa8

funct i onakkzedy Swhhaceshavasngehesrddednsdite Addpapideda Wasliatedt atheal one for
t he a?i lity to control the structure of ZnS. . The A7 peptide, whjch

speci tP catPyeEafet?RdPand §rERFENS Epothl ShghrRitdschatP t PR Ithage, was

appl i ed i Bihbend osdeufed TaNGhsoswd derR@ds b f aCei Bér acqpitd ofubsteat e t hat
could 30 direct the formation of ZnS nanocrystals fromsolution. A process

LRt | Used LePLPRLe SEld HaBaR e O et e ATRLEY SRl P
different 2ZnS clones were compared to each other. Clones
having‘ different peptide inserts at the same concentration

15 were interacted with a similar sized piece of 2ZnS 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 2ZnS crystal. The z8, 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 2ZnS
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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To determine the ability and selectivity of A7 in the formation of ZnS
nanocrystals, different kinds of surfaces wth different surface chem stry
on t he gowmid esidpate were interfaced with ZnS precursor ls@hﬂg ZnCI 2
and Na2S were 5 used as the ZnS precursor solutions. CdS precursor soI utio
of CdCl2 and Na2S was used as the CdS source. The crystals that forned on
the four surfaces were characterized by SEM EDS and TEM observati on.
Control surfac®oldearsmshedtbé abblabk gndﬂdssﬂlbstim’qx of O AAf tier #¥ed ng aged
for 70 h |fn er%her Zr}S;A trrrl)oncror tcg saolfrétrrop1 stals fgﬁr atléon was not
observed. “B5htror" Surfdte 22CVnsISted’ of "a 2" ﬁercad’toet Hant ie

sel f - assewﬁthddlmn@bayersu@lﬁaae gohdnmm;t rcat ethél'hgsl@usﬁlas:éraﬁrmlvdemt i nduce
the formation of ZnS a nanocr stal l.n a f Iace 15 VAN

brect i t atBEeRbr eoBnuEFE o S cBFE TR R sy (SR NERs (kR

m cr ons CdGsedysk artslewarhe pls et vesk scBl’Lﬁ:d.loplst at icals @trebheser cwsrhtailcm occur red

when t he gonce ratro&s of both S were at 1 M The third
surface t 8t &G has28A K32Dnr3s 4 %e 20°Yof S su %c%ryslif'ﬁjs sur f ace
was abl e thadi restméde d‘ror (21 Ofbu:ﬂf sﬁrmaszS Weo C rapsitrakcserbeéd cat d not

direct the fzr tion S nagocrystal S. The fourth surface tested was an
A7- ani ne PEHEEP n%ﬂ“ilz%w o1°dVéttfate that was prepared by aging control

surface 2 in 25 A7 peptide solution. The ZnS crystals forned on this
surface were SCasmmr@IrdsuhBac@dSL ceysd bdtedvere 4- Blakabelc&:dSubs‘ysd’eés could

urt atbs, SERE® AP | 90 CAOT o 8 rlbctnt ifd PRt Ton S8 AR n&hod Yot al s f or
whi ch it s30uwhsnsel @cshlsbuformat tbmotiadi reect tdiesdmrenat i oncaft &S 29 WO
gggoggﬁﬁgsﬁcgég§0%/%%ggﬁste%no%ryStg'meré%ﬁ}h%%yagggglggifsgégghﬁpc?galnSt
monolayer 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 the CdS system, sparsely
distributed 2 micron cds crystals were observed.

Precipitation of these crystals occurred when the

concentrations of both Cd*? and S2 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 ZnS 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 ZnS 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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nucl eat e nanoparticles of CdS. The peptides that could specifically nucleate
sem conductor materials were expressed on the p8 najor coat 5 protein of

ML3. The pRopseidbns are known to self-assenble into a hi 9'%@(‘{[%9 S1b 1ed
crystalline protein coat. The hypothesis was that if the e I nsert

coul d be expressed in high copy nunber, the crystalline structure of the p8
protein would be transferred to the peptide insert. It was 10 al so predicted
that if thandesyeedlpeptiEhrﬂheserpepaﬁdéaiBeMeceedrygafdsth@mtabhb@

relative to 8 coat ystals that nucleated fromthis peptide

i nsert sho\iS eﬁ Waﬂ8835$§§e£ g%t ﬁé are crystallographically related. This

predi ction was tested and confirmed using high resolution 15 TEM FlIGURE 12
shows a schenafhe di @@p&r‘mles t heha8 andopBd i nswrdifigsddyt o hacheataowi res.

ZnS nanow res were de n eallng VAQ rti.cl e off f the A7
pept] de T (ETGRCTATENEe t REUSE B arTr ook P bhige Do asafs 5%
nanopabt i gdresedaatoedfd Mlse surlteaqm cprd’dee_n[shaag:e k‘HWnHRoTEI‘dlﬁ—Hagemble ZnS

nucl eat ed ,on t he cpat s of OML% Q ge that ahlﬁln the eptl e ins 9 Wi t hin
the p8 prdt&n gho thatorifaTe énocr fucPed e coat“9f the
phage wer éwyppehkedt| yaer taateds thelﬁepmide:l:em’er\maiolm&d bbe egbagesedat 25
was a m xture of the p8- A?fu5|o coat in and the w
protein. S PEFP e PN i r%}lepeffggﬁ%%f*/ﬁ% h® gﬁ‘écuk%e p85t |%1% ﬁgert and
al t hough tdretéas mroyasmalk& \nﬂ:raesaéseed ntie | eaéeplelatﬂmag iieephageTt they were
not orientated relativ 0, ea th 30 Ato ferce m Ccros AFM was
Led 08T gen @ e ocFRs thaL TanRR FReHESH drRTAAS CRESss. RPIBERTHed Sonbi | ng
30 WO 03/ @26699sP&T/ lokiﬁ%/nﬁiw%n aejatalre coat edet e subhace tfent heh@hage,
creating nanow res
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. ZnS nanowires were made by
nucleating 2ZnS nanoparticles off of the A7 peptide fusion
along the p8 protein <coat of M13 phage. The 2ZnS

20 nanoparticles coated the surface of the phage. The HR TEM
image of ZnS nucleeted 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
28 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

30



along the crest of the chineric protein at the location of the A7 peptide
sequence (data not shown). Nanow res were mnade by nucl eating ZnS

nanoparti clygosmbedohe Sites of the p8- 5 A7 fusion along th 3.
eHiBopdlogd”

Nanocrystal nucleation of ZnS on the coat ML3 phage t hat

peptide insert in the p8 protein was confirnmed by high resolution TEM
Crystal nucleation was achi eved despite the fact that sonme wld type p8
protei n wasr{otals Ntsdts@dthd sk faicieh oithenp8 pAdghkysicesated frdweires The
nanocrystals nuc|leated on the coat ,of the phage were perfectly orientated,
as evi denc®°BY FAEt iTESENSSi s fdtEerdE ?ﬁ&&%}? ?ﬁe’ﬁ‘&talocﬁgﬁﬂﬁstorfat es

that peptidpe aan pepiicpl sy@eeride t Eat¥R] 6t CeAbwn PI Ot eNdhoittBspesdrect
orientation conservation, and that these, 15 orientated 1}S)eesp'fr#ges can. nucl eat e

ori ent at ed™ABRIPEpBRELEP ARY WEhineoRBacELF Ll eaindhat s cf 6 8itive

dat a showeg7t had i SorELRPIHhdesos0Wb €l Mg, di spl ayed in the major coat protein
wth perfect orientation conservation and that these peptides could

nucl eate 20 orjentate nS s&m’ conduct or _nanoparticl es, 1$e tide sel ection.
The phage di splSRPRTYRiAl FELEBF BT OMedSC Rt £EPedonr t LT HE A Féttduct or |
or other chygéatise AN pdptiitdhuhberedisatidey WDk edanivas neof Demdd BHEEN- 20,
to reduce ﬁgage- hab(zge. interactions, on the surface. After 25 rocki_n% for 1
lPe?ﬁJg‘? S

hour at rob AR TR sTrvakds W2 Wiein¥aswhERT PRI Es to

Tris-buffetpd sakt NEnatPtsomed widBdtypdCh®asidteihVREN- 20us@netiurd ams from
0.1%to 0.5%v/v) as selection rounds progressed. The pha%? di S£I ay was
el ut edl0 f r BHtR hetR&ur 1REP by F19¢°BddFPRbn REFCTHNCi ne- H8E (PRPOSZYSH3IS 30 10

m nut es t ondéséatdd AN . coblte ol vhedpiipgarsi@d WeirgBcvas ot hwrdueansferred
to a fresh tube and then neutralized wth 31 WO 03/026590

PCT/ US02/ 33898 VigpReedicRY ( pREEAY . 1M ng uidaFapiRfe Sher®)ti t F8¢ &3F2bi ndi ng

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 ZnS 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-HCl (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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efficiency was conpared. The phage eluted after the third-round of substrate
exposure were m xed with an Escherichia coli ER2537 or ER2738 5 host and

pl ated on Wweyrdzm2éeet ani (LB) XGl /I PTG pl ates. Since the Iiﬁ&%%z m;}e wer e
derived fromthe vector ML3npl9, which <carries the |acZa gene, phage

pl aques, or infection events, were blue in color when plated on nedia
contai ni ng Xgal (5- brono-4-chloro-3-indoyl-(3-D gal actoside) and | PTG

(i sopropyl T#0s{Be1D- (b ogal act pisé de)utddl usiage tveersCcricianieaty amas hiseid nigo

sel ect phaggfgl agues with the r%ndom peptide insert. DNA from these plaques
was i sol at Tief S UETc EFPAFB™M ¢ Force M croscopy (AFM). The AFM used was
a Digital Instrunents Bi oscope nounted on a Zeiss Axiovert 15 100s-2tv,
operating in tappe nphagee. elinteed nafesr weahe t akendtivwid ofi ngpdspgiteg node.

The AFM probes were et ched ilicon wth 125-nmm canti an rj.ng

const ant s S¥P°P0T00" N f“ld(reld\slgrl\%neaaﬁm%‘?l%errlrc&l nan lf#%%%af\c%/r g“'fé%&oo

kHz. Scan hasesan@rglafed hen augea-BérilimimEE). XGadgesTeeptate) |SHwveleed usi ng
a first-order plane to.renove sanple tilt. Transm ssio ectqy on_ M croscopy
(TEM TP R Rt St AR B IS E S R v BRE B8 O Tk L Se

el ectron BaeFNSLOPRS. 13820 TEMG/) | PBadts el ¥ ,Cad P Ofn £ttddnd . et s§t ail N was

used. After the sanples were grown,_ the reaction 25 m xture was _concentrated
on nol ecul ¥erewebPyRe &0t cOLPTf FheRrBlatil MMIPRGEF ot IS IR Ist(eri | e
water to way. _ex | ONS\_QF. - e d t fiter
Concent rat 1o th ks 17 eRavL o SoIBE e OB RN TR LES GRS
speci nen gp+oisthidydDsIVRBIsEdR) | . Bl 81(SAWGiMATEREAESN W H wiE-1 NIsHAEES toOR
ELEMENTAL CARBON- CONTAI NI NG MOLECULES 32 WO 03/ 026590, PCT/ US02/ 31091 In

thi s exanpfelecehpdanmiaanesy ikt pianders eGREneasinsert. DNA from

these plaques was isolated and sequenced.

Atomic Force Microscopy (AFM). The AFM used was a

Digital Instruments Bioscope mounted on a Zeiss 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
201100 Nm™! driven near their resonant frequency of 2004400

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 pl, the sample was then dried down on TEM or AFM

specimen grids.

30 EXAMPLE III. BIOLOGIC MATERIALS WITH AFFINITIES FOR
ELEMENTAL CARBON-CONTAINING MOLECULES
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with affinities to carbon planchets, highly ordered pyrolytic graphite
(HOPG, and single-walled nanotube (SWNT) paste were determ ned using phage

di spl ay. wWeoong2d9e¢ phage clones 5 sel ected from bi opanni NGy aph5-01
(N -VWBWHPW C )  (SEQ I D NG 238) and G aph53-01 (N - HWBWAHP- C %}E?SE | D

NG 239) bound with greatest efficiencies to carbon planchets in phage
bi ndi ng studi es. O one Hi pcol 2R44-01 (N - DVPRTTMSPPPR-C ) (SEQ I D NO: 196)
bound best to BYWihpaséxamnple, Thevert aamd/d:vedjixdei—tnbespepti@eseemleagesto bi nd

to their rre ?Oﬂdl.ﬂ s\i\?listrﬁtgsp q__(rjsl L;e%ﬂ%} o%QSJr g#] %thhacge W th

f1uorescel n phage af vi sSta emon their
substrat egraqshnge cdﬂﬂmal angd singﬁ:ewallamfrmmrtubecr(swn'bpypm atea® used to

vi sual i ze 4 \g the b ndl ng of tahe S bst ates tq f| uor%scen;]l tiel ed
synt het i ¢99 ?)WJG%% c oL ni A TheSaS %%trat B ci % éuences Cl one
G aph5s 0lsdispt ey ed romreb tomasriaget | ¢idne s 0Gr&fIk%501as det—uwsmmd—dm AFM

carbon o SrERertR' (BRizidTen Mrontiben Barts " I E By A SR TEY bout

1267 m(;n diqam_z?(g)l Bomildt\hiﬂk grdd’teﬁsltﬂéigilaﬁ.egb?éﬁ ’50Xca?rb<onl lﬁla[m‘)hea:ﬁd [|1_| ghly
t t

o Yt nftorbiogEed B A g coe. ErOTh DERIAA Ot st o mas

nmol ded i nbRPRITNEPEITHTE] (380" EaNES] Y6t bb&ﬁdtb@ebtouio GwikTgpuete. and

dessicated for at |east about one ni ght before use in bi opanni ng (final

dried, . nass at _about 0 ﬁ)bt C and. PhD- 2 rarles wer e
leS

obt ai Jﬁed from N&W ERGT sneE 801 SVe lpllﬂ?ge §61 ne i oplgnnl ng was
per f or medcacces st sﬁmjsuﬁm'eur@ras |vre&t1rfueti| @ys. ldﬂie(lnagnltrh@ fporageach

substrate wgs repgated 2l 1833LaON R R Y0 GH329°90RElYR0% 3101
visualizing them on their substrates using confocal
microscopy. Confocal microscopy was also used to visualize

15 the Dbinding 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 biopanning. 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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Phage Cl one Nonencl ature. The names of phage cl ones sel ected agai nst carbon
pl anchets were prefaced by "Graph." Phage clones sel ected agai nst SWNT
paste werav@ogbssnd by "Hi pco." Phage clones sel ected agapgps fustidhta,ver e
prefaced by 5 "HOPG " Sel ected clones with 12-mer inserts vvere nane
(Substrate) 12R(round#) (round repeat#)-(SEQ ID NO); whereas clones vvith
constrained 7-ner inserts were naned, (Substrate) (round#) (round

repeat #) - (SEQ Phade )c1d?eptmjmzcliﬁlwrbi ot i Tyé ahadepepntfi c;ﬁm_liqocoz&éN 10

DVPRTTVSPPP 244 was_sypth | zed,, Gepened
Synt hesi s Se'liﬁ&'g ?Sgﬁaﬁpﬁﬁmcfgg Earl}lqﬁﬁ%?l yfat Bﬁxg %-‘és Ef%%l’hl tnel B

(N - ACWSUHRWEGE oS s bieléched SER ML r\mvmopaswlzﬂeae prefaced by

(N - ACDSP HSCGG{‘,:K - bi Ot ( SE NG 241

(N - ACPRSPBRCo0K. Ena B ot iHed SE0erBeRCr 340)8t 4kl MeconFRECRo%d BY t he

| CIVBf Psgt ngM er oam@llyéﬁltadF%oglets%_ vlvaiﬂﬂm \xepﬁeéiy :Lgfslemasﬂelaie Ausﬁéedqu gnd
puritie ever ase | POr e X col um | ORa

Her cul es, %&Stﬁég H‘I?g ??@O@RQ&P@H‘P) .reﬁleggﬁll §EDord % et | BRebRiSeen the
cystei nes cabnkbe Guaphi t etéhpaplinde was-petf oriveskins 20we@di nenaxédat i on

according to, nmethods known in the art of,  chem str resulting in the
cycl i zedgérSHBﬁFFé]g% bﬁ?)‘ﬂ?% (r?HBS pEReayH) an&EﬁoﬁbcﬁPa} massesgof t he

pepti des were verified wusing electrospray ionization mass spectronetry
(Esquire- LCOOP&BriBesker Daihkeonibdetihptateddi | peptide MM pc@B Phage- Bi ndi ng

St udi gg %% squa g egg of SVWT paste (at | east
about 15 oSgenaFagRRen et b SRR Ea] "TNRC 1B RSP AR uPee Ga R eR B
pl anchet bR eeasmedr Syusﬁélsiso,r Md’]dl(BQnSthﬁlhe:Bscd:‘ha:gﬁ cl @ﬂesm@wtecanpl ified
and titered % 1gicordl n ge I|brar¥ Iio“’qrranuf_ grerc gstructl ons) at
| east twi £EPHEFGPe EI§ T W R A 1 aPt8%101 (%) ©f each
phage cl one:geog, Sﬂmaﬂat@ﬂly-AGHBPlBIaHSdG@GKJﬁ‘Ct—hﬁof&\ANW sepbop pbanehet (e.g.
as 34
and JH127MixB (N'-ACPRSSHDHCGGGK-C'-biotin) (SEQ ID NO0:242)
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-

LC00113, 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

plieces 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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WO 03/ 026590 PCT/US02131091 aggregates) in 1 m TBS-T [50 nM Tris, 150 nM
NaCl, pH 7.5, 0.1% Tween-20] for 1 hour at roomtenperature with rocking in
a m crocewq dsfodggot ube. The aggregate surfaces were then ?/3%,- 10 tinmes
with TBS-T (1 ml per wash), and phage were 5 eluted off the surfacés by
exposure to 0.5 mM 0.2 MAdycine HCL (pH 2.2) for 8 mnutes. The el uted
phage were immediately transferred to a fresh tube, neutralized with 0.15
m 1 M Trieggbedated) 9id) 1 abdTeHeh {50 endedlyis,duiidd ced eNaClzagil Bi rﬁdi ng
experimen S erfo d_twi-c Ln_on h sen
i nventi onb \rf%pea?e%l %&ﬁ T 18?18 |e59 g%%xg t%ﬁ'd#a% %egg fésﬁu(g%%gg e sane
aggregat es (m:rmaesﬁdlfbge ttubeor i gthal aggpegamantsa)rfaneb udvedearthem tial

wash with 1 00% thanol f.or, oyr d_t hen ce er).
Conf ocal K’/F‘EP%%C% go/ E’ﬁ ge ¢ onesBjvatei‘r lagrrlgl PEr egaswki ‘?L%dt?n? J’e( accor di ng
to phage Ekilhtadyomanthacisuréaces nisy rexpgosons) tat d.dasil txeM belyrimeause.
Equal ano s (,9,X 0, ea.ch phage c r ep rately |ncubat ed
with pi eggg % %arﬁo%?m ﬂche{ i h-% ugeé as € e

0. 2-0. 3 nimhB&idté Dy trlanulferneaa nbcra)céneshf ltgleet, ubreewtirtall 128 d o ociai onal

TES T (1 Mt Lhch vl PR U Bl O o 48 Hied WhERI0L. SR Tre e

bi oti nyl aEedhrTDb$ﬁdiﬂ@n06kpd§lﬂlmealmtl w3 @ltfbﬁd@fd(ltvii]ﬁé di utIlron drﬁa TBS-T,

ot oottt RAPBOTors of "tht TR FRELBHE (P RO PANTUR W TG 2. 0. Sl

st rept ﬁ\“ dlsmn§: awmscaeggice(glat&eg usﬁh{qu'ftlhén SalmeTBﬁ;g-E:écgfaﬁ%An(&rn%hamrﬁ@&Hr maci a
Bi ot ec Uppsal a and then was tw ce wth TBS- 1 per
wash). EXE s&he| ﬁFﬂ%\%asl t?f%%‘?rnlg‘ﬁ%%b Jfl?%rﬂqer‘?e aé‘g@Pé?jé’f‘%swaSFh&’%‘\Mf‘ 30 paste

was resuspendeds i srKaldiMzwH 1( Bberedid tGenptwiEesheth 10y wa€éy) and nmount ed
on a glass slide with a No. 1 <coverslip. The carbon planchets were nounted

on a gl ass

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 biotinylated 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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slide with vacuum grease, covered with CGel/Munt, and topped it 35 WO

03/ 026590 PCT/US02/31091 wth a coverslip. For the SWNT paste sanpl es,
centrifugawioos/ozeme required for each |abeling and washi ng sd©pse2BeY | des
(at least about 1 ng/m ) were separately incubated with pieces of3 car bon

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. Original 10 ng/m stocks
of Hi pcoZBW\i\Eheanmmjr?chine Fslrulthe EWNBEP,st&Ceﬁa@@iltelsirl eenhtiigyadtiioad and

noncyclized \%143 4Jr 43%, i.ggépﬂ_igt hhewa%p égl on in TBS-T, these

pepti des forrre Ite precipitates. e substrates were then washed 2-3
times with TBS-T (1 m per wash), incubated for 15 minutes wth 0.15 ni
strept avi di n-f | Rerteisdas n ((aJF 1G(9aéltl ueboH i i TEZNL) anderfensoratid®ly- 3 ti nes

with TBS (}n0hnd&la Wasth -p ;Plf’/bun $ahOHDY eG: T Lo § hen GRSt Igt es. The

SWNT paste 15 was resuspended In Ge and nmounted on a gl ass slide
with a 2oveet| i piNThepeatbonipl afchét smper EBRDUNt Edronla hguassislide with

yacuum o eSEroLONSr ol Dlel LIBHNbecRNEba OPBREISD 2 Giduenall g For the

SWNT paste sa ugation was require or ‘each and
washi ng ngémbpsteshﬁoc@f HimgeaBweiege obicaingedt@n be LW%@IR:SMD@M ocal

M cr oscopea(LENR-Cor FaRL! L3 L0 VAL Aoh SJc TKAS GlpiAiShbny yges vere

pr esented as naxi mum I nt ensi conposl t es. ones were
anmpl i fied aneteniterile (acfémrdiqhvgluttl@nphag@BBrﬁr athepanpéptidgserformed

| nst “JE?' OQﬁlté'"t r%%i ﬁ%’g%@ be& 3@1%21:{%94%@' w%ﬁ‘%“”fl?er( 5?&?8&9‘: Y_z0f each

phage clone sep y incu ate resh eave ayers of HOPG
in2n TBSlIhe)$ ﬁlhburTBw-u‘h (loakli rgen rweddnm ﬂnm&vmtpelt rfior 15 minutes

with 0.15 ml streptavidin-fluorescein (1:100 dilution in
TBS), and then washed 2-3 times with TBS (1 ml per wash).
Excess fluid 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 1labeling 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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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 dessi wat@fh26pder ni ght. I mages were taken in air usi ngg&p@gogﬁldgpde on a
Mul ti mode Atomic Force Mcroscope (Digital Instruments, Santa Barbara, CA).

Bi opanni ng Sequences. ML3 phage libraries with 12-mer 5 and constrai ned
7-mer sequences inserted into their plll coat protein were used to sel ect
cl ones wi vasisipecafdcidesescabedr dverairdhdn pl Imadwt sye HOPGakemdiSWHErpast e.

For Carbon_Pl anchet . Sel i on. usi ; Ds L i nst._car bon
pl anchet su%n dgas glﬁgmm%%t %ﬁaée@%%ggo%t ﬁ‘gg%ﬁct %O%%ptl e%%%s?gr%t
sequence KNoidMMBRIHRWsErumSEQs| Ded@ 2 Barbbyat heA¥t h round as shown in FI GURE

13. Upon repeating the selection, a simlar dom nant sequence N - HABWAHP- C
(SEQ I D NO 239; QRQ e j.nant qu&g . P- ¢ (SBQ. NO 243)
wer e obtai nedz%%lot elzaftdh ?%%'%g{pegél e(%dtai%o w%t%hl\it%é%?%hﬂqﬂ I\glll%b#ng?y yi el ded
t he cohseasdscasrusriced\ - nHEHRSPESHWRSA-1I0sef SEQ LDtNO-NFR) WBLT leat h round,
and repeati,ng .t el i on_ vyiel ded t eguenc PHDL.- C  ( SEQ
"D NG 7o e A B et e B R B G oBy 1 e TR as

i ndi cat edcarbdil GIRECch4ts20HDRE@s eargb GUdlicesstere rich in aromati c residues
and commonly included the residues S, W H, and P. one one enbodi nent of

the present | entdfqi o SHRWIACREL SV Gon( SERnLDEAD B)CHRS 1xalssr ved i n
round 5 of selection wth the D-12 library, t was a contam nating
sequence #goindi opariimelagaheds WAIded 5 pdenmanthelramueicaediwi&ppear ed in
R e R T TR it R S SR AR
phage by tie 4%h| dtopme!’ Pphagboehonr FIGHREI di3ng Hoopeptepdetingerthein plll).
As shown [ty FLQGRE 15, ;1€ ar 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 N0:178) 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 library by the 4th
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30 consensus sequence N - SHPWNAQRELSV-C (SEQ I D NG 178) was
sel ection using the PhD-12 library by the 4th 37 WO 03/026590
PCT/ USO02/ 3u@98d026smund, and second and third repeats of the éf/lllg&t/il@é] process
yi el ded the sequences N -LLADTTHHRPW-C (SEQ | D NO: 192) Kl

DMPRTTMSPPPR-C (SEQ I D NO: 196), and N - TKNMLSLPVGPG- C (SEQ ID NO 195). 5
For HOPG Sel ection agai nst HOPG using the PhD-C7C |ibrary was not
perfornedrobud,thedPhEEQleamdamudqﬁenam@atshef domi saAECEbopIePECEeSS

B v

by the 5t PMPRTTMS BRPRAEC 'shO63#0Q | ¥P FYGURE) 16 anANGTETKRMSSEBYERMCE NISEQ
LLADTTHHREW’ (é? SEQ I D NG 192) was al so observed in the first selection
but oun % e a contam nati ng sequence from bi opanni ng agai nst SVWNT
paste.) An exanple of many major sequences obtained from 15 biopanning is
presenbed in TEBEE BOPG-ABISE18ctExmnpsigaisnst coie®h s uss igwqueheesPRIN CGH

o i LD LA BRIh00 b g ) rlties

Unsuccess or med
(SEQ | D NdomBgant YFSyweice SED T PRNOREN 85 I -NHRI VWVWSAN%MA@ELSNIG

TSNPHT ; S «245)_ . 178) Q
VSRHOSWHPLEL > LA PREP A R BRob AL RO T 1 b 19052 a0 10 30 192) ( SEQ
| D NO: 2213nd YWPSENYWLMEF DMPRIT T VERRPR ISNFTTOMDFYRY the 5th round as

10 shown in FIGURE 16. (NOTE: The sequence N'—- LLADTTHHRPWT-C'

(SEQ ID NO:192) was also observed in the first selection but

obt ai ned by

Past e
\\W\HP

was found to be a contaminating segquence from biopanning

against SWNT paste.)

An example of many major sequences obtained from

15 biopanning 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 NO:239)
YFSWWHP
(SEQ ID NO:243)
NHRIWESFWPSA SHPWNAQRELSV TSNPHTRHYYPI
PhD-12 (SEQ ID NO:245) (SEQ ID NO:178) (SEQ ID NO:219)
VSRHQSWHPHDL LLADTTHHRPWT KMDRHDPSPALL
(SEQ ID NO:179) (SEQ ID NO:192) (SEQ ID NO:221)
YWPSKHWWWLAP DMPRTTMSPPPR SNETTOMTEYTG
(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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(SEQ I D NG 180) (SEQ ID NO:196) (SEQ I D NO:220) TKNMLSLPVGPG (SEQ ID

NO: 195) Phage bi nding studies. The relative binding 20 efficiencies of the
di fferent nes determ ned from biopanning were tested by exposing
car bon pl a‘ﬁ@ﬁ’g@%%)de)ces and SWNT paste aggregates separ at eP¢T{50 é]'l.?&f
nunbers (5x1010 pfu) 38 WO 03/026590 PCT/US02/31091 of each phage clone
for 1 hour and titering the anobunt of each clone |eft bound to the
substrate sgrfages r Jashi w th IBS Jq  Borog: phagg. Wekrsuthepsel ut ed
fromthe su st?all?egﬁg\%gt ﬁw%g M%é yciILFnlbeu HC1l, pH 2. l%dgqﬁantﬁlﬁedggy
titering. ®&dhelsinendsitsddundr tohble sagsdiratensyrizees i sfteat wasTABUE 4.
The A7 (cqpﬁ% Ied 7- 15N a0 1 i t CE%!')?@

"W | dtype" ¢ I{)ﬁﬂe&e\;\g}'e l%ggbaéﬁ%g%;at | veztgloe%t F%%Fg.gd ?‘iﬁhg}f I f%%agggrts of
phage cl oreisthus@d? f ¥r Galyagaebitigdi ngH $t-ddices Rivegd iCiede bvi hddeyipgt| insert

0. 178)° HSCO SRS NG 17 CABR AR TS (N0 T3 O1 AP BEo! oRad.
PhD- 12 DVPRIETVBPPPRGI8EQAiDeNO 196r Ois¢ftpcohBR4428 PHD2iRe T KNNsSERPYGPG ( SEQ

B S GTRCS WPRRIBL IR, B 0 O

G aphl 2R5- 01 PhD-12 NHRI WESFWPSA (SEQ | D NO: 245) G aphl 2R62- PhD- 12
VSRHQSVWHPHIABLESHQ | BING: ingprtelof phage clones used for phage binding

studies
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)
01
Hipcol2R44- PhD-12 TKNMLSLPVGPG (SEQ ID NO0O: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 VSRHQSWHPHDL (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")
cicC
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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G aphl 2R62- PhD- 12 YWPSKHWWALAP (SEQ I D NO: 180) 02 A7 PhD- C7C NNPHMON ( SEQ
I D NO: 229) Z8 PhD-12 VI SNHAESSRRL (SEQ I D NO: 230) G aph4-18 PhD-12, - no

insert ("widdiyswsn) C/C 10 As shown in FIGURE 17 (panels ﬁﬁg 2'5-‘? 91phage
cl one Hi pcol 2R44-01 bound to SWNT paste in higher nunbers than a P ot her

SWNT- or carbon planchet-specific clones, whereas clones G aph5-01 and
G aph53-01, as shown in FIGURE 18, bound 15 with greatest efficiencies to
car bon pI ancheWhil_ét:smeeratﬂr mm@bvbéwemwrﬁamaﬁasdobsmv@m by the

cl ones l.e %ggal ng&escar blggt p‘I,:1 fchgt thd N ﬁggl ggnescl opg. e‘i sdsl ect ed

agai nst S re not’ crossreactive w car | anc
03/ 026590 bRG‘ﬁbhlSﬁ)ﬂcj 3108¢ Wil effitvisral dcnnxieursus se@uencésfxﬁecnemﬁt ai ned

fromthe b| 2 annl [ oce ot al | a cl ones se e
bi opanni n§'S Q%an%l ef'?fftS B $° QL% sq-T a%eeser?tr %reﬁlss lr:ﬁng ﬁ%w ng
affini 6i epft athteheﬁdbype ateengr eas edettelmrintebabyStbﬂ.st hgpai bt ppediigpne, as

determned by s.typ I n f ystu Thelnabllltyto
conpl et el Y &F}){;&lﬁﬁ %B Ry7 ng%&?ad@a%%g {35 ht: GBsPr %%%sz uEFRYS HEt el uti on
buf fer (Ghﬁidﬁ/hfa phiege HGom pthe. QQbstrattIeesmsme@dltrlga Sé latt Bsn mayf fer a
p055|ble ur.c error_jnt refatiqn of. these 10 exper.i nments.
These resu § ﬁagi%‘fjsrbellﬁlustppgt r}b a8 g?%ﬁﬁ lcfléi]l@g 5 ugéFach hParft testing
sever al C@memsms SAJURNCOSs f@ﬂ‘rc&aChnSLﬁ.‘rﬁrahEefpretaticﬁpeatEedtHD&s}spannl ng
i.el d better sequenc . Visualization of Phage a ept.i des_.on
Subst?lgt es ?rfﬁﬁ?%sc'al gﬁ';\q Er oSOV % Wy S PSR S
significance 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 250pmx250pm unless notéd.)

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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Car bon Pl anchet. As shown in FIGURE 19, the binding of the carbon

pl anchet - speci fi ¢ phage cl ones (G aphs-01 phage and G aph53-01 phage) to
t hei r subswoaBessswps vi sual i zed by exposing carbon pl anchq,tc,rﬂ}sﬁglgﬁm
separately to equal nunmbers 20 (5xl 09 pfu) of each clone for 1 hour,

| abel ing the phage with a biotinylated anti-ML3 anti body, |abeling the
anti body with streptavidin-fluorescein, and visualizing the conpl exes by
confocal niHEIrscapit Yoy Lihbgks B50dk2E0wazinbessryrA edefwed@hagerbémnes

nert N DEBGHRE &9 CLE [eorerBhy BTk ofp HTRERS A s, ho Tsert)

clone were used as negative controls. Consistent with the results of the
above phage bi féeng bdnddnes, ofar serbphanehanciiundtaospersidesi enitly to

cl one G aph -ugégagdw&rore%p'ogaiggo% eRhe | 32%13:0 ﬁ@@%@-@% da%eetsh Wogdn FI GURE

19. A consi I'e anount "o ssreactivity was observe en’t he
subst r & e crwhes| oakovel0 WAS 0381 8926596 URTT2&H0Y31000fod-l 2 icyescoryy |ittle

bi ndi ng ser, t n n a d Hi R44:01 or the
w | dtype ¢ UL(r%’le. ?ﬁggﬁ?ﬁdrﬁg orﬁ‘/crglﬁbor?@pl gﬁgﬁie%&?o %e%{lﬁfes%\%\ngkbﬁgééle%uences
corr espondiavgrespphéipg | | tonsetoseof Grawphpitdge Hoolcynddzaboveephsdal so

vi sual i ze cal 1. ClOSCOpPY,. | a [m) . .of c ed
pepti de Gr%a‘%ﬁ}hgg%g’ (co rgg{sb%endi ﬁ{glp'ltéglégl ongggyfgﬁ%%g ,g noﬁgycl %gé%ezpepti de
G aphi t el BlipgoglRdé-6 pco2Beptde esgbndihg tocoxtesmonddingcol ®R44cDdne pepti de
JH127B,(c ondj | ope /) d ' J 7 B o]
correggong{lﬂ?pé %%e‘g@%ﬁfg&; %%?2 a\]/}lgsng(aaﬂr% x‘gcgp%nﬁ%ﬁ%ld;%%dl\%%qﬁéﬁ%%) wer e
separ at el YWH1pbsédhavinardoniypdratied pcédesequance)howreasgpabehelnbel ed

with streptavidin-fluor el . shown i n.Fl E 20, tec | mount of
backgr oundex%fgefjl Ggr ggﬁkg%%e‘gg%%&ge&sgﬁ\?gﬁsi F\oz{ %ioé?rfpla@%ll %glﬁg‘a?gge%?h no
with streptavidin-fluorescein.

As shown in FIGURE 20, a detectable amount of background

15 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

20 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

25 the cyclized GraphitelB and Hipco2B samples was no higher
than the background, indicating that the cyclization of
GraphitelB interfered with  substrate binding (images
250pmx250pm) . A slightly higher degree of binding was
observed between the substrate and peptides JH127B and

30 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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peptide, indicating that nonspecific binding occurred between the
streptavi din-fluorescein and substrate. This result is nost |ikely due to
insufficiwdowmesdong in this particular experiment, si nceP@rfﬁsdgM@g sanpl e
that was not exposed to 20 phage nor peptide in the experinment depicted in
FI GURE 19 exhibited no background fluorescence. Despite this background
fluorescence, the sanple exposed to noncyclized GaphitelB exhibited a

hi gher deptaechy¥t fsherlsscecbizehanigler cnwentsanppes. ofn pephidastto t he

f1 uorescepge, fiob! AYed A2Bel NewfyClisad O AliAlB A HdicagB saml es vas

no hi gher an the ground, 1 ndicating tha cyclization of
G aphi t el Becreasd dragdgwptthdsubst rat e bi ndi ng (i mages 250}unx2501im. A
slightly higher degree of binding was observed between the substrate and

peptides JHL278an eJH resi t he
G aphi t el B, JHlZ?%Da%gnd %ﬁzzl\/%ﬁ??(hﬂ@gop?l@@g grggge,gé,%sz Fut t?trn%

conf ocal @kb’érth@nbsgliyﬁ?%%aﬁfﬁirrﬂgtme'ml JEND pas Ry (BRI 4-91) WBaE3/ 026590
PCT/ US02/ gi%%&&a&%@ bég%r&ouaa' hiEr0i AR LONGRAKT 8l ARG uRE Beptide to

enhance fluorescence and tter washing procédures to decrease background.
SWNT Past ¢imddes [ Figlimxg SOfm BYWTT paséeaphd-te apiageldtype (Grapht4riBhe hi ghest
affinity to SWNT ste (t(trrHl col 2R44-01) was _al so, visuali zeﬂaby cglnf ocal

nm cr oscop¥® as & REeSE  (FRAgES 2BBIRISH0S T 5. 01 and

wi | dt ype ﬁﬁs@@iﬁkm%m ﬂQohéSthﬂ)ed:la)ﬁﬁSgnAme@rusedfaSllm@g@é¢édﬁ:eQOIMultol s. The
H pcol 2R44-01, cl on wed a hi gh degree of fluorescence, 1
consi eraﬁ?lésﬁ“? TRESERFE 0 WitTs VA ?I?F?Weedcoh?r(ﬂhe s":ﬂ?&r@% No

backgr oungarhph Les escamebwa&geb@m vefdub@eﬁa@qcselbaaace)uﬁ‘eﬁwelni Rgiecat i ng
that the fl uorescence in the, aph5-01 and wi | dee sanpl es was not due to

nonspemf?%se%?ﬁ)sPFatpélaSFndlle RE dMEthoddf of 1erTeptRATi i 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 in the phage binding studies may have
prevented this. Wet paste was used in the confocal
30 experiments to facilitate mounting under a coverslip, but
future confocal binding experiments should utilize dessicated

SWNT aggregates.
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15 fluorescein. Al though these confocal binding studies wutilized
concentrations of phage (5x109 pfu in 0.2-0.3 mM = 1.7-2.5 x 1010 pfu/m)

t hat wer e wmosddmgsamane order of nagnitude as those used inP&,F/% @?ﬂ&ﬁ bi ndi ng
studies (5x1010 pfuin 1 mM =5 x 1010 pfu/m), relatively |ts e Dbi ndi ng

was 20 observed by the Graph5-01 or wldtype clones to SWNT paste in the
phage bi nding studies as shown in FIGURE 17. The differences in binding
observed bet weSHNThegastteo equeliesentisreatmyl bevidie twpepthiedemnnieavimg whi ch

the SWNT paste _substrate._ was.prepared an ndl ed. .The gentrifugation of
t he wet, 5§qlr%§f1f:%ablce°ar§\ﬁﬁ?°rﬁ§§ 2 %s?edglln% ﬁgacoln ocal e%%e%thr?e Lﬁga%eay have
| ead to trappengusédbabdves pecefl bt sanpreyonrspeduti sephaget wiistuailn zeHe

substrate, whereas the use of |arge dessicated SWNT aggregates in the phage

bi ndi ng swghgiggg?ig@vgf el geghegoﬁgi[?sdin\éé%ﬁaste was used in the confocal

30 experiments acil1tate nounting under a coverslip, but future

confocal bindi e L pen d utili d i d tes. 42
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sequences cooldespbtndengnedyebe psihgi AB¥rdse ofot hiee phagehnedsomes Used above
were al so [ no i i /IS { zat i O f on HOPG
Usi ng AFMSEE$Egag?nglﬂgﬁax\%g'phagréggﬁy%ar%&;% p %Ancﬁg%d a%lida S% f)a%?%@s could
not be analrgzetiowsi ng AESUREEe22 0 t Beageugiores Gmphbh@l debstifite Sor f aces.

| nst ead, HOPG was . use d_the resul hown_in Fl YRE 22, F e cl one
Graphs-Olc(agpgrcli Tlgnf:g?gpcﬁ? %%1 p%aﬁ%%%lf‘?&goﬁ? %é ob3ef ved’tvg)h%]f@n%sgto HOPG,
wher ea8 t@et heldtiple yoeord ome nas neddirlgadiblsgrubdeswatbrsh HOPG The phage

bi ndi ng studies and the visualization of peptides and phage binding to

car bon pl anchep e by, oAl 063hai A OT AGARE | nl En&* MRS 199881 5hendy shoved

peptides 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.

Little 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

43



sequences N -WANVWHPW C (SEQ I D NO 238) and N - HWMBWWHP-C 15 (SEQ | D NG 239)
bound with greatest efficiencies to carbon planchet. Phage bi ndi ng studies

al so reveaveds/dssdo t he phage clone Hipcol 2R44-01 (N - DWP ) (SEQ
| D NO 196) bound nost efficiently to SWNT paste. Little (l?ir%-g@rggg??ﬁw ty wa
observed in the phage binding 20 studies and confocal experinents between
t he carbon planchet- specific phage cl ones and SWNT paste. Although the

gr aphene stru@%mlebeq)reélérllusmatm cdeBon pl arehetidlasirshiss ar ©f

theoret | CQ-% ¥1¥§H’oz§ he'éré%n&o%%%h‘élwat gféé‘?el"i@'éﬁzof e R 2WNTs i n

the "raw' ste use |n this ‘st es ‘cont ai ned contam nants and/or had
been danmegél bgyokedasedn. To additdarat exahmplposwipi bewpmletd]elsnlrm t ed

Crossreac‘chg' Ezbéth(ogrse -and! AhstRGEL BHET BY) t e et ”eﬂ%‘e%t%% L@ ghe

presence pOSSI contam'nant’s, It may eS| ra Ie to use a purer
nanot ube ebheceel@ﬁ)erﬂbeﬂ.wﬁia&bbv—cm:lr@ﬁgl @NSeail& OL0d C MATERI ALS WTH
AFFI NI TI ES TO ELEMENTAL CARBQON- CONTAI NI NG MOLECULES 43 WD 03/ 026590

PCT/ US02/ 31091+ FX2BU €% ] Wh«g%&iﬂ@da 'sewlaesnauéwg hyrons of applications

of the present 1nvention, rern - 245 °may Dbe used. In

addi tion, exangl es may be appl i ed using the rret hods and conpositions of the
present inventFeRCSHE hsysthehis BeERedt af o8 arFOsERE aisdinegendfEciicks.

Separ at i 0Bz BebNeRANHEHRL S | fisvmﬂ %er@ldcarigeské@gog\ﬁ{etmlr@ran&yggﬂei ic

met hods for produci ng Si ng car bon nanot ubes SV\NT)@}H eld m xtures
of net al | Fendret ke W@%ﬁducﬁpngr%ﬂﬁo fabsiaate t paretrikat elemidscal e

el ectipc hQvdeyicest ELE enefefdCi gl Lo SEPAT ahl tha Ml IgunrSWE and
sem - conducting SWNT. "M nute shape and symmetry differences between

metal | i c apBisepnrdedanetHY -SWHnWee (s8apgi $nAnGYMSABEY bl ffrreneas evol ved
proteins BQE@égﬁd uﬁé@&lifﬁ* 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 1is passed through the
negative column, the specific interaction between the
20 peptides and one metellic 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 diagram of SWNTs

25 purifying negative column is shown in FIGURE 23.

Alignment of Carbon Nanotubes

One of the greatest challenges in using carbon nanoctubes

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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phage display or simlar nethod. Based on the selected 15 protein sequences
fromthe phage display results, the negative colum nmay be built to purify
the m xturwoafso2ésebal | i c and sem -conducting SWNTs. |If the ﬂt'fh@éb 109;
metallic and sem -conducting SWNTs is passed through the negativeé colum,
the specific interaction between the 20 peptides and one netallic or

sem -conducti ng SWNTs cause the elution tine difference. If netallic SWNTs
bi ndi ng pepitiadds.c arandppseri-dandubtinggatiNes cottugathehe semBecendect i ng

SWNTs el uéa%rtlc&tt?.r nl h%”mHgtﬁg —%l%Wilp égﬁr&ié’ re%?‘tsépeilc“g SYAT

can be separa R"sChe ram O ying ﬁegatl ve col um
i's shown |ber1%|ﬁd25123toAIS|eg>amehe ¢1heCa:rdmn-d‘dandmcubag @WTsf fiven grbat est
chal | enges, I Qt usi ng gﬁr b%n nanot . ubes nano?cal e dgg(lzceg i S aI i ggl ng the
nanot ubes TH three- divBnst onal ary ays ﬁoug% chem cgal vapor

deposi ts onne(ﬂmﬂa) peéhﬁ)dusmy [leaduytigedini qum*athmg;ted setrevel urappirbaphébe

fabrication, nmet h al so duce ture of . 44 WD 03/026590

bCT) Usoz) RIS U3k am (0 LanBrathie dirduce, - Shteheoiet mid Mepeanus
fabricati aofomfe t Q- el edlr.i, c dﬁys@esmdztShc&Is pI‘I%JIeSE,pJ:IoHubsd bengficial to
separate the s m - con i,n mthe, m re. Th ation may be
per f or ned %Ce&%& r’fﬁnf"g £ égg %E%@% Sy géeogé’ripooes&. gﬂi}ﬁ geveral
appr oachesoriwertatisadlip hhugnedamﬂ:ﬂe snicbraspl Btfrukcrupes h@dranduﬁmm scus
force ontrol tc t hese nethods, have produced onl ri tional aligned
SURT At it PTG OO Rrs Ra PSR B GG SRRy 20 SANES STRRS 20 oF 3D
structuresusiei.e BWNTs tdnwbetephmrgemazaviaBgshospein f FIGURMA4Rgbphaperty to

SWNTs were ., used. s conpect ed e as shown, FI GURE 24, b have
o Re a1 bl e o SORAR PR T chn ParG G| i SOnPEFEERe

peptide umdy.thé ipepdipectgdd.hat 1IBVWWE cospederrl 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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phage buil di ng bl ocks woul d produce m crophase-separated 15 | anellar |ike
structure, with the resulting structure having aligned SWNT structures. 45
WO 03/ 026590 0B03dseis02/ 31091 SWNT to P-N Juncti on SWNT by %%Qhkﬂf:ﬁbpd'ng
Wthout any chemi cal nodification, sem -conducting SWNTs genera ?y may have
an intrinsic p-type electric property. Chem cal nodification wth an

el ectron-donating group may 5 convert the p-type SWNT to n-type SWNT

Per i odi cal3WNThdand-N p&mdtdies tSWAT enkertiide Bawdingparate negatively and
positively charged protein domains nmay cause the electronic properties of

SWNTs. SWTs tﬁ@%h@@ﬂeaﬂﬁréﬁ%ﬁfbé%mﬂdthﬁéytfﬁﬁi fegatd bt har spgr Jonmai ns
may be identical structures with 10 P-N junction sem conductor structures.

It is posgamesalhyut mathelRWe erf@onheletingd cofPttide PlRCirhet PSABeERYUse FET

and hi gthheﬁx&EQlt%dHﬁd&ftl%ﬁnp&i&@t ed 'élteQﬂ&%hegoﬁh’EF.H@t HuBCtAHOns as
NAND, NOR, AND, OR gates. A schematic diagram of n-ty ﬁﬁﬁ nmodi f'i cati on

usi ng §V\N1COl§WﬁHFn§hBe[Pt‘|td§§ iSYNT5 tohavuisyPa FWRDRE ?@rlvﬁé§el%anbound
modi ficatiQns; By tK%HHQp|I§ghe£é1 gultﬂaggall s anQt ubgs apd, iy tizyal | ed

nanot ube pastes. Sol ubili and Bi oconpatibility of hbnotubes Low
sol ubi | i tpqsntmelzor:héﬁgeﬁayr@tew toma it mazo eppse cahforleft BUNET

General | y&l%gk&!gv\%\ﬁ_zéi . Wadylfrs! $hafSE rrer 2 an&ct %%fsg't%%% and

applicati | T hough wWr appi ng poly ctants were
appl i ed t megetdbelyzeharped SANTainst hiy bRaAgeaticaby shysctiixgs hertlbe

app! | 99 L &bl 0091 60X hﬁ%gdh&t{;] 2 betiaadsthaly hygl opBLLig peptdde 25

gr oups conjug W th peptides t recogni ze t surfaces nay
sol ubi | i Ze:HehelrSW\flbqnnaNé;u@n oH audisei N  Jemhvdiansof chysie oFEI| ic'mcpepti de

groups may, Eﬁ chit? %t‘d‘% LIz | nFQrRé\'JBJ[p e SO{%(@%%E&JJ‘GSS
modi fi cat i O e “appli § to mul nano and |-malled
functlons 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
biologic 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 Thydrophilic 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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30 nanotube pastes. Il 46 WO 03/026590 PCT/US02/31091 Wring the

Sem - Conducting SWNT I n accordance with the present invention, peptides
recogni zi w @3Wdses (netallic and sem conducting) may be ﬁ’&f/ﬁ%zkg@ ther to
forman integrated SWNT circuit and may 5 serve as a functioning ctric
device. Simlarly, the wiring technique may be applied to nmulti-walled
nanot ubes and ot her el enental carbon-containing nol ecules. Biosensor

Bi oconpatWibliagSYhE sSemi~Gendit¢tingedWsd® a bi osensor to 10 detect minute
chem cal or physical changes in organisns. Conductivity of netallic SWNTs

may general |y rhe BigBlyandlf i@ Bnet g, ebest r o slstidbut i asound the

SWNTs. As such, biologic interactions may be nonitored by reasuring the
conduct i vieopgof zEYMTsSHNEts arl@etah}imared bseniwo coadoghingbnmey nbeet i es:

one for SWANL 2 t i Ql ogi t Is -J_Vg]ﬁ t bj 0l ogi c
t ar get detlectdi %%%&Q%QEJ; b%%gm v%%t %nt%ae%gétee%m%@gﬁl ecsl, t eile ectirn%ﬁ

di st riShutdemvei asSANFanghgonbeg a¢¥eatirdd Bgviae r ol yay peptthdewirBhadi ng and
non- bi ndi e f pept. [seYs ri G :Sj and 20
R D s S T
measur emegitenentbl oodrbgnwedntainiogheedeculdsd.t i - wal | ed nanot ubes or ot her

el enental carbon-containing nolecules may al so be used as bi osensors using
met hods aidsenQppPOsi tions of the present invention. 25 Additionally, the
pepti de chain conformations that bind to SWNT are also affected by the pH,
ionic strength, concentration of netal ion, and tenperature changes. These
envi r onnent al BeRapgeat Hale aFUBTaf PR¥t Pehéttdllééefo®S ot sPAPHERIVN BP SWATS.

Al afp t hesecehanoestdmRaidatiededphysical changes in organisms.
Conductivity of metallic SWNTs may generally be highly
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 used 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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30 using SWNTs binding peptides. 47 WO 03/ 026590 PCT/ US02/ 31091 8.

Medi cati on Rel ease System SWNTs may be used as robust scaffold to contain a
drug. i nwaddioésom, SVWTs nmay al so be used to deliver a drl;tq. g’?ﬁ’g}il ally if
the SWNTs binding peptides are nodified by the 5 medications. §9 anpl e,

t he nedi cations connected by the peptides may slowly be rel eased over tine.
Cenerally, these nedications function simlarly to patch-type nedication
del i very 8sysMendcatisthRebddse dyagelmm for the application of SWT as a drug
rel easing systemis shown in FIGURE 26. In 10 addition, the nedication may

be di rect |y’ aphaot fdyi BEOLLDS o8l 3GARR: Sd:eAeh 1S LaraexagPh, a tumDr

cell. O her rrenta carbon-cont ar ni ng nol ecul es nay al so be as
phar macedti cadidct)xmosl tSWyA's ofayt helpe edent upederttd odeliheat rel éals@, dr ugs,

di agnost ig %E%?gﬁel@”%g e C@Jt.rhﬁ.g% %%ijé.dgg ‘A?Sdm‘é‘di?lﬁt dg,and

conp05|t|o S O resent i nven prevenfive or prophyl actic
t her apy, m&sllcatéanmant JFomorexdimpdrositbe meditatiomgs am;lvi@ccta‘d)rbwctmm ng

(e.g., %pg[tlfﬂg?s %ﬁgzpts%&%g pLerastions. . and/y %eeff%%ﬂq%%an gL vedi cati on

20 Bi oco used as radi oactive or OXI c ¥edi cation
del i ver ymebdncatdohs on;Eurruticvn wa$ile1da0:atyb0tto namjiqhbasfp(eM/\myilnayldzre

converte% tlo Ql ocorrggtl bl e t| des t ave specific blpdl ng
LU Sehardie®

properti€s TARTS gener a Iy con‘-fl T A ﬁeaset 2BBout 35 Nt of  MANT
25 channcsIWNTThuss Zhdrnne| refeddiky rayystlem fils| |scbwiny im gﬁﬂqUREoﬂec oIn

radi ctl d| catigng fQr eC|a usage.such. as.ch t her apy.
M/\NTgat ha con?ﬁln |gﬁ‘1€;?lt°8m et oYy §8 actt |veyneIHP§a?Eeodn lnrwla t%l'é% be

di rect| ydispbantetité ostdie ad fonr ega@hple 0ora augeri seland t hereafter, rel ease
the highly 30 toxic or radioactive nedication as desired. By changing the

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 wused 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 radiocactive 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 radioactive 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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di aneter of the inner channel, the releasing speed may be it 48 WO
03/ 026590 PCTI US02/ 31091 controlled. A schematic diagramfor the

appl i cati wo 6302680Ts in cancer nedication is shown in Fl %S?OZB her
el enental carbon-contai ni ng nol ecul es nay al so be used for A apeutic

delivery of agents as treatnent 5 tools or for nonitoring disease
progression (e.g., for cancer or other pathol ogic conditions). The present
i nvent i oncomyradrlevhy @otschewbtitle &idgname fogbdhe- appli catuicdrc ofpSHBALs. For

exanpl e, flilgéa%%iecr %%%fitglt%?ngédst @gmprigsfgﬁ(téU%V tion may be prepared in the

absence o substrate. I'tion, t'hods and conpositions of the
present invention may be applied for uses in fields such as optics,
m croel ect r oni@henmmyratanda]l gagbengtortalinigg Tiedecappsi vari eAsoi kel ude t he

synt hesi s, 9fq elegrental ¢3L000eu CANt AL NG IBLET | 8l Sve £ ALLON AARNLIUDE

al i gnment, creation ogi ¢ sem conductors] Junction conversion for
si ngl & weddled qrantimbenidordng | diwtdsen peogression forg.vulficr- wahnkced

nanot ube S e ihng.:so st nd biologic conpatability of single-
and mul ti(?%a‘ﬁ%éed: %%%%%&ggl%aé ec!“hﬁ?(‘(? ucing an integrated single- and
mul ti-wal |l ed nanotube 20 paste, biosensor production, release of

phar maceut i calThec oRpesent oABYeR et et 6F c@cerot aheckuti adli 5hS t her eof .
Wi | e th'aspmv—mtdtg%n@as c%ﬁgen&fﬁé&!' bedy | eé%@%er&gfolt ild | HSleRh hye

enbodi ment's, this description s not inten e construed in a limting
sense. Vaef otz rpdgdentatiroeatiad m2g kenbieraisshsinofthehabiskehgst pt Bve

fo Py sonafA Sy | AF RiloRy SHeTERLEGR SE (oMRLI0ng, b BRel TP
t her ef or epierearidethvdrdti omhenagyp pencdepldkdi Foremsenpass fighgssaohh as
modi f | Catéﬁ%E%AQr ﬁggggéfgggf%nics, magnetics, and engineering. The
applications include the synthesis of elemental carbon-
containing materials, carbon nanutube alignment, creation of
15 Dbiologic 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.
It is therefore intended that the appended claims encompass

any such modifications or embodiments.
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49 CLAIMS 1. A conposition conprising one or nore peptide binding domains,
wherein the domain selectively binds to a target sem conductor crystalline
face and the domain selectively nucleates a nanocrystal of the target
semconductor crystal conposition. 2. The conposition according to claim1,
wherein the domain is bound to the nanocrystal of the target seni conductor’
crystal conposition. 3. The conposition according to claim1l1, wherein the
dormain is bound to the nanocrystal of the target sem conductor comnposition,
and the nanocrystal is aligned with other nanocrystals of the target

sem conductor conposition to forma nanowre of the target sem conductor
conposition. 4. The conposition accoggifg to claim1l, wherein the domain is
bet ween about 7 to 20 amino acids. 5. The conposition according to claim1,

wher ei n t he dofRbMpbsitidiedongRRimRMAE br fofdpebfide BIRUMR ddRaflS; whereihife JAHRAPSI ti on
accordln? to claim1, wherein the domain is a free nolecule. 7. The
conposi felestively bindsitarjtargst sanzirenductopprastelline face and thgidemain sstagHvely oudlentest ar get

crystal . it i i.m 1, wherein the donain
functid%%%??&gsgﬁgﬁﬁgg#%%gﬁkgﬁﬁﬁggg883¥9 é@%@hbosition according to claim

1, wherein the domain is attached on a substrate surface as a nonol ayer.
10. The conpbsilhe composgendicoayding te tlainml ,whendie thed domdie istteugeto them conduct or

crystal is a ingle crystal. 50 11. The conposition according to claim1,
wher ei n“aflﬂgyftﬁf‘ﬂgl?e @Eg’# g%‘H&U@PStPr GryS1akcompOSIion. A+ of & het erostruct ure
crystal surface. 12. The conposition according to claim1l, wherein the

target sem cnMThédodipoSitivh blordif@iVIAifES wWhieRatthe dbmbihlig Bburkt¥ SheanodkPstal The
conposition according to claim 1, wherein the target sem conductor crysta

is a |ofitbetacgshiespipendveior compasitign, 4id the panogrysiabisiabigrrd witlb pther Raspeystals 4. The
COMPOST 45 RaRLE QnflbSHiub Br EorftbdBitim (¥R AlnbRfte bR hrgBWiQAANAST CTYstal

is an 1norg sem conduct crystal.
composition.

4. The composition according to claim 1, wherein the domain is between about 7 to 20

amino acids.

5. The composition according to claim 1, wherein the domain is between about 7 to 15

amino acids.
6. The composition according to claim 1, wherein the domain is a free molecule.

7. The composition according to claim 1, wherein the domain is bound to the target

crystal.

8. The composition according to claim 1, wherein the domain functionalizes a substrate

surface.

9. The composition according to claim 1, wherein the domain is attached on a substrate

surface as a monolayer.

10. The composition according to claim 1, wherein the target semiconductor crystal is a

single crystal.
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15. The conposition according to claim 1, wherein the target sem conductor
crystal conprises gallium arsenide, indium phosphide, galliumnitride, zinc
sul fide, cadm um sul fide, alum num arsenide, galliumstibinide, alum num
gal tium arseni de, alum num stibinide, cadm um selenide, zinc selenide,
cadmumtelluride, zinc selenide, indiumarsenide, alumnum arsenide, and
silicon. 16. The conposition according to claim1, wherein the nanocrystal
exhibits size and shape dependent optical properties. 17. The conposition
according to claim1l, wherein the nanocrystal exhibits size and shape
dependent el ectrical properties. 18. The conposition according to claiml,

wherein the jqormge @oxﬁﬁ@snt’iﬁiﬁa{c@%ﬂlgttb@lauﬂqnﬂﬁérﬁi%ttﬁé ta\‘ge'ft Serfiediduelot €9sl ge.  19.
The conposition according to claim 1, wherein the domain can nucleate the

nanocry@ﬂaﬂaWﬁEnmﬁgﬁPKUHY%dSéﬁﬁWOS|t|on 20. The conposition according to
claim1l1, wherein the domain can nucleate the nanocrystal with controlled

crystal | 0r 3phirge BRAREsii Hlackdrairk cSATORhLL AARHAI ol el Bhgyr. uherein

t he domai n can nuc ocrystal The
conposidomprisesqiareslbfigrgeocryktal. m 1, wherein the domain can nucl eate the
nanocrystal with controlled aspect ratio. 23. The conposition according to

claim1, V\/n reih the domain c anocryst.al wth controlled
dopant Ievelé T%ﬁco'?ﬂ%SIté%Sg%iqgg lf gr‘ﬁf’?f&l tE @ nilcowgﬁoéfrﬁs?héadonal n
can nuqnev;saptcb@ducmrag,&fa\ysmn -Wietiticonaomer ¢yt al | ographi ¢ al i gnment.  25.
The conposition according to claim1, wherein the donaln can nucl eate the

nanocrystal which shows contraolled orientation, conposition of claim
1, wherein df (T85§Pmpagtiosr aceordingp fBimd; whersin tb%@r%mlﬁondwa%cwm isahase

functi gpglsalE SRiRon d%zmr&?@taporrpo& tion of claim1, wherein at |east 30% of
t he am no aC| ds o the d have pol ar functi onal groups. 28. The

conposi tion according to claim1, wherein the target sem conductor crystal
conpri ses cddmlharempositien aypotzlmg(,to slaim jlgwhergim the target semiconductor crystal

comprises gallium arsenide, indium phosphide, gallium nitride, zinc sulfide, cadmium sulfide,
aluminum arsenide, gallium stibinide, aluminum gallium arsenide, aluminum stibinide, cadmium
selenide, zinc selenide, cadmium telluride, zinc selenide, indium arsenide, aluminum arsenide,

and silicon.

16. The composition according to claim 1, wherein the nanocrystal exhibits size and

shape dependent optical properties.

17. The composition according to claim 1, wherein the nanocrystal exhibits size and

shape dependent electrical properties.

18. The composition according to claim 1, wherein the domain can nucleate the

nanocrystal with controlled size.

19. The composition according to claim 1, wherein the domain can nucleate the

nanocrystal with controlled composition.

20. The composition according to claim 1, wherein the domain can nucleate the

nanocrystal with controlled crystallographic phase.
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21. The composition according to claim 1, wherein the domain can nucleate the

nanocrystal with controlled shape.

22. The composition according to claim 1, wherein the domain can nucleate the

nanocrystal with controlled aspect ratio.

23. The composition according to claim 1, wherein the domain can nucleate the

nanocrystal with controlled dopant levels.

24. The composition according to claim 1, wherein the domain can nucleate the

nanocrystal which shows crystallographic alignment.

25. The composition according to claim 1, wherein the domain can nucleate the

nanocrystal which shows controlled orientation.

26. The composition of claim 1, wherein at least 41% of the amino acids of the domain

have Lewis-base functional groups.

27. The composition of claim 1, wherein at least 30% of the amino acids of the domain

have polar functional groups.

28. The composition according to claim 1, wherein the target semiconductor crystal

comprises cadmium sulfide or zinc sulfide.
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