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clains benefit under 35 U S.C. 119(e) to provisional application no.

60/ 534, 102 filed January 5, 2004 by Belcher et al., which is hereby
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Vapor Liquid Solid (VLS) (4), chemical (5), solvothermal, vapor phase, and template-directed

fabrication (6). Although each method developed for the production of nanowires has had some
basic success in achieving high quality materials, methods to date have not yielded
monodisperse, crystalline nanowires of radically different compositions. In general, prior
- methods for nanowire production can be erratic, synthetically cumbersome, and are not

universal. See, for example, U.S. Patent No. 6,225,198 to Alivisatos et al. for [I-VI
semiconductor production in liquid media and references cited herein. Reference 4 to Lieber et
al. describes the difficulty in finding a universal approach. It describes a VLS process that
requires use of lasers and high temperatures and produces a nanowire having a nanoparticle at
the end which may not be desirable.

Recently, biological factors have been exploited as synthesis directors for nanofibers (7,
8), virus-based particle cages (9), virus-particle assemblies (10, 11, 12), and non-specific peptide
templates (13). This is due to the high degree of organization, ease of chemical modification and

naturally occurring self-assembly motifs in these systems.



Bel cher et al. have prepared nanow res associated with and bound to
genetically engineered viral scaffolds (see, for exanple, U S. Patent
Publ i cati on, 2003/0068900 to Belcher et al.). The scaffolds serve as a
tenpl ate aq,rg%glg@,rﬁgg cl es or nanocrystals formon the S?l%fr}clﬁhéiiysmooﬁ;st hough
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The present invention in many of its embodiments is summarized in this non-limiting
summary section.

In one embodiment, the present invention provides an inorganic nanowire having an
organic scaffold substantially removed from the inorganic nanowire, the inorganic nanowire
consisting essentially of fused inorganic nanoparticles substantially free of the organic scaffold
(“the inorganic nanowire of embodiment 1”).

The present invention also provides compositions and devices comprising a plurality of
these inorganic nanowires. In another embodiment, the present invention provides a composition
comprising a plurality of inorganic nanowires, wherein the inorganic nanowires comprise fused
inorganic nanoparticles substantially free of organic scaffold.

In another embodiment, the present invention provides a method of forming an inorganic

nanowire comprising the steps of: (1) providing one or more precursor materials for the



I norgani ¢ nanowire; (2) providing an elongated organic scaffold; (3)
reacting the one or nore precursor materials in the presence of the
scaffold to form nanoparticles, wherein the nanoparticles are disposed

al ong the Lghngbb, @% i he el ongated organic scaffold; and(4lchdiShivels! v
treating the sca]p o?d and the nanoparticles to formthe I norganic nanow re
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nanowi res descrjbed herein. In, 3 WO 2005/067683 PCT/13S20051000075
the length of an inorganic nanowire disposed thereon, comprising the step of genetically

engineering the scaffold to control the length of the scaffold.

An important embodiment is also a device comprising an electrode in electrical contact
with the inorganic nanowire of embodiment I or any other nanowire described herein. In
another embodiment, the device can further comprise at least two electrodes each in electrical
contact with the inorganic nanowire of embodiment 1 or any other nanowire described herein.
Examples of devices include a field effect transistor or a sensor. In other embodiments, the
device comprises at least two nanowires according to embodiment 1, or any other nanowires
described herein, wherein the nanowires are in a parallel arrangement, or in a crossed
arrangement.

The invention also provides a segmented nanowire comprising a plurality of connected

segments of inorganic nanowires of embodiment 1 or anty other nanowires described herein. In



sonme enbodi nents, the scaffold was used to formthe nanowi re and/or direct
the placenent of the nanowire before being renoved. The invention al so
provides a conposition conprising a plurality of inorganic nanowires,
wherein th nanow res conprise fused inorgani Ies t hat
wer e di spog%g@ﬁﬂégﬁcorgam c scaffold. In sone enbodi rre%tcgﬁj@%gwsoggffol d(s)
were used to formthe nanowires and/or direct the placenent of the
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col l ections of Th&lﬁ‘s@tllaﬁlanwpfﬁﬁdes thapositicnnt Ferexample, ilony embsdimnt, B QirdNireC
nanow re consi sting essentially of fused ,ino ganl C nanopart icles that were

di sposed GAMBYSItONdBProvided samprieng ynapgyvire Bith @dhesmedmamicady digly eporsy phase, or

a collection of nanowires according to this embodiment, wherein the nanowires are substantially

monodisperse in length, width, or length and width. In this embodiment, the nanowire can be an
inorganic nanowire such as, for example, a nanowire of semiconductive material, metailic
material, metal oxide material, magnetic material, or mixtures thereof.

The invention also provides an inorganic nanowire comprising fused inorganic
nanoparticles, or a composition comprising a collection of inorganic nanowires according to this
embodiment. In this embodiment, the invention also provides an inorganic nanowire comprising
fused inorganic nanoparticles comprising semiconductor material, metallic material, metal oxide
material, or magnetic material, as well as collections of these nanowires.

The invention also provides an inorganic nanowire consisting essentially of fused

inorganic nanoparticles that were disposed on an organic scaffold.



A basic and novel feature for many enbodi nents of the present invention is
the substantial elimnation of the organic scaffold when it is used to
prepare the nanowire. In many enbodinents, its preferred that the organic
scaffold b i m nated. Moreover, a basic and ge in
many enbod?‘wn%%{)(g}oﬁﬁsfhat t he nanow res can be fabri cat e%ﬂ%@s}l@iﬂz&@th good
nonodi spersity w thout use of a size-based separation of sone nanowi res from
ot her nanow r e& basidlahid noyebfeatere foemnaryeonmdboditnefiths preseat imventioddgithe A f i r st

aspect (1),is,.for ex I an . nor I .C _nanowi ye havi an orgapi c
Sontfol o Sipaia iAot iy et SHRBREMFeROr GRS mihtise Bobt BhBrgani o
nanow r e gfisdirérits) Gts preterrdd thatlthe @hadidiseatfoldbetaially dinfianedaMotdv&Sa basic and
substantially free of the organic scaffold. 2, The inorganic_nanow re
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single crystalline.dgmain. 5. The i nj_c.. ANOW 1 ccgrding to 1,

wher ei n_ (TR PEREAYIES TR ing:gn StsspisSeaftold SPRtafigtl tembuce e e it 6. The
| nor gani cnanawire/ theindfganichan@witecohsistipasssentiallynef fisedanbrpanonmbpartities ar e
single crystallil g_e. Z] The | nor ic nanowire according to 1, wherein the
i nor gani cSUREARIALY &reg ghte ofganicese ially of semconductor material, metallic
material, netal feifGoiRé RidoWire aBRIARE icC1, WHERH @b i idRaXbWIE S dRelimRl - S
The inorganic nanovgﬁ' e accorodi.nr?ggl to .1é, wher ei n thénorﬁéaar’[]%vm re éqnsc?%ts
essential |y of3. Berhygande nanowirgacesrdiag to  whetein the orygtalograplusyanis eftheccor di ng
to 1, wherein t nNanowi r e..£onsi sts nt L&kl netallic material. 10.
The inorg a(r?llf’ ar}rﬂ‘ggsc}\?\ngflgr\ﬁ%%&tggﬁsﬁg?Eoomg?lﬁ'ﬁ\ﬂﬁée?&h‘#‘f gldr'\anowi re consists
essential |y ofd, Thetirdrgani¢ amowdrt @cdodding thll, wheein the irgagunic maacwint fsa sigdor di ng
to 1, vvherelig_t he nanowi re consists essentially of nagnetic nmaterial. 12.
The i nor &M h%‘ﬁﬁﬂ"l"e according to 1, wherein the nanowire has a | ength of
about 250 rurs, t1heah}BAniOndRowire Adcordiflz B NViwkbRirPthe AdPttnichalOWird Rasapedf S0

run. 5

more crystalline domains.

6. The inorganic nanowire according to 1, wherein the fused nanoparticles are single
crystalline.

7. The inorganic nanowire according to 1, wherein the inorganic nanowire consists
essentially of semiconductor material, metallic material, metal oxide material, magnetic material,
or mixtures thereof.

8. The inorganic nanowire according to 1, wherein the nanowire consists essentially of
semiconductor material.

9. The inorganic nanowire according to 1, wherein the nanowire consists essentially of
metallic material.

10. The inorganic nanowire according to 1, wherein the nanowire consists essentially of
metal oxide material.

11. The inorganic nanowire according to 1, wherein the nanowire consists essentially of
magnetic material.

12. The inorganic nanowire according to 1, wherein the nanowire has a length of about

250 nm to about 5 microns and a width of about 5 nm to about 50 nm.



WO 2005/ 067683 PCT1US2005/ 000075 13. The inorganic nanowire according to 1,
wherein the nanowire has a |l ength of about 400 nmto about one mcron and a
wi dt h of about 10 run to about 30 nun. 14. The inorgani c nanow re according

to 1, wher %62609/3?17@5’3”0"“ re consists essentially of sempeQRdbifolafootBLEri @

I,
and the nanowre has a |length of about 250 nmto about five mcrons and a
wi dth of about 5 nmto about 50 run. 15. The inorganic nanow re according to
1, wherein thelhafsvinexgagiongimyis awswrdingital, wheodin tHelnavbwisehisedexiticof abgut

mat eri al has | engt h_of about,.2 n o _about five mcrons and a wdth

of about gaﬂﬂ‘ln? a%ﬁ%ﬁ{‘g?&r?’} ?'H%al‘gldmlﬁg’b?u?&bé'gﬁ‘lo gﬂ‘&ﬁSme according to 1,

wher ei n t he nanWilieinbrgasiv heidwite aabdrding3d I avlghdin the handWiee éonsicE NeHitidliFPIW I e

according to, 1, wherein the nanow re coniggsEs essentially o sem_conduct or
i £

A . . f _
materi al semicprdugiopmateripl, and the ganoyyirpas a @b P8 am te aboyt &¥F pdcrersc or di ng
to 1, whepgd DwidiBof EHRAVS A t6 QB 80 amessential ly of a thernodynamnically high

energy phase. 19. The Inorganic nanow re according to 1, wherein the
i nor gani ¢ nanoW.r Ehe igorgagic napdwiresiccerding thb Wheorin theingnowircowinsists essantiatly of

essenti al Ly.,pf. sem.cqonduct or [i | Ligzamaterial,.. nmetal oxide

ot or 1 o, TV Eirap e fi Al 554 s e o o TRLE 08yt ive B Rs B 412 o 1 o
accor di-ng width bPabooh & hmi to abdie S0mar, gani c nanowire is single crystalline. 21.
The inorganic n w re according to 19, ere the fused nangparticles are
singl e crystaiéa-inﬁee.m%rgmm@nq a@%&legwgﬂdwereén OBRRIIFS Sepstaglialiher ei n t he
nanow re iggigpbstantially straight. 23. The inorganic nanowire according to
19, wherein tThe nanowire has a |ength of about 250 nmto about 5 mcrons
and a wi dt h of 1Abbhstinergamis nancatitsicc@ding iml, whereimihe napayvitgeoinsists grsontiaily of
accordi ng L Q@%ﬁ | engt h of about 400 nmto about
one m croﬁén%ﬁér%gaﬁﬁfﬁﬁhg]f&gg%u a;lll&s?%a%tgout 30 nm 25. The inorganic
nanow re accor i8. rhetinorg@nic nirvdiernctdrding anhwiieeein the sialsrieendonsibts gssestallgiofht .

26. The ingrganic nangw re according to 24, wherein the nanowire is
subst ant i aﬁv@m@m@m : gh encrgy phase.

19. The inorganic nanowire according to 1, wherein the inorganic nanowire is crystalline
and the inorganic nanowire consists essentially of semiconductor material, metallic material,
metal oxide material, magnetic material, or mixtures thereof.

20. The inorganic nanowire according to 19, wherein the inorganic nanowire is single
crystalline.

21. The inorganic nanowire according to 19, where the fused nanoparticles are single
crystalline.

22. The inorganic nanowire according to 19, wherein the nanowire is substantially
straight.

23. The inorganic nanowire according to 19, wherein the nanowire has a length of about
250 nm to about 5 microns and a width of about 5 nm to about 50 nm,

24. The inorganic nanowire according to 19, wherein the nanowire has a length of about
400 nm to about one micron and a width of about 10 nm to about 30 nm.

25. The inorganic nanowire according to 23, wherein the nanowire is substantiaily
straight.

26. The inorganic nanowire according to 24, wherein the nanowire is substantially
straight.



6 WD 2005/ 067683 PCTI US2005/ 000075 27. A conposition conprising a plurality
of inorganic nanowires according to 1, wherein the nanowires are
substantially nonodi sperse in average |ength. 28. A conposition conprising a

plurality C\f"oizﬁlﬁﬁ)@ﬁ?ﬂ c nanow res according to 1, wherei Rerhi8o03aheyd res are
substantial ly nonodi sperse in average width. 29. A conposition conprising a

plurality of inorganic nanowi res according to 1, wherein the nanowres are
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| engt h of thefidhohirenard Sutamitisllycmefdddispesain averaganidibi on for width of |ess than
5% 32. A conpqsition conprising.,a plurglity of inorgapni c nanow res .
according to 1@,3- W&P@F‘HHB? Fim Pllé@ﬂ 1of 1N EANICRANDWITPS ACRRY N 1Q B ewhesein

average | qhghddowites aré sHRERAR theHibdGPERE insdveRig@leRhi! Ad dry/ 2196 subs@AEAR C
nanowi res according to 19, wherein the nanowi reS are substantially

monodi spems@odispersesinayeragd width. 34. A conposition conprising a plurality of
i nor gani ¢ nanowhr c . . r r -
substantial ly %'ng.g? %ﬁe&égbﬂ%c%:\?%n?{é&o&%ﬁér?ﬁ%%r%ﬁ%@% §§&ﬁ§ﬁ%s°tf§ﬁ?ﬁ“§fll y
nmonodi sperfeciength afRssthen V8% tahd a doefficiert i viriakiod Biv)widihé ddss than 40%0nposi ti on
conprising a pl hll’ ‘iFt of .. j norgani c now res, wherein th i,norqqani_c,

S

nanowi res conpP sition 2 8 1io paFTEIniaBe Ve ey e A coetfipigntof Yarigtion

organi ¢ sqgf bAYtR of BEs tha] 9% GRAR @sdititien cRGEdh A WiBthdT lesitingly t he inorganic
nanowi res are crystalline. 37. The conposition according to 36, wherein the

crystal | ogr aphi3@- &xosmpesitiomeomprisingeplinatityes inosgaiq nanpwiresporerdingdpélt - to the
Surface Oluelitn 33kl ooy WRASKLIAR iR GTAIHIBGL 0 35 wher el n

i ndi vi dual 1'norgani ¢ nanow res conprise singlerystalline donmain. 39.
The conposi ti od3adaomposition condyrisingreeplaralityiofi iiovgaicalanowivesprnordingaad9yi r es have

A R CETIARER T I D N I S

34. A composition comprising a plurality of inorganic nanowires according to 19,
wherein the nanowires are substantially monodisperse in average length, and are also
substantially monodisperse in average width.

A thirtyfifth (35) aspect is a composition comprising a plurality of inorganic nanowires,
wherein the inorganic nanowires comprise fused inorganic nanoparticles substantially free of
organic scaffold.

36. The composition according to 35, wherein the inorganic nanowires are crystalline.

37. The composition according to 36, wherein the crystallographic axis of the
nanoparticles is oriented with respect to the surface of the scaffold.

38. The composition according to 35, wherein individual inorganic nanowires comprise a
single crystalline domain,

39. The composition according to 35, wherein individual inorganic nanowires have one
or more crystalline domains.

40, The composition according to 35, wherein the fused nanoparticles are single

crystalline.



7 WD 2005/ 067683 PCT/ US2005/ 000075 41. The conposition according to 35,
wherein the inorgani c nanowi res conprise sem conductor material, netallic
material, metal oxide material, magnetic material, or mxtures thereof. 42.

The composidd oRsasssr ding to 35, wherein the nanow res |
sem conduct o(? rr/g‘fc]eri al. 43. The conposition according ?g%@g 03?7& n the

nanowi res conprise netallic material. 44. The conposition according to 35,
wher ei n t he nasbwihesongositivh accondingito 35 whereinnsd moigahic ndfowites @omerigeosi ti on
according to, 35 wherein the nanow.res c i se magnetic material, 46. The
Composi {1 SYMISRAFRF Mgerab gl Bpenisl, Bral ik pieRd. magnstic ekl AEBPIRYL h of
about 250 ieddst 0 about 5 microns and an average wi dth of about 5 rimto
about 50 nm 47. The conposition according to 35 wherein the nanow res have
an average | enfi?-hThs compesition agordipg o3 Sawbereindhenanpwirercompgise semivendaeter wi dt h
of about 10.r4pn to about 30 nm 48. The conposition according to 35, wherein
t he nanowi res conprise sem conductor material, and the nanow res have an
aver age | engt h4hf Themuipofifion ad¢cording @3duwhdremehemanowires aynprise metalliermayeriali dt h
of about 5 run,fo,about 50 nm 49. The c 0sJ tion according to. 35, wherein
t he nanowires é%n% ?@’HOF&W accgﬂﬁ?gc@gguﬁ’ﬁ% ABPYVIFS %ﬂ?qﬁg%géﬂx‘g‘?/er age

| engt h of palagut. 250 run to about five mcrons and an average w dth of about
5 run to about 50 nm 50. The conposition according to 35, wherein the
nanowi res are $ubEhesempapitign agcordingito 35, whereimthe nagayvises compiisemeseicng to 35,
wherein the.nanowires are substantially nonodisperse in width. 52. The

conposition according to 35, wherein the nanowires are substantially
nmonodi sper se i #6.] Bregtomposifon d¢verdingodsi whayein sloandwires have 8bavendgedaigth ¢ofhe

' b i all dj i 0 Wi d,| 54. Th
et ¢+ AR SRR S orol AR RS DA R B o
variation for47 enigldonpbsities sccohip tb3%) whwdein tikaghbwiréstave ol avetddedéngtof§ or

wi dth of less than 10% 55. The cqnposition, accor di n% to 5%, wher ei n
nanowi r es abREY 80%nm de plqui prefpiceAn apg\an a¥rage width of about 10 nm to about 30 nm.

48, The composition according to 35, wherein the nanowires comprise semiconductor
material, and the nanowires have an average length of about 250 nm to about five microns and an
average width of about 5 nm to about 50 nm. _

49. The composition according to 35, wherein the nanowires comprise II- VI
semiconducting material and have an average length of about 250 nm to about five microns and
an average width of about 5 nm to about 50 nm.

50. The composition according to 35, wherein the nanowires are substantially straight.

51. The composition according to 35, wherein the nanowires are substantially
monodisperse in width.

52. The composition according to 35, wherein the nanowires are substantially
monodisperse in length.

53. The composition according to 35, wherein the nanowires are substantially
monodisperse in width and length.

54, The composition according to 53, wherein nanowires have a coefficient of variation
for length of less than 10% and a coefficient of variation for width of less than 10%.

55. The composition according to 53, wherein nanowires have a coefficient of variation

for length of less than 5% and a coefficient of variation for width of less than 5%.



for length of less than 5% and a coefficient of variation for width of |ess
than 5% 9 WD 2005/ 067683 PCT/ US2005/ 000075 A fifty-sixth aspect (56) is a
met hod of forming an i norganic nanowire conprising the steps of. (1)

provi di ng oR&y fos/HEES Precursor materials for the inor gaﬁb’f’mﬁbﬂ@%éﬁ; (2)
providing an elongated organic scaffold; (3) reacting the one or nore
precursor materials in the presence of the scaffold to form nanoparticles,
wher ei n t he nanapffty-sigthespet S6)lissnctked of forging ke idosagichandwirdeompmistipahd ed

organic scaffold; and. (4) thermally treating.the scaffold and.th s
nanoparti cIS&8s ?’g(]f) @F?ﬁ“s‘f‘%u 8nq ArIreyE H}/eé’“ﬁ%rrfBW'%’és E‘§ the jorganic, panoyyre; & providing

nanopar ti claggjonpafed digtnibsanRM; DGOIcHhE the ble 8OmoetpRdcalstr R rigk Svhk Hre3&RE bp! d
is substantially rembved fromthe nanowire. 58. The nethod according to 57,

wher ei n t hahesscaffqld taiform napepavtictesdwhereig thenanepesticles are dispesedralang the dengtheef theThe
met hod acc i el B b 116l e C | e . The
mot hod ace SeRg duiRscaliafl: 5hd ) BErBANARAlhy e SEurE il UEhilobiREles Sk '
sem conduc i inogaree nalowiredtyefidiorcofthe parioparticle®et al oxi de material, nagnetic
material. 61. T t ho ccording to 56, wherein th r.ecyr sor. terigls
are a precursor?foﬁ%@ﬁgegﬁﬁﬁ Qg(t%éét‘ggqrgpme@gm%@aﬁg@%ﬂl slertiallyiTegeYed 56,
wher ei n t herol{ Be HamMfirerat eri al s are a precursor to netallic material. 63
The met hod according to 56, wherein the precursor materials are a precursor
to metal oxi deS$ratls method sesordimgtodds Whetein tieoeafifold ix temoged duringdhathermal
precur sor %L@%h?étv\% are a precursor to magnetic material. 65. The nethod
according to , érein the elongated organic scaffold is a viral

scaffol d. 66. The Tt mettiodewordigtg 56 owhdein Wearaopartidies ax¢ cnygfallisel or gani c
scaffold is a fi ntous, viral scaffold. .67. The nethod according.to 56,
wherein the el oﬁ%%ﬁ&&%\mc@@%ﬁ’%& ‘Hﬁeéﬁlﬁﬁl'feipar%%m% ma%egg.g aﬁ%ﬁ)’t’ﬁ”&‘ﬁ%"qé‘? ong the
length of Géficesmbiopdterial, GlttalideattOall MealAideAdteridl) BSgneBSmatkkigl. net hod -

according to 56, wherein the thermally treating step is carried out at
about 100C to apbufheimethedaccording to 56, wherein the precursor materials are a precursor to

semiconductor material. _

62. The method according to 56, wherein the precursor materials are a precursor to
metallic material.

63 The method according to 56, wherein the precursor materials are a precursor to metal
oxide material.

64. The method according to 56, wherein the precursor materials are a precursor to
magnetic material.

65. The method according to 56, wherein the elongated organic scaffold is a viral
scaffold.

66. The method according to 56, wherein the elongated organic scaffold is a filamentous
viral scaffold.

67. The method according to 56, wherein the elongated organic scaffold comprises
surface peptides along the length of the scaffold which bind to the nanoparticles.

68. The method according to 56, wherein the thermally treating step is carried out at
about 100°C to about 1,000°C,

69. The method according to 56, wherein the thermally treating step is carried out at
about 300°C to about 500°C.



69. The nethod according to 56, wherein the thermally treating step is
carried out at about 300C to about 500C. 9 WO 2005/ 067683 PCTI US20051000075
70. The nmethod according to 56, wherein the nanoparticles have an average

di aneter of k nmto about 10 run. 71. The nethod ' 56,
wherein thew?lgélbg}ga-’réf%l cl es have an average di aneter of é@?ﬁl{g&@%ﬂ%ﬂiﬁ about 5
nm 72. The nethod according to 56, wherein the nanowire is crystalline. 73.
The met hod acc@odiThe niethol Gecontliag & 56, wWhereimcthomdnopartisle@hfiie g laeerage/didraktbr ¢fe
domain. 74. The net hod]r@ccor ding to 56, wherein the nanowi re has one or

nor e prysta;?f’?tiz_rfgntm‘?ﬁf MM75. The nethod according to 56, wherein the
nanow re conpr i7geThe et BRYMARESY, Wherel (BEnM0BirlYlePRAS An av&ageldiim Bl dF0d
according to 56, wherein the thermal treating step coverts the nanowre
from a polapeutysimtd abest kpmte to a single crystalline state. 77. The nethod
according to 5 | { | kS, anoparticles is
oriented with ?(%'s‘gggEn%{hgdtsg%ﬂgggﬁ)a%é@?&gﬁgé!gaggﬁrgllsgg.w%ﬁn#he nmet hod

accordi ng to 563. Themeihod atwording ey ®6; whekimthananowot if aidngle bbtaline dt@ain.

thermal ly treating, step. ,79. The hod accordin o 56, wherein the
nanowire is sugét gh? F‘ﬁ&’f’ga%‘iqi%fﬂrgaéy crei °?@PH§85’§%@&°&W PHSBEIC wher ei n
t he met hoQiohmindsed to prepare a plurality of nanow res and the nanow res
are substantially nonodi sperse in Iengt h. 81. The nethod according to 56,
wher ei n t he nef’Aodhe¢ methed acqordipg o whereis|the panpwire gpmprises 8 thermedypamicaly
nanow r es en%;Léﬁzﬁjgg}t ially nonodi sperse in width. 82. The nethod according
to 56, whereint nmet hod is used to prepare a plurality of nanow res and
t he nanowi res d6eTheinsthadtcw@idiyg tooiéovhepiarthethermahiredatingateg coeergtthe nd@dwird he
met hod according. to erein the cursor materials are a precursor to
seni conduﬁf"d’?aﬂ'%y‘éqftaﬁ?e %‘Fé‘?ﬁl&gﬁﬁf’%fzﬁﬁﬂe,sa&t al oxide material, magnetic
material, and t/heThememvl hecording foy5, dherkitth@dfistalogfdphitt dxd of thesriahapaiidles iS4

The net hod according to 83, wherein the_ nethod is used to prepare a
pl ur al i ty osientechwithgrspest toihg surgee o HEFEd. ar e substantial |y monodi sperse in

I engt h. 78. The method according to 56, wherein the nanoparticles are not fused before the

thermally treating step.
79. The method according to 56, wherein the nanowire is substantially straight.
80. The method according to 56, wherein the method is used to prepare a plurality of
. nanowires and the nanowires are substantially monodisperse in length,

81. The method according to 56, wherein the method is used to prepare a plurality of
nanowires and the nanowires are substantially monodisperse in width.

82. The method according to 56, wherein the method is used to prepare a plurality of
nanowires and the nanowires are substantially monodisperse in width and length.

83. The method according to 56, wherein the precursor materials are a precursor to
semiconductor material, metallic material, metal oxide material, magnetic material, and the
nanowire is crystalline and substantially straight.

84. The method according to 83, wherein the method is used to prepare a plurality of
nanowires and the nanowires are substantially monodisperse in length.

85. The method according to 83, wherein the method is used to prepare a plurality of

nanowires and the nanowires are substantially monodisperse in width.
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85. The nethod according to 83, wherein the nethod is used to prepare a
plurality of nanowires and the nanowi res are substantially nonodi sperse in
wi dt h. 10 WD 2005/ 067683 PCTI US2005/ 000075 86. The net hod according to 83,

wherein th%@%g@@?gss used to prepare a plurality of nagﬁﬁuﬁﬁ}%g%%t he

nanowi res are su antially nonodi sperse in width and | he net hod
according to 86, wherein nanowi res have a coefficient of variation for

I ength of | essgshahe MefifodactordinpRf¥3| whedin thd method atuseditol @Epard Aplarafity dress
t han 10% 88. The é:orrposit,i on ac ordlagg to 86, wherein ngnowi res have a
coef fi ci emanayfires apd thergpowires,arg siastantially nonedispassein39dth agd lenges £ i ci ent  of

variation for wdihe ﬁEthb@ﬁ&oHi(ﬁ;%‘to 1w§8'ein'ﬁm§jﬂi"~%ipé§%a9é a EQUERIBG ofVartdioh &N C

nanow re conprising the steps . (1) provi g one or nore precursor

mat eri al s l4ngth affiess ithanrl§Snans aveaBigientof apptign for witlth gf lass thamyb¥%hc scaf f ol d;

(3) reacting t e or ' I N.,the presence.of . t.he

scaf fol d under B%’o% ‘f‘{%&"g}?{ oﬁ 39({02@# ﬁ:ﬁ{g ’ %ﬁ%rgl&éln%(zﬁﬁ%n%\ﬁ ?g?quﬁ?&fﬁ(‘é%%od
accor di ng férderith oftesrtharns% lagd o copffitient o€ adriatibal forsvidthlafiasnthaglsky, renoved from
t he nanow re. ?&r The 'Ee%ﬁ()d .according to 89, wherejn the organjic scaffold
is removed dur PhgAthod fdefming a ngpganig anopiee GREIARISHE AR BeRSiAhd L} prowiding

wherein thg o1 sORn@fetifls Forth&ind BahhdvhteS kovidif bofd: €s.
93. The ntgt%%ﬁacgfbgf ng tg QE,OV\helrne%ﬁﬁt he nanégzg?t?vélle%mé?fgg@?%a?gﬁfi ne.

94. The médreasting therane oymore Pecurson materials imthe progencg|of Syrsagffold uader songlitions e
nanopart i th respect to the surface of the scaffold. 95.

IS .. QL '
The net hogégjz%éﬁcdﬁnﬁgaﬁ@)%%vﬁﬁerei n the precursor materials are a precursor

to sem conducp@r Theinethbdhccordiigto80cwhertia theadrganiescatfoldis sidsamtidlyirahoved
magneti c terial. 96. The method according to 89, wherein the precursor
mat er i al s "BPENGPMO%Er sor to semiconductor material. 97. The method

according to 891, THEMEhAd herdMELH 8O SWheréBHR! drgdric ShffoR iPfeRfonEd QrirgQhe
metallic material. 98. The nethod according to 89, wherein the precursor
mat eri al sT¢E@NES¥ecursor to nmetal oxide material. 99. The net hod according

to 89, wherei n9i.h?he0t§19tﬁb'& §&5rcﬁﬁagt {5 er,a\lvﬁerafx ﬁxeaprpcru?&lﬂ Bﬁ%afs%e nanoparticles or

form nanoparticles.

93. The method according to 92, wherein the nanoparticles are crystalline.

94, The method according to 92, wherein the crystallographic axis of the nanoparticles is
oriented with respect to the surface of the scaffold.

95. The method according to 89, wherein the precursor materials are a precursor to
semiconductor material, metallic material, metal oxide material, magnetic material.

96. The method according to 89, wherein the precursor materials are a precursor to
semiconductor material.

97. The method according to 89, wherein the precursor materials are a precursor to
metailic material.

98. The method according to 89, wherein the precursor materials are a precursor to metal
oxide material.

99. The method according to 89, wherein the precursor materials are a precursor to
magnetic material.

100. The method according to 89, wherein the organic scaffold is a viral scaffold.
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magnetic material. 100. The method according to 89, wherein the organic
scaffold is a viral scaffold. 11 WO 2005/067683 PCT/ US2005/ 000075 101. The
nmet hod according to 89, wherein the organic scaffold is a filanentous viral
scaffol d. t hod according to 89, wherein the ganlc
scaffold cﬁﬁ%?Péﬁs ﬂﬁurface pepti des along the |length o?kgﬁgﬁ%ggp 3l d whi ch
bind to the nanowire. 103. The nethod according to 89, wherein the reacting
step i s carri edolulheshéthodisoding tb opelicadin e dpginiERBFAR MM filhARKouvigout
1,000C to formthe nanowire. 104. The nmet hod according to 89, wherein the
nanow r e F@E@} stalllne 105. The nethod according to 89, wherein the

nanowire is a $)ohR rﬁét)f@cf cbidiHg 1 898 HErein %QionEQt@dB%ﬁi RdcatfoRPE ed O 89,

wherein the nanowi re has one or nore crystalliné 107. e met hod
accor di ng surfacggeptideealongithe hengtheofabd scaffold VQmishlamtqthMgnosmmal ght. 108. The

met hod accor di t n th to. pre ablurality of
nanow res and ?‘%’é ﬁ&{%ﬂl"\ﬁ; §rfl tﬂg%{{ﬁﬁﬁ?‘iﬁeg&%ﬁﬂ%ﬁf‘%ﬁé OHt‘fﬂélﬁ ? 1009.
Tlhe nF't hoﬁhn]gﬁmirélbﬂ@eém)alﬁﬁt 1001€teabout heoo?ﬁtthﬁﬂmﬂge HaRei ﬁeoj pr epar S_ a _
plurality o n novmres a e nanowires are substantial]y nonodi sperse in
width. 110. Thé t%%&%pmgt?ége'élﬂ% SAROVIFCS (BERBETI s used to

prepare a pl urggs, t']?he%cm&?d?:%&‘dfrﬁfto 80, dvHeRen HRMANAW;RSIs ﬂrsﬁlg&lb?y%ﬁ;ﬂl%e'
nonodi sperse in width and '1l. The method according to 110, vvherel n

nanow r es havel@f. cBhefmdthgdeaseor gmgﬂ@fw,ewhemm the manqverechals on¢ o1 mers crystahing0% and a
coefficiep % %%ivarl ation for wwdth of less than 10% 112. The conposition
accordi ng [0, wherein nanowires have a coefficient of variation for

| engt h of | essi@hePheiéthodhcaordimgité BQ,ivﬂmenmﬂae\nanidva'td i@@uﬁsantiaddmrlaighf | ess than

5% 113. The d acc d| n wher n th ur sor ri.al s are a
pr(:acursor to sg@thﬁﬁ @Iglt%\gg ﬁ@ég}‘%‘? t°ﬂ’§Paa‘Fa E‘F

mat eri al , nAREARS hﬁdt!l{@hﬁ{dvﬁlres a@rsdbsttmlauflﬁleﬁauﬁp‘ersb& khydt al | i ne and
substantlally stral ght 114. The net hod accordi n% to 113, wherein the nethod

is used to pre mathodacrerdingito 89 avhsvein the methodiinused snpwpare 8 phrdlity of
substantl gﬁwﬂﬂﬂﬂ%ﬁ“@m Maﬂ}ﬁé ocif%%rs@‘?ﬁ@r?bqh according to 113,

Wnerelnt 'S use rep areap Ity of "nanowi res and the
nanow r es are ans'ﬂmrmaladdlapcmrdmgdm 8 evheeein the methiod.is used to prepare a plurality of

nanowires and the nanowires are substantially monodisperse in width and length.

111. The method according to 110, wherein nanowires have a coefficient of variation for
length of less than 10% and a coefficient of variation for width of less than 10%.

112, The composition according to 110, wherein nanowires have a coefficient of
variation for length of less than 5% and a coefficient of variation for width of less than 5%.

113. The method according to 89, wherein the precursor materials are a precursor to
semiconductor material, metallic material, metal oxide material, magnetic material, and the
nanowire is crystalline and substantially straight.

114. The method according to 113, wherein the method is used to prepare a plurality of
nanowires and the nanowires are substantially monodisperse in length.

115. The method according to 113, wherein the method is used to prepare a plurality of
nanowires and the nanowires are substantially monodisperse in width.

116. The method according to 113, wherein the method is used to prepare a plurality of

nanowires and the nanowires are substantially monodisperse in width and length,
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116. The nethod according to 113, wherein the nethod is used to prepare a
plurality of nanowires and the nanowi res are substantially nonodi sperse in
wi dth and | ength. 12 WD 2005/ 067683 PCT/ US2005/ 000075 117. Use of a

filanment O“ivﬂ%o%sﬁés a sacrificial organic scaffold in %?Egﬁé@glﬁ@yson of an

I norgani ¢ nanow re conprising providing a filanmentous vi d and an
I norgani ¢ nanow re precursor on the scaffold, and renoving the fil anmentous

virus scaffol d e ysebih filiRertdR AARIAS a sitAifio 6@@&3&&1&6&9% rSduRtiSRaf £0 DY
the nmethod of 56. 119. Nanow re prepared by the nethod of 89. Another

aspect (130greamc RO camprisingaieving ofilgmenteussder sealfpldandandpereqic nangwire
organi © Sp‘%?cﬁsli%} & 1 stdo1da08! %ﬁd@@;p% fifdhehid HRIS Ccafftll (hYiEld tielBlgheit "9

;
provi di ng "a anent ous organi c an i norganic nanow
precur sor mnowine scaffold, converting the inorganic nanowire precursor to

t he i norganic ire. while renoving,the filamentous organic scaffold to
yield the inoﬁggﬁW@%mma&?de%ﬁ?ﬂ‘gﬂmagﬁé@ (121) is use of an el ongated
organi ¢ scaff o!]qig,tNmmmer@épa}m)hﬁ@%ﬂmgﬁfm i norgani ¢ nanowi re di sposed

t hereon, conprising the Stfpg'()f genetically engineering the scaffold to
control the | edgohentspedidl 2 ixysgiofia filmmentons argenie scafioldsi asaprificial osgagiet r ode i n
el ectrical cEﬂadI ] ] @nﬁ: 1 sl | :
accordi ng 9 ggﬁhe eoP{e}?t%n?ﬁg‘? gf Ce‘i@gﬁ%ﬁ%ﬁi g;{njglpé%\é%n%% e e\édtuggﬁgagc each
i n el ect r iscaTold amk adnongenit nartveviregnawrsoeocmathe scaffold) comveiting tRelinorpanic dendvaee

according to 122 erein the devigce is field effect transistar. . 125. . The
Govi o nodurarALtodht Pomanigarafi vhlk taigying tediam et i Eimie gafie o pelishe
conpri Si N@nabadi€@mbwirdo nanowi res according to 1, wherein the nanowires are

in a parallel arrangenent. 127. A _device conprising at |east two nanow res

accordi ng to 1AnaHerespect{d) faiee of abelongated organie seafiald &qjconitphthe dangthiof an g A
segnent ed ; | had I ' g%rﬁﬁg : i res
accordi ng I%E%\é &%gﬁﬂgpfsgiéﬁgg%&?@?gnﬂ%ﬁé E’g tﬁ%ﬁfe}@s‘g%ﬁ%?g%fo uci Ir%g ﬁlgﬁow ?Hém

wi th use db centrobthedengtheaf thescgtfoldc scaffol d conprising the steps of:

122. A device comprising an electrode in electrical contact with a nanowire according to

123. The device according to 122, wherein the device comprises at least two electrodes
each in electrical contact with the nanowire according to 1.

124. The device according to 122, wherein the device is field effect transistor.

125. The device according to 122, wherein the device is a sensor.

126. A device comprising at least two nanowires according to 1, wherein the nanowires
are in a parallel arrangement.

127. A device comprising at least two nanowires according to 1, wherein the nanowires
are in a crossed arrangement.

128. A segmented nanowire comprising a plurality of connected segments of nanowires
according to 1,

Another aspect (129) is a process for producing nanowire with use of an elongated
organic scaffold comprising the steps of:

providing an elongated organic scaffold which comprises a plurality of binding sites
including binding sites along the length of the scaffold and binding sites on at least one end of
the scaffold;
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provi di ng an el ongated organi c scaffold which conprises a plurality of

bi nding sites including binding sites along the |length of the scaffold and
bi nding sites on at |east one end of the scaffold; 13 WD 2005/ 067683

PCT/ US2005/ | Sposing a nanowi re precursor conposjit. t he

| engt h of t"ﬁg%g%gﬁf-’?ég)‘l d to forma scaffol ded precursor ggi‘r@g@f}?{mﬁ% treating
the scaffol ded precursor conposition to formthe nanowire. 130. The process
accordi ng to 13Bposivper minowirh preongariompesitidd abug ihe lagthsdfaind scaffbld to &simvaed
fromthe nar&% irres. 131. The, process according to 129, wherein the organic
scaffol d & \Pé“t‘f“ﬁﬁ??wc’?wgn’ treating step. 132. The process according to
129, wherein t featRbWROREEEIdET prafiirSor S6Rpbsitich tb ASrmbth® HiddvireSi t €S at both ends
of the scaffold. 133. The process according to 129, further conprising the
step of using 13 TheRipsess ascerdingde 12hevherpin e orgqmicseaffaldispubsansialyrameved
anot her strucgure t34. The process according to 133, wherein the another
structure s another el ongated organic scaffold. 135. The process according
to 129, wher ei b3k HEhegmodebeaccerdingad 12% wherein the organic sedffnid istremovedadurieg thet r ode.
136. The process according to 129, father conprising the step of binding the
scaffol d 5% SR t erned structure before its removal. 137. A nanowire
conposi ti on cony.iHietgodksd@osndingao W29, whareilde mﬂmmxgaﬁb Yeafffoltihas BHATGY
phase. 138, A collection of nanowi res according to 137, wherein the

nanowi r es siigsat Beth éndsrafith scgffoldonodi sperse in Iength. 139. A collection of
nanow res accok+} L3/ L B2d BEHA | 3 h, 8 :

nonodi sperse | %ﬁw teh:fi’o%_.gsogcc%g{gﬁ? é%%,i on g%rﬁg%tﬁée?eﬁagfg%r | n%&tklg%ﬁ%
wher ei n t httheembefithescaffold te binditamdtladr styucturenodi sperse in | ength and wi dt h.

of variation  T& TheRbtRserebd o {3 HoR G R e iR 8o on 1 or
width of bgasictskefold.0%

135. The process according to 129, wherein the another structure is a circuit element or

an electrode.

136. The process according to 129, further comprising the step of binding the scaffold to
a patterned structure before its removal.

137. A nanowire composition comprising a nanowire with a thermodynamically high
energy phase.

138. A collection of nanowires according to 137, wherein the nanowires are substantially
monodisperse in length.

139. A collection of nanowires according to 137, wherein the nanowires are substantially
monodisperse in width.

140. A collection of nanowires according to 137, wherein the nanowires are substantially
monodisperse in length and width,

141. The collection according to 140, wherein nanowires have a coefficient of variation
for length of less than 10% and a coefficient of variation for width of less than 10%.

142. The composition according to 140, wherein nanowires have a coefficient of
vaniation for length of less than 5% and a coefficient of variation for width of less than 5%.

143. A nanowire composition according to 137, wherein the nanowire is an inorganic

nanowire.
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142. The conposition according to 140, wherein nanow res have a coefficient
of wvariation for length of I ess than 5% and a coefficient of variation for
width of less than 5% 143. A nanowi re conposition according to 137,

wherein th 8%4 is an inorganic nanowire. 14 WO 2 /
PCT/ USZOOS%&@Sl 7%§44 A nanowi re conposition accordi ng’%/[g?@%‘%\?\ﬁerei n the
nanowire is a nanowi re of sem conducti ve material, netallic material, netal

oxi de mat eri al 144MRgREbWire BBMB6SitRIn acOrdiN) xé mﬁwheﬁebﬁh@ﬁénou&%aﬁmmwre
conposi tion according to 137, wherein t a?r;owl re is a nanowire of

sem condutemmicas Wétvsmaéﬁnal ggall mmﬁ&ﬁmr&e@le’a wateriplomagratic mataryl. o mixpres
wherein the.panowire is a nanowire of netallic material. 147. A nanowire
conposition according to 137, wherein the nanowire is a nanowire of netal
oxi de materi al 14514\8nanAwiTanmw1p¢DSéﬁm¢pQIding toh37awbenein thenanowirs 75 a ndnemate 0f t he
nanowire is.a QW I magnetic material. 149. An inorganic nanow re
conpri si nﬁ’“?f?&g'd“ 1"ﬁ8}ag ‘c nanoparticles. I1SO A conposition conprising a

col l ection of 1460 AgeiRbir8 dorapbsitm aeCstdingtd 137, Whdréfh the Adnbwirdis 4 AHOGAB iof
nanow r e COTTEI‘I sing fused inorganic nanoparticles conprising sem conductor

mat er i al . Mm§%y 1“% osition conprising a collection of inorganic nanow res
according to Ip¥. A dadwirblom t%ruceormgwjﬁwﬁ&%rméhm“ﬁﬂe%eynmm%ﬁ' c
nanoparticles conprising metallic material. 154. A conposition conprising a

col | ect i ometak oxidromaemdic nanovvl res according to 153. 155. An inorganic

nanow r e oDl NS bUSRS LORLARN e NBIRA 17 SHERIRRIL AT JELBlir OF1 o

material. 156 I'sin I'on o I'norgani ¢ oW res
accor di ngmbgnefiSmateridb7. An | norganl c nanow re conprising fused inorganic

nanopar 1ol ee G A0y, ToCcl Comt et kel SRy SSgERRILL 1 07 cOmbr S0 2
nanow re conprysgi RGcohipeSitioh BARAAMLCa CNRARA I irforShi CHaAPRRE AR to 149.
151. An inorganic nanowire comprising fused inorganic nanoparticles comprising
semiconductor material.
152. A composition comprising a collection of inorganic nanowires according to 151.
153. An inorganic nanowire comprising fused inorganic nanoparticles comprising
metallic material.
154, A composition comprising a collection of inorganic nanowires according to 153.
155. An inorganic nanowire comprising fused inorganic nanoparticles comprising metal
oxide material.
156. A composition comprising a collection of inorganic nanowires according to 155.
157. An inorganic nanowire comprising fused inorganic nanoparticles comprising
magnetic material.
158. A composition comprising a collection of inorganic nanowires according to 157.
159. An inorganic nanowire comprising fused inorganic nanoparticles disposed on an
organic scaffold.
160. The inorganic nanowire according to 159, wherein the inorganic nanowire is
crystalline.
161. The inorganic nanowire according to 160, wherein the crystallographic axis of the

nanoparticles is oriented with respect to the surface of the scaffold.
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organi c scaffold. 160. The inorganic nanowi re according to 159, wherein the
I norganic nanowire is crystalline. 161. The inorganic nanow re according to
160, wherein the crystallographic axis of the nanoparticles is oriented
with respe urface of the scaffold. 15 WO 2005/

PCTI USZOOS%%%@%@%?L%Z. The i norgani c nanow re accordi nggt?ég?@g?w\?\ﬁerei n the
I norganic nanowire is a single crystalline domain. 163. The inorganic

nanow r e accor d6hgTheoindfganicwhsovarerctdrding noi §f nibereirathe iorgankermanowize istr  nor e
crystalline donai qf 64.. The inorganic nanowire according to 159, wherein
the fused SHERSPHAR @8Pe  single crystalline. 165. The inorgani c nanowire
according to 1383, Thehsiganichand iRy Aostihg AR DSOMWhEreGPRS iftrSanicahEWiré Bisl ohe OF
sem conductor material, netallic material, netal oxide nmaterial, nagnetic
materi al , of Boregrystafhing demaipgof . 166. The inorganic nanowire according to

159, wherein t O\ : . . %PI m crons
and a w dth of hg%gﬁlgb lgblr g"l'?gﬁrg@‘(’)lte"t%g%ﬁlﬁgr&o !’L%? eé@ﬁ%#g%}ﬁ%gg%glgfg%gﬂ
accor di ng singlelcrgstailideer ei n t he nanowire has a length of about 400 nmto
about one m craﬁ d.a width of ,about .10 or_r}?to about 30 nm 168., The ,

i nor gani ¢ nanowPt-e! RECBBTEARIR GRS COrding fo.f 17» MheEreHLthe, ffjorganic fiaap eirg consists

essent i al leysen@llyoFRbRRBAMEER mafeMak metdllic BAEridlBeRPHAN miteAASmAgheaD tattrigf
about 250 nmto about five mcrons and a width of about 5 run to about 50

nun. 169. orpéxtpsdgeef.c nanowire according to 159, wherein the nanowire
conprises |1-Vhee SHH; L&%d ' - Of 0 nun
to about five Ir11166(:'ronsﬁ:lgr%gmgrnw t%?Jraiglggﬁ{%{’i%?r%ﬁlt%g%l%ggggg%ﬁgm 0. The
i nor gani c n@ taabart §immigrons put ton mmi s substantia

i gani c ahan@sd bart imigrons atkbOwidithefrabowt & rime toyghoot\5 ¢ smi b ially
straight. 171. Il norgani ¢ _nanowi re . .according to 159, wherein th anow r e
conpri ses serﬁ%ﬂﬁ&fc‘f’%‘%%f‘?}qvﬂ{e ageQfding gos[lig’swgﬁf"natﬁf 9*9“?%%?@“5‘32’? The

| nor gani ¢ abana00 i taaba# Shdfhidrén &RI% widhasfabsutllDeniRBYLE 3D BENPri ses a

t her nodynam cal lQ’ hi gh energy phase. . . ) . )
168. Theinorganic hanowire according to 159, wherein the nanowire consists essentially

of semiconductor material, and the nanowire has a length of about 250 nm to about five microns
and a width of about 5 nm to about 50 nm.

169. The inorganic nanowire according to 159, wherein the nanowire comprises II-VI
semijconducting material and has a length of about 250 nm to about five microns and a width of
about 5 nm to about 50 nm.

170. The inorganic nanowire according to 159, wherein the nanowire is substantially
straight.

171. The inorganic nanowire according to 159, wherein the nanowire comprises
semiconductor material and is substantially straight.

172. The inorganic nanowire according to 159, wherein the nanowire comprises a
thermodynamically high energy phase.

173. The inorganic nanowire according to 159, wherein the inorganic nanowire is
crystalline and the inorganic nanowire comprises semiconductor material, metallic material,
metal oxide material, magnetic material, or mixtures thereof,

174. The inorganic nanowire according to 173, wherein the inorganic nanowire is single

crystalline,
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173. The inorganic nanow re according to 159, wherein the inorganic nanowre
Is crystalline and the inorganic nanow re conpri ses sem conductor materi al,
netallic material, netal oxide material, nagnetic material, or m xtures

t hereof . 1%4q 10b8Bs7c£0" 9ani ¢ nanow re according to 173, | | nor gani c
nanovi re i SO SRR O il i ne. 16 WD 2005/ 067683 PCT/ R )

The i norganic nanowi re according to 173, where the fused nanoparticles are
singl e crystal?s.rFhe iddiganid Anowieragevidiag RAIT3\ivhere dgClasdd niagogatticletdre sihigE €1 N
the nanowire |s substantially straight. 177. The inorganic nanow re
accordi ng°fy(§‘34‘f‘3', wherein the nanowire has a length of about 250 nmto

about 5 m cr ongy@nthednfb it nHowdR Aktording B 178, FRGkH thdndndWire 1s7s%bst%{el%8¥ h of

i norgani ¢ nanowi re according to 173, whéerein the nanowre has a
about 400simgighto about one micron and a width of about 10 nmto about 30 nm

179. The i nor gasy e ' . 1,44, reln the.nanow re, i
substantial ly ?'Ei[ ?g{%gﬂ@%gﬁﬁ%%ﬁ%%%?%gtrﬂ l?ahgﬁ%%mr ergggxov%raﬁ#ga\’\f[egﬁg Iogi m 178,
wher ei n t hsoun 2f®mm e abont 5 stiehadidiaakviklth ftabaitghim tolsbdut 58 m@nposi ti on
conprising a plurality of .inorgani c nanow res according tp claim 159 herein
the nanowires Lﬁ%ﬁﬂg‘?&‘ﬁ?? g ‘E%E’r]gg"f" ereipdh HEOVER 'Esrﬂle_&@b." A _
conposi ti oyt 90Phih 36 BbubloRd HicAdr dnY 2GHidhHTBARI 0 nRABAWILSH natccor ding to claim
159, wherein the nanowires are substanti alli?% nonodi sperse in average w dth.

183. A conposi 17%rThedrgsganic rapowirgjacgozding tp 191, wheseigahg ranawire i subsiandielyr di ng
to claim 4158, Wherein the nanowires are substantially nonodi sperse in
average | ength, and are also substantially nobnodi sperse in average w dth.
184. The conpos8Qt iThe isrganicihangwire acdoading th&3aimvitT8) whereindleavanowire kave a
coefficient of , variation for length of Iess than 10% and a coefficient of
vari ations‘fl’ﬁ?anv\?r“\g't L1 ess than 10% 185. The conposition according to

claim 183, wheysy, A bapgMtionTomphsinga pREARY 6f iRdrgait nkRAwirk h&ardiﬁg]tolcmat h of
| ess than 5% and a coefficient of variation for width of |ess than 5% 186.
A conposi  $bherein trnagpviges:arp substantially reqnodispersriniaveragmisgthes according to
clai m 173, WhegAl RelhifosnRRUWIbASgS BurRPLARbigahL KadRAShARRA il o 20°
: 159, wherein the nanowires are substantially monodisperse in average width.

183. A composition comprising a plurality of inorganic nanowires according to claim
159, wherein the nanowires are substantially monodisperse in average length, and are also
substantially monodisperse in average width.

184. The composition according to claim 183, wherein nanowires have a coefficient of
variation for length of less than 10% and a coefficient of variation for width of less than 10%.

185. The composition according to claim 183, wherein nanowires have a coefficient of
variation for length of less than 5% and a coefficient of variation for width of less than 5%.

186. A composition comprising a plurality of inorganic nanowires according to claim
173, wherein the nanowires are substantially monodisperse in average length.

187. A composition comprising a plurality of inorganic nanowires according to claim
173, wherein the nanowires are substantially monodisperse in average width.

188. A composition comprising a plurality of inorganic nanowires according to claim
173, wherein the nanowires are substantiaily monodisperse in average length, and are also

substantially monodisperse in average width.
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187. A conposition conprising a plurality of inorganic nanow res accordi ng
to claim 173, wherein the nanow res are substantially nonodi sperse in
average wi dth. 188. A conposition conprising a plurality of inorganic
nanow r es r o to claim 173, wherein the nanowi re Q ntially
nonodi sper ?g&?orqgg‘{}g?}age | ength, and are also substanti gf:?)}'g?@% @%@per se in

average width. 17 WO 2005/067683 PCTI US2005/ 000075 189. A conposition
conprising a pger Aldokiposition SERMgG praaRiyiof @forgatitafaRbRirés) WhirRRY tH@Hofganic
nanow res conprise fused inorgani c nanoparticles di sposed on_an organic
scaf f ol d.nanowirestREPEsH{VSe inpiganis aanapartislss dispasad on amareanig seafold. nor gani ¢
nanowi res are y | ne.. ik NRQSkih gbma t&{‘l{ﬂ' grein
the crystall oé?gpﬁ%édggbgmg %?%édl %g)n%ghrt I l(’:1 g}gmlngl%g@?ente fe\%l Ekz(:%ﬁespeét to
the surface ofl91.hEheouipositidn adk@Rlingtod 96 owleosin theaysidlographicgixisof 189, wher ei n
i ndi vi dual i norganic.n Wi, I es onprise a singl rystalline domain. 193.
The conpd¥éf? e&é%%?%%%w'#bwi%?m\rm%ﬁuéﬁﬁe ?fﬁh‘? %ﬁ%ﬂ@l i nor gani ¢ nanowi r es
have one or nY2.eTRe domipkition Gccdediig t&SI-SQJ\QHcreiIhﬁiiﬁQwQﬁir%dnﬂfha@\Sﬁﬁéﬁi ng to
189, wherein the fused nanoparticles are single crystalline. 195. The
conposi t i*6mPHsHYEglAgTYsalimgdomder ei n t he i norgani ¢ nanowires conprise

sem conduct or t ekd L dofdi RBI.a185 A herdiR tridivifetdl haliredROREL I C
material, or r¥lg§t ﬁlééeé;dm% e%gof .OFdllgB. Tz’e ceénptérgl‘{ll&%dnﬁg)é%%?ﬁfahg toﬂ%8§,

wher ei n tdne onmowwirystallifeadcgnains. aver age | ength . of about 250 rimto about 5
m crons and an,average width of about run .t out 50 run. 197 . The
conposition a@g%'r ﬁ%‘g’“{%’sﬁ‘@@ ?C"\%dé?%ﬁénl 8? h‘éheﬁ%{ﬂ@'vﬁal?%e %QP@ngrkesa’\l}ee?l%% | ength
of about cHae t o about one micron and an average width of about 10 rimto

about 30 nm 198.. The conposition according to 189, wherein the nanow res
conprise seni d8hdlia mmpowwcarqmsam%?h%hqﬁ%mmlﬁ%fgmnav@oaﬂfeamws | engt h

of about 2RQRMcd nRRAH, nidiMfc MhEhiA)he@Dokidd maRMS! ﬁ\qgne% Hakerf, oRRQHbEres UN
to about 50 run. 199. The conposition according to 189, wherein the

nanow r esherenfpri se I1-VI  semiconducting material and have an average | ength
of about 250 t.o. about f. 1 Vi i f t .5 nmto
about 50 run. q%theﬁ%g&bgglﬁ%‘ﬁ%gﬁctg}@ﬁrg{é?gg’%eﬁ%{}#% %@?ﬁﬁﬂggée%] ‘feﬁ%lg(r?]éah OW r es

are substofabdmRiynmits aboph§ microns and an average width of about 5 nm to about 50 nm,

197. The composition according to 189, wherein the nanowires have an average length
of about 400 nm to about one micron and an average width of about 10 nm to about 30 nm.

198. The composition according to 189, wherein the nanowires comprise semiconductor
material, and the nanowires have an average length of about 250 nm to about five microns and an
average width of about 5 nm to about 50 nm.

199. The composition according to 189, wherein the nanowires comprise II-VI
semiconducting material and have an average length of about 250 nm to about five microns and
an average width of about 5 nm to about 50 nm, '

200. The composition according to 189, wherein the nanowires are substantially straight.

201, The composition according to 189, wherein the nanowires are substantially
monodisperse in width.

202. The composition according to 189, wherein the nanowires are substantially
monodisperse in length.

203. The composition according to 189, wherein the nanowires are substantially

monodisperse in width and length.
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201. The conposition according to 189, wherein the nanowires are
substantially nonodi sperse in width. 202. The conposition according to 189,
wherein the nanowires are substantially nonodisperse in |ength. 203. The

conpositio | to 189, wherein the nanowires are Joddsl Y
monodi sperg‘éélgtﬁ)%\nglgéaﬁ and | ength. 18 WD 2005/ 067683 ACLPCEBSRERAE Y o4
The conposition according to 203, wherein nanow res have a coefficient of

va(r]I i ﬁt i ?nl for 2@ndHe cofnpbsitsn icbﬂﬂin@&%l%]dv}ﬁreﬁzoﬁnbiwﬁ-gﬂiﬁve@fcomacﬁtm%fon for
width o ess, than 10% . 205. The conposition according, 03, erein
nanowi r esVHE{E" ?PTEW]? ?QP%M/"E %qn‘%f’fdﬂimf pf variation rméq?gglgss[thghl% and a
coef ficient of y05arfRichRPodifidn Webtidihgh 203 ShetiPina¥ires RISt Golthsfel 1! ON OF
DRAW NGS Figures IA-Dillustrate viruses which can be used as scaffolds.

Fi gur es 2varfatipn forilengticofdesadhan 3% and aepeHficieny abvdriatien fagaddthfof leesthamhthuct or
material. Figures 3A-F provide characterization of nanow res made of
magnetic material. DETAILED DESCRI PTION 1. Introduction The present

i nvention provides, in one emMBRAEFEBSCRIPTIONOFDRAWINGSW re having an
organi ¢ scaffaql.d su?‘ggﬁgfiall . renmoyed fr mtge i n ani c nanow re, the

i nor gani c nanoWsyEs usiaty ITEEE RN &P € B AUE@HOFor gani ¢ nanoparti cl es
substantial |y fip@s OA-H peviak gﬁdi‘écﬁer%tlii&f HrnowildiGndde O ShhicoMEB Maferidl SO

provi des conposrtions conprising a plurality of these inorganic nanow res.
Thi s i nvent i onFighres3priaurpvide chasntrrizationof nasonipsinedda 9f magnetic apaterial. of

I norganic nanow res, wherein the inorganic nanow res conprise fused

I norgani ¢ nanoparticles substantially free of organic scaffold. The organic
scaffold is generally renoved so TERAILBDDESGRIPTIONt cannot be detected on
the nanow re. 'Ehi s, substantial renoval can be described in terns of weight
per cent age r enfai Pl‘i“?‘ﬂj‘.cn°'1:or exanpl e, the anobunt of remaining organic scaffold
Wi th respect tThelgi@sehtThdntidABroVides)lin oRPeIMdirRerd M ifsrRadiOhshohdre hiing 88S t han
1 w.% nore preferably, |ess than 0.5 w.% and noré preferably, |ess than
0.1 wt. % organiesqafiolubsientially remaved &rogr the inergenicarnewire, itk inprgaric Basioaitei al
renoval o P ' ' Wela¥ ' ' n
anot hor  poraafng&Shidh of fsdd 1Rl HERbRIES albk i e Y LRYRRMC Rl
ent i r et y, The present invention also provides compositions comprising a plurality of these inorganic

nits

nanowires. This invention also provides compositions comprising a plurality of inorganic
nanowires, wherein the inorganic nanowires comprise fused inorganic nanoparticles substantially
free of organic scaffold.

The organic scaffold is generally removed so that, preferably, it cannot be detected on the
nanowire. This substantial removal can be described in terms of weight percentage remaining.
For example, the amount of remaining organic scaffold with respect to the total amount of
nanowire and scaffold can be less than 1 wt.%, more preferably, less than 0.5 wt.%, and more
preferably, less than 0.1 wt.%. A basic and novel feature of the invention is the substantial
removal of the scaffold in the production of high quality nanowires.

In another patent application, which is hereby incorporated by reference in its entirety,
[U.S. serial no. 10/665,721 filed September 22, 2003 to Befcher et al. (“Peptide Mediated
Synthesis of Metallic and Magnetic Materials™)], additional description is provided for burning
off and elimination of a viral scaffold from materials to which the scaffold can selectively bind,
In this application, annealing temperatures of 500-1,000°C are described for burning off the
scaffold. In addition, Mao et al., Virus-based toolkit for the directed synthesis of magnetic and
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[U S serial no. 10/665,721 filed Septenber 22, 2003 to Bel cher et at.
("Peptide Mediated Synthesis of Metallic and Magnetic Materials")],
additional description is provided for burning off and elimnation of a
viral scaff terials to which the scaffold can]%eij ' bi nd.
In this app‘?bgg{slhgﬁ?ygnneal I ng tenperatures of 500-1, 00 é{fs(eiﬁda)égdgi/sl bed for
burning off the scaffold. In addition, Mao et al., Virus-based tool kit for

the dir eciegcaoéihipSiaiowires BERRE303:21312 120612 0ARA AHBE&3 15%&&8@9% 000075
y

sem conducting nanow res, Science 303:213-217 (2004), which 1s here

i ncor por ateftensg inclusing lhfiguresand ths sigermentalisgetiossingludes semedsashingsihat may be

section, | . I¢ E : hat | 4 Ghng-t he
oresent i Ll drpRcRiRn} BRSHAERAGSAIRY, Wier (BOQ) Ger TREARMLCRIL", o
Spect r um FERpectris 3-4il swhigh édhyersbydmopmratedby fefereret én Bnamirety incwlingli r et y

i ncl udi nggal | f.igur nd use of el ectrodes .connected nanow r es l,so
el udes FEbie agRE b S e FanGuefiyihb Ry o EA Ernbinge B AaY BR beelit o,
such as ajyfrictioing @rspredenttiabéitionSstich Hdp?[iédtMnWﬁMhMéb@'Pﬁoﬁ%rb@i@hhﬂn no.
60/ 534, 102 filed Janug}rﬁ/ 5,.2004 by Belcher_et al., is hereby incorporated
by ref er &nbigation no 60/as 1 (2cfiled January §2008 by Belrberstiahe is bareby incpworatsddiyt i on i s
organi zed | he foll ow ng sections: (1) introduction, (2)
scaffold {ﬁgﬁeﬁﬂ%ﬁgﬁ%nt ially removed, (3) nanow res, (4) nethods of

maki ng. nanowi r'’Be,defalpd desotipticnt of dhesinfantion kseor gamimediacesding troth¢ 6&llomimgksertipns:

exanples. kL. Scaffo ugh, the, scaffol d ultimately. my,be substantially
emoved TS HIERET R aM AR N oS RaRAnT ehed. (T RaNrSh o dtesiode AL

i nvent i onmakifg hiiwires §5) applicdtiond for HeamfcWirdsPamA(b) @orkinpexafiples) ed in the art
can refer to technical literature for guidance on how to design and

synt hesi ze the scaffold including the literature cited herein and |isted at
the concl usi ony oé.qfagy Speci fication. For exanple, although the present
invention relates to organic scaffolds and is not limted only to viral

scaf f ol ds i n iAkhoyghthiscaflald visimately may be subktentially remeved fpone thermaseviesyithedi nent .

In particuyl .an . el angat ed .qr i ffo Whi [ NIifus,
and"the. ¢ wPftoyf Shimporlat el BelifftnfioR PindlieEEdr BF o380 i ubidh ohs o
aﬁ a Cﬂ.pSindhe aih@nlrbﬁeeroabum&aﬁmﬁhirbﬁs guidenderoahotvetd desigindsynehksizesthaf f ol ds
t hrough geneti ¢ engi neering Wt ecognit.iop properties r exploitatjon in
mat eri al sscaEth?Fg%qq%g. T Hffeed &Ftﬁﬁ&gelﬂg@é [ﬂ?‘e‘{;?trﬂéfs clusiop gEthsp Hefh
| nor gani CeyBipRY, hitlohghhe PhesBtifiventiSic RIMEs Q8 bigahit YcdffoRdstind BY MR Fidited Snighs
nanoscopi ¢ dinmensions. I'n the present invention, one skilled in the art can
use t he | virad seaffolds in its bieadest wepe, visalgraffalds 43¢ & prefrrred ppdadinant.t i pertisplar.an
I norgani c ' el toh I
subst ant | SPTRhERR PEIE B 0 (84 WHIRL Urls) o iiBlerl il Bfink ot

full virus and a virus subunit such as a capsid. The literature describes the preparation of viral

scaffolds through genetic engineering with recognition properties for exploitation in materials
synthesis. This includes use of viruses in the production of inorganic materials which have
technologically useful properties and nanoscopic dimensions. In the present invention, one
skilled in the art can use the literature in the practice of the present invention to prepare inorganic
nanowires on scaffolds, wherein the scaffolds are later substantially eliminated so that the
inorganic nanowire is substantially free of the scaffold. When the scaffold is intended to be
removed, the scaffold may be referred to as a “sacrificial scaffold.”

One skilled in the art, for example, can refer to the following patent literature for
selection of the virus, genetic engineering methods, and for materials to be used with genetically

engineered viruses. Phage display libraries and experimental methods for using them in
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I norganic nanowire is substantially free of the scaffold. Wen the scaffold
Is intended to be renoved, the scaffold may be referred to as a
"sacrificial scaffold.” One skilled in the art, for exanple, can refer to

the foll omgﬂgnzeopﬂ@g&g literature for selection of the VLEH§§ZOQ§®%7EC
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15, 2004 40/6B8kg0Eled SkptBtberQ4V2008lt0 BeRR$t A1, (“REHdakYE BibHim Sﬂfr%é!lfév&!aﬁjl ser.
No. 60/511, 102 filed ¢kt ober 15, 2003 and the U.S. utility application ser.
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| engt h of pértieular, polgpeptitie antbanginol gcid bligdueericisequencasican be expressed on the surfaces of

viral particles, including both at the ends and along the length of the elongated virus particie such

as M13 bacteriophage, including pIIl and pVIII expressions, as well as pIX, pVII, and pVI

-expressions, and combinations therecof. Using these expression sites, the viruses may be

engineered to express surface peptides along the length of the virus, at the ends of the virus, or

any number of other sites and combinations of sites. A single site for modification can be

modified with more than one unit for specific binding. For example, a pVIII site can be

modified to have two distinctly different binding units. In addition, different sites for

modification can be modified with the same or different units for binding. For example, the ends

of the virus particles can be modified to bind to specifically bind a first material, while the body

of the virus particles can be modified to bind a second material. Multiple binding sites can be
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any nunber of other sites and conbinations of sites. Asingle site for

nodi fication can be nodified with nore than one unit for specific binding.
For exanple, a pVIIl site can be nodified to have two distinctly different
bi ndi ng unj dition, different sites for nodifi | e
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og1S. r,
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| or gani SRS e B AR iiery P GtoRE pmvelive Sud fMosfion 3P bi¢ SHRSMEEN G ) o
C.E. | ypatril. e (hiqublbindslnbdificd wobiainlfbotidd AP gihdind Oft)iony oroeSs

"Viruses as vehicles faor growth, organizatiop, and, assentf y of materials.”
This ref smisrnductgumaleripls, fuit arange af hotyprgawc and imgraspismeatenialssy e i ncor por at ed

herein b r : b Bhelied | i 7 el,aw ( Mao
y )eéﬁ‘ef Sl dﬁ Fheldn&dah aI%BEéfEﬁ%)’fBr é{an@%d, @.E.‘?’T:%nn" é’t‘gll? P%&%atlﬁalg, baw (

et at., PNAS) is hereby incorporated by reference Tor of 1ts teachings
i ncl udi néB,2AE3-A4Rd| (36@3) entithedd Virusesas weldcles fon @rowth, organization, and assembly of

materials.” This reference, as well as all references cited therein, are incorporated herein by

reference in their entirety, In addition, reference 12 below (Mao et al., PNAS) is hereby
incorporated by reference for all of its teachings including the nucleation and structures shown in
Figure 1. Also, in particular, reference 17 (Flynn et al., J. Mater. Chem) is also incorporated by
reference in its entirety including descriptions of using aqueous salt compositions to nucleate
nanocrystals which are directed in their crystal structure and orientation by the recognition sites.
In the present invention, these nucleated nanocrystals can be converted to single crystalline and
polycrystalline nanowires, wherein the scaffold is substantially removed.

The scaffold is further described including the role of genetic programming for the

preferred embodiments. Although the viral scaffolds represent a preferred embodiment, the
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Figure 1. Also, in particular, reference 17 (Flynn et al., J. Mater. Chem
Is also incorporated by reference in its entirety including descriptions of
using aqueous salt conpositions to nucleate nanocrystals which are directed
in their c ucture and orientation by the recoggj.t.i ' . In the
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the particufar ifcation, and a Ications are described furt el ow.
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i nventi on, gene rogramm ng can be carried out to engineer a scaffold
usi ng theg@ncncma@,en luclsélm&ﬁéuen@mq, tkaaticyimuses insactwinuges, plewlyirses, aniroal

i ch his PN UASEE RAL B RAER AR IRNAD T, DM BB o LR Brodlfplb i b

scaf fol d tatiedeites er@maesg/ pdaffeki Lsmgtﬂmdlﬁhreaﬂ displayed peptide features of a virus such as,

for example, a filamentous bacteriophage such as, for example, the M13 virus which has a rod
shape. Genetic programming can be used to control the scaffold for materials synthesis, the viral
scaffold comprising one or more viral particle subunits which may or may not include the
nucleic acid subunit of the virus. Also, the scaffold may or may not retain infectability.

An overall commercial advantage to this genetic programming approach to materials
engineering, in addition to materials-specific addressability, is the potential to specify viral
length and geometry. For example, an elongated organic scaffold may be genetically engineered
to control the length of the scaffold. This engineering of length can allow the design of
nanowires of specific, controlled lengths, for example. Hence, a variety of methods can be used
to control the scaffold length and geometry.
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scaffold conprising one or nore viral particle subunits which may or may not
i ncl ude the nucleic acid subunit of the virus. Al so, the scaffold nmay or may
not retain infectability. An overall commercial advantage to this genetic

pr ogr amm ”%89&15 {y to materials engineering, in addi thJ?R.[S?@SIOOOOTS
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b di t f
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A. Ler nerytiliged pIX abdrpdd] fulioogto dikptldy. anfibedy. heaBeiand H@lﬁz:haﬁgranalﬂé ite:g]onSéSc:e, al so,
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the end ngulid002,300] D26 2]VESke SAKY; fdrieg@hply, WISNPaté No. b4nk e47 foflgendticnker may be

any suitable
Y modification of viruses. These end modifications may be used to link the virus particles directly

or the end modifications may specifically bind to a linker. The linker may be any suitable
material. For example, the linker can be a nanoparticle, amino acid oligomer, nucleic acid
oligomer, or a polymer. This present invention encompasses dual-end viral display, either for
generating bimodal heterostructures, or in combination with pVIII, producing end-functionalized
nanowires.

In addition, dual-end directional linkages enable creation of other interesting and
commercially useful geometries, such as rings, squares and other arrays. The binding of one end
of a virus directly to the other end of the virus without the use of a linker can be used to form

rings, wires, or other viral based structures as well. By engineering recognition sites and the
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material. For exanple, the linker can be a nanoparticle, am no acid

ol igoner, nucleic acid oligoner, or a polynmer. This present invention
enconpasses dual -end viral display, either for generating binodal

het er ost r UgigH0BSae7&s | N conbination with pVIITI, produci pgressodsoesi onal i zed
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conbi nat i ONS vVI'ruses can e use eneral, Viruses
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whi ch | truct ticall
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| cosahedral can_be multifunctionalized and used to create conmp

mat er i al sPages Hudl- phdditienally, afher vHalgeametiss sychgs dedecahedsal E‘P‘%‘c?%%dra}fcé? k¢ ng
liquid Crﬁiﬁlttl h(ﬂf'al gtu [ WcRGtetohPOGR mdts u\'?l?@s paftftlesRéhit & fuddion

particul ar, age I spla | braries, directed evol utlon and blopannlng are
an i rrportasrﬁembirapds ﬁmgmg'uhquld:cryst@lgl}namﬁ m@erwise\allglwdég'pcmaoanbﬂgwd can be

d which h bee th
the Vi rus par i eracaas Be Ashfe b, NG Obuldn 28 eopehinB B AhpRbdali o1,
wer e the s f@enedit ptdgeaninhing afivirdsgs, ahd eirises e4n e wed ovhichlhave been sulgectaited and

biopanning in the viral design so that the virus particles specifically can recognize and bind to

materials which were the object of the biopanning. The materials can also be nucleated and
synthesized in particulate form, including nanoparticulate form, in the presence of the specific
recognition and binding sites. Use of filamentous virus in so called directed evolution or
biopanning is further described in the patent literature including, for example, U.S. Patent Nos.
5,223,409 and 5,571,698 to Ladner et al. ("Directed Evolution of Novel Binding Proteins™).
Additional references on the recognition properties of virusas include U.S. Patent No. 5,403,484
(phage display libraries, now commercially available) and WO 03/078451.

Mixtures of two or more different kinds of viruses can be used. Mixtures of virus
particles with non-virus materials can be used in forming materials which use the present

invention.
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synthesi zed in particulate form including nanoparticulate form in the
presence of the specific recognition and binding sites. Use of filanentous
virus in so called directed evolution or biopanning is further described in
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conmer ci a avai | abl e) WD 03/ 07845]. xtfures of two or_nore different
i nds. of ot e b8 ih capbic) e i i e t%?ﬁfaé’wi?mq RYABES- FTIVE VigHes sanus
material s ir?cﬁ[&eﬁ@nubﬂ%ﬁcﬁcidgfﬁ&héﬂm SBLAA Rl Sp¥biafl) inthRletah @nl &R Mirusédngent i on.
25 WD 2005/ 067653 PCT/ US2005/ 900875 Virus and virus particle can include

bot h an edescribed/inthespraseat inwentiop maydhrtier includs bpthaiative angl hetarolpgansamingeacid r us
capsid. T ' I &E,arg ks Vi ruses
can incl l@g%&g&%&y}%#?egg?hj Sg)félg%crtr%r?' zﬂéﬁz}’ﬁge}'{#%(g%eggﬁ%y pt %@Hgﬁ%hi{lﬁcl ude an
envel ope. gefiomeseranasginekeatganbme. iAnvitus panicleSenttier invluglad partiomseof virusesher i ncl ude
both native and hagtler otboggus amno acid oligoners, such as cell adhesion
factors. FRBPHYRG &l%aster BR5hone may be either a native genome or an

engi neered genpiEnerAl, Wivird§ piratle hed £ndtive s@iture, Retlerdds theRRplidedind netlei¢iatids es
conprising at least the capsid. In general, a virus particle has a native

st ruct ur e potieay &fithe vines asepranged Byrartivular gpamesrgsgwhish pie songhtde be presegyedus are
arranged \epRid hcthBated SOURIIARS self MppBieil ForfhQ Y o' im0 BnPhiGaET ved  when i

IS i ncorpora state, se pporting fornms such as tilnms and
fibers. ViruseVirases aprpéferredehichiheve dxpressed ppptiiss, doclpding paptide olignmarsiandg

pepti de oligoners.and am no.aci d. ol igoper as.specific bindi sites. Am no
Pt o1 o amapackaRPier SRorant Blodind siboARin Rid BfedimisrseeR i dny pesbRins (0"
virus or Reifingkagowhethéiiatite G ruglor Ba&IogousR A hiio atid olikemers a3 afipy

i ncl ude non-anmi no acid conponents. A igoners_having, about 5 to about 100,

and more fraetaad mayigeludggonaning gideRImRONSESs- o RIBRINGR hay ihabout 1t abgchp;
bi nding s 'aﬁc?mﬁﬁ:}aanﬁ:u}éﬁ?,daboui\?{bfﬁ%m ABhSaEPHRANS Bpetifi WhMUAS sitdlidh bR &dnot
limted to sugars, Iipfds, or inorganic nolecules. The size and di nensions
of the vi Nog-apang dcid eomponetse insinde, hub ate nohkimited toisegass, lipidandrdnirgod ¢ and
el ongat ed. %n@g ally, the viruses may be characterized by an aspect ratio of
at |east J5Bf> |east 50, at least 75, at |east 100, or even at |east 250
or 500 (| engt hThesixd gt ldimensihns 85tht virudpanticle canchiei satly thaf thy partisle s amyotrbpic used
to practice the present jnvention. The . .
P and elongaﬁad. Generafly, the viruses may be characterized by an aspect ratio of at least 25, at
least 50, at least 75, at least 100, or even at least 250 or 500 (length to width, e.g, 25:1).
A wide variety of viruses may be used to practice the present invention. The
. compositions and materials of the invention may comprise a plurality of viruses of a single type
or a plurality of different types of viruses. Preferably, the virus particles comprising the present
invention are helical viruses. Examples of helical viruses include, but are not limited to, tobacco .
mosaic virus (TMV), phage pfl, phage fd1, CTX phage, and phage M13. These viruses are
generally rod-shaped and may be rigid or flexible. One of skill in the art may select viruses
depending on the intended use and properties of the virus,
Preferably, the viruses of the present invention have been engineered to express one or
more peptide sequences including amino acid oligomers on the surface of the viruses. The
amino acid oligomers may be native to the virus or heterologous sequences derived from other

organisms or engineered to meet specific needs.
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conpositions and materials of the invention may conprise a plurality of
viruses of a single type or a plurality of different types of viruses.
Preferably, the virus particles conprising the present invention are

hel i cal Vi g emsnsgspl es of helical viruses include, b E@{ imted
to, tobacco nosaic virus (TW), phage pfl, phage fill ¢ SE}%S}S@OJSand phage

ML3. These viruses are generally rod- shaped and may be rigid or flexible.
One of skill iA nhinberofireferyicasataeh thewinginsering af ejraseditdgxpaess hifitnd aeidesligesietss e

and proper s of t virus. Preferabl t.he vi r es o presen

O vent  poinay Bk T kB et D grisee tsation. Pl T s R Mo nc s

i ncl udi ngs aps Bgy @cmhne} étﬁpﬂﬁéﬁse@ﬂ)etsbﬁctﬁiﬁrafnd‘éﬁ% §s16nﬁﬁ‘h¥ﬂefdl'§g%‘ﬁs bihbg am no
acid oli gorrers may be native to the virus or heterol t(I).‘gous seq uences deri ved

f r om ot hedomangeming serfase ob vigisaw W SoPatentNae 6,766,883 by Studiseelnl dgeloma display
2005/ 067653, & %ﬁlkﬁés M%ﬁd‘h@gﬂ%{%g%@g o?éaﬁ%ﬁ%ﬂ&%‘é&%ﬁ% c?&gx!.gsﬁér | ng

of viruses to ex am no ac
practi ci nfprinsertion ef e fitreign DNA ‘s&qnenchf[hemgds&andéScn&dtmﬁseﬁtb in prdebﬁ}ig #84 by

Ladner et a closes the se on and Ssji,on ter ous . bi ndi ng
o ns. oS ROl o BBt T B3 a0 SEer i SPOeaeLal e et
al di scl oggsoss @h mnawm\a@amo@wa{oumﬁﬁg adteneVieRdiitda AbdifRa séli- smemgt i on of
capsid protein followed a cIonln%AS|te for insertion of a foreign DNA

€

sequence. TPy cléﬁp%mtﬂ*{shéﬁébéﬁm 9 et al shorys) aniepgipecserlseng gelivery vehigle

di spl ayin t€ r S"g?‘ 08 by
Spooner e nglfrmn i séce P%gf;lg&gﬁt ﬁrglean‘g{/%l H}éﬁacﬁ%h?%ﬁ?? bﬁgﬁdﬁ%f ﬂga% o enovi r us
W th a nobinding gaiceUlS. BublishedyPatersiAgiplication 30016620 MoLi ﬁzpﬁz@izirﬁéi:éem’gmédﬁdderl 0
et al shows an eered gene del |.v vehi Q ng. a ne qf

i nterest 2f&P ‘fs@fggﬁ glfg“'gq‘eseﬁw\ ?ﬁé“& ‘?pr?ﬁﬁwge gﬁ’ﬁ% p‘gweﬁgg“ﬁe‘?ﬂf’i c

bi ndi ng p@béptor[d aﬁd cﬁgﬁbuﬁbemsPat ent Application 2001/0019820 by Li shows
viruses engineered to_express |ligands on their surfaces for the detection

of nol ecul es, Sdtneisalhyeiepgstedyiasescan baprepared pmstheds %twdfeemmsépscab%ﬁ ei ns.
The genet n r ed rs as
Ihe 9enetiuighl . RUOWIAS! PINMCINSGR] Wb PLEDRPER Y P IAR ANNERS
Pepti des Madud?’rmadcms PressL SendPiagm ri996 mmuaiammwwlwter Pr"é’sstprsgalri”lﬁgego

rlgf9 2r eﬁgggl 51 dl[rﬁ}éfeé’ic?f c‘?ﬁ%&%‘? 't n&ﬂ %P celhtg%%‘g{l?a@gl%ﬁW%q ?ﬁg‘%;se%‘%@gr uses
can be pﬁlepaaécelsy My thods 43 @dscrided ﬂ@pmgetreis};la}n A IRibegroryiMihuall by Batbaberant or y
Voot or & GABDY i inh EBApter s NSEHDISDIaN VoriE (R G TGences SiFURSFE. T8 type of
part 'bc ul adedor bd Bk p&tlculddPlifited. Tble BROPBALA W& xENBAR} Fckord RRLRES Wi ch
used in various combinations to provide the multifunctional viruses. For example, type 3, type
8+8, and phagemid type p7/p9 can be combined. Or type 8 and type 3 can be combined along
with phagemid p7/p9 as desired. One skilled in the art can develop other combinations based on
particular applications. Methods can be developed to either display the peptide on some or
substantially all copies of the coat protein.

M13 systems are a preferred example of a filamentous virus scaffold, but other types of
filamentous virus scaffolds can be used as well. The wild type filamentous M13 virus is
approximately 6.5 nm in diameter and 880 nm in length. The length of the cylinder reflects the
length of the packaged single stranded DNA genome size. At one end of M13 virus, there are
approximately five molecules each of protein VII (pVII) and protein IX (pIX). The other end

has about five molecules each of protein III (plII) and protein VI {pV]), totaling 10-16 nm in
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used in various conbinations to provide the multifunctional viruses. For
exanple, type 3, type 8+8, and phagem d type p7/p9 can be conbined. O type
8 and type 3 can be conbined along wth phagem d p7/p9 as desired. One

skil'l ed in yhendhéregan devel op ot her conbinations based p@RysPREbdogH 2
applications. Methods can be devel oped to either display the pepti de on sone

or substantially all copies of the coat protein. M3 systens are a
pr ef er r edleag@nihe wild type Mi nii wasis compased ofdohghisl 28G0u¢opids e thetrvgierscoaf

filanmentous vir folds .can, be used as well. The wld type filanmentous

ML3 vi ruspﬁ°§em¥g‘gﬁéﬁlﬁrﬁtﬁ@f°§l 1 ua SiQag‘F%‘F&y' and 880 nmin length. The

length of the E;yshﬂnr,l9@1uﬁo@lfdr@ﬁssaﬁ/i[fgsecjﬁ%ﬁabsquhgﬁpme kRpRY ;&hﬁ\ﬂ{:ﬁes]?fof anded
y five

DNA genone size. At one end of virus, there are “approXi nate
nol ecul esthealirkcted nyplestion af repteriglpon the naramaierseale has heen prexjoustyhepontediby end

h b fi i DL i VI 1),
o et o pgelscanRaRN SOk EAGH Blichl AL dhdddrs (B ik ABLBEG ShE sobes el tle) 1
B e VL e 1 of & [oophant]Spofite blscnvhiveiticoal

t . | A I TS | L . S
ol ot onSreritinghebd fBrasator e abiiBtfomuEents A e eem e s KIS ogi os
for the gireenkse REZASTSIN,AM), FRPEHITPt H3ichReI HARRFRbRImGRAlLakASIDEEN

previously reported by papers and patents from Angel a Bel cher "and coworkers
(see aboveacthsophaggdibranies expiessiog ¢ither adlisulphidelsanstegined hepthpeptide ord lfear

fici \ . . . ‘ ; tion.
Shr eent ng®ikibebit, K St bbbl sk FCRNPMHORC debfied AT, 0T ot o
syst ens i(SIcTR[dTl_’BJ{LRS Oﬁm&ﬁ_&!ﬂrﬂ;ﬁdS),ﬂ_ﬁf]ﬂglﬁ’STIg&A ltE;m&VBBlZFlE&g),aﬂ_ﬂ CoPt

syst ens rci vai | abl e, erio e librarjes

eipr essi né%gﬁwglegdtwgﬁﬁéé@%?W@?P‘h%ﬁéﬁb@ﬁ&%gm&? ﬁ’ﬁ%ﬁ cOfflered,
dodecapepeliRsentbi &Pﬁh dethe MBS &@ﬁg@ﬁg@ vﬁrﬁ%ﬂi&i@ﬂﬁ@.ﬁa IERAMERNte Whigh B0 A7,
ZnS), "SLTPLTTSHLRS (termed J140; S), HNKHLPSTQPLA (ternmed FP12; FePt),

and ACNAGDMAppcops:eantigl pypticle phgse pnd ¢aenesivionawvhilermantainingsan egegefiraaerialnt o t he
hi ghl v - - ¢ L . .

plr gvi éegr%ﬁp @ﬁlg rﬁfdélﬁ%gg%g %l %@%ﬁggﬁﬁk?g’}{%ﬁ% :Bg"%}éﬁ ér?:g gger%o{gpi phase
and conposeqhénoes responkiblerfor the aaterialy growth aseegené linkedantd abntaiackhwithinithé dapsid hr ough

genetic tunjng of the basic protein buildin | gcks., Because, 1 he .pr.otein
sequenc esoﬂb% s PR EBSPRYC ‘E%’ges ﬁgﬁ’ésr ﬁc?s#%ld Q?ecfgk‘ﬁveg}{ gaslly ﬁeeDr?#l"t‘iﬁ%éy 5‘&%“8’6 nt ai ned
w thin thg leQuspRhsié6f bacteral host¥act genetic copies of this scaffold are
relatively easily reproduced by jnfectio into a l.arge suspension of

bact eri al host®0 I_’W?)P@}S‘&iifés’ﬁaﬁﬁl\ﬁﬁ’?‘é’éc, scatiold cam be nssd whichdes the adility i ollegised
whi ch has,fBfarfdkd Being fofin&Pdrb&filit and locate them on the scaffold for fusion into a-nanowire.

In this invention, an inorganic nanowire composition can be formed having a scaffold

substantially removed from the inorganic nanowire. Non-viral scaffolds can also be used
including, for example, a variety of other organic scaffolds including, for example, scaffolds
which have peptide or protein recognition units as side groups on an organic backbone. For
example, the organic backbone can be a synthetic polymer backbone, which are well known in
the art. For example, polymer scaffolds can be used including for example modified
polystyrenes of uniform molecular weight distribution which are functionalized with peptide
units, Another example is branched polypeptides or nucleic acids which are modified to have
recognition sites. Another example is a nanolithographically printed peptide structures such as a
line with nanoscale width. In general, DNA, proteins, and polypeptides can be modified with

recognition units, including peptide recognition units, to function as the organic scaffold.
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nanoparticles being fornmed around it and | ocate themon the scaffold for
fusion into a nanowire. In this invention, an inorganic nanow re

conposi tion can be formed having a scaffold substantially renoved fromthe
i norgani ¢ QaPwddessssNon-viral scaffolds can al so be usegqy, h%b%b(ﬂ? for
exanple, a variety of other organic scaffolds including, '¥or exanpl e,
scaffol ds which have peptide or protein recognition units as side groups on
an or gani suibdkkbapaition@hits ﬁx&l@lﬂ@b&taﬁ:h&t lﬁﬁlmlﬁb(hnhﬁ@m@ﬁﬁgdi@d?s blﬁclalcf‘a?éiﬂt hetic
pol ymer backbone, which are wel lcpé g}he art. For anpl_e, pgagrrer
scaf f ol dsokERFEe PRREATS: FFERRIAMOUFCRS? (el cAmbedithy ARtigcRY celbeﬂ?vmfaé

uni form ngp Iﬁﬁ”&%fs 4 MorsHnid hhtRid1E 0N V\/ni ch are functionalized with peptide
units. Another exafiple 1s branched pol ypeptides or nucleic acids which are
modi f i ed to haln®ne embodjmicnt, smffgldts sscF vmman@iesemahq)md which are not directly

nanolltho cal l. r I d jr.es such a

nanoscal e g‘t yepﬂX%Eofhd &i ?Slgrc?? éjf SP%%“NB%E? ?C&éwe%gﬁe'b&‘ ®hodifi ed
W th recaaRrii penticallytefg inbered Mcgeﬂgnmginb&mylemﬁm Heés@pmingthé ScaffoRl. f unction as
t he organic scaffold. 28 WO 2005/ 067683 PCT/ US2005/ 000075 Suitabl e
recognition units include, but are not limted to, am no acid oligoners,
nucleic acid 9 iNiaB®RsrSs POl ymers, organic nolecules (e.g., antibodies,
antigens, cell adhesion factors, and trophic factors), and i nor gani ¢

mat eri al s. | n Usieg oathods dﬁembedsltﬁmfpmvusm agvrtions, mgsepambecgeestmﬂﬂemn@wd

whi ch are I ver ener

desi r abl e”&ﬁ %tﬁlgr); ﬁféétioéaaﬁggéh?fggﬁ ev%n V\h{éﬂgg{égc\lﬁﬁ%\@ alﬁso’v aﬂgﬂgﬁcgs:slxﬁvch

engi neer ealnmateg&)ﬁdﬁs £ pedgditivaef imggank: naﬁ@\duésmcctﬁﬂmgmmg ptdsentdmehfial. cForl | | .
Nanow r es USI rre ods, descrihed in t revi ous sections i ruses can be
Gonet | cal P5Blfgh HEERTaEE GBS EREICh Sy syl o fadipecouleiss Feialh AT B 1 o

conj ugat ezeﬁgah sfﬂhesod AndiheQR\RhSpartidil &SR AerdN G be'fhdel TRb Bhnbwites! ds a
production of inorganic nanow res according to the present invention. For
exanpl e, a rodnéhepyesgntinyensionthe efinjugste mat@n%wwlwesmgg@nc masopamwhichfbmn es
materi al s I ferials
can be fusaglééP ﬁg‘f‘%ﬁﬁgﬁg %Jggeﬂq Japﬁcryﬂgrlses%r%& 41%\%)2'2 : on, R@ﬁéﬁgﬁéh&a%%

mat eri al Snanamrbsecanrbelf@medcommlmg essbmlaiﬂylofﬂleffosfeminmgmnmnbpmhdes mpml udi ng

i nor gani ¢ nanoc sta Fro [ no n| c n ticles, inorganic
RN AR A A A I I I R
nanopar t i &n€ist ddiéﬂﬂallyséfbéﬂlﬂﬂlbgﬁkllyﬁﬁﬁ:‘!’ ﬂiateqalstsb@l ECRE baintble, E&ﬁxcﬁﬂducuﬂgat e

materials and the inorganic nanow res_can consi st essentiall y o

t echnol ogmatatials ‘ﬂ@#uﬂomapéwd&pgd mesalligmateripls; mstalAxide maferialy, @ﬂféj@@%ﬁg
materi al Smat%& h@&ndﬁ? Bﬁ‘iﬁe Hate AR ARG EHind GliH dn QIFRAE FAI A ithin HRSBIpeVf e

materi al s
invention. Addltlonal materials of interest for nanotechnology commercial applications are

further described in, for example: (a) Understanding Nanotechnology, Warner Books, 2002,
including materials for circuits such as nanowires and nanotubes described in the chapter “The
Incredible Shrinking Circuit”, pgs. 92-103 by C. Lieber. (b) Made to Measure, New Materials
Jor the 21st Century, Philip Ball, Princeton University, (c) Introduction to Nanotechnology, C.P.
Poole Jr., F. J. Owens, Wiley, 2003. Preferably, for nanowires, the materials prepared on the
scaffold conduct electricity as an electrical conductor, are semiconductive (whether inherently or
via doping), transmit light, are magnetic, or possess some other technologically useful property.
Other properties include ferroelectric, piezoelectric, converse-piezoelectric, and thermoelectric).
Semiconductors are a particularly important type of inorganic nanowire material, The

semiconductor material can be, for example, any of the standard types including alloys thereof
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materials. Various oxide materials including silica and alumna fall wthin
the scope of the invention. Additional materials of interest for

nanot echnol ogy commerci al applications are further described in, for

exanpl e: ({)o WREGéed:andi ng Nanot echnol ogy, Warner Books C%%%%)SI%JO%' udi ng
materials for circuits such as nanow res and nanot ubes gescrl ed 1n the
chapter "The Incredible Shrinking Circuit", pgs. 92-103 by C. Lieber. (b)
Made to Mpdgudig IVNBINGMaipaeigaISs, Gd, 81.40), ISt Gfoup bitiayy () Gd, G, TII-¥r | ncet on
University, (c) Introduction_to l\%n&t echnol o&y, C. P. oole Jr., FE. J.
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i nor gani c 2009)Ohhgter T7phgesildh-197 (fNanssticuesidieeromagietibm) iud refea¢hcbecitel @erein
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2005/ 06768%8EHRI82HHHY 000075 i ncl udi ng V-1V Goup (e.g., Si, GCe,
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St 1020 I gl ool el e oAl b) el BaURS LA
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and conbi | . | r - .in the ar

I ncl udi ngﬂ%’éaﬁggf %hh@ﬁj:?%d na’é/gﬁlgbtg #%Sftﬂngbaglp @FZ‘“’ &gg%@g?%ﬁ?g%gg%ﬁ)g?mlgﬁ?ér%duct I on
to Nan(itéS gﬁ?ggbx(ﬁgynan&v{?e nﬁmﬁt aisdaief: prﬁfeﬁed,\ban%ﬂt_ §for\Aibhdn¢]§ive wﬁatidﬁ_b?{hgm{nhl _
pages - . ostruct ured. Ferrqmagnet i and references cite erein
(see, e.gPoro N@B}‘*&T"’n F‘é‘f?o"gl“i&(&ﬁgﬁﬁ?‘?’fé“ Y dheRanpyire fn ReporQusy ot

limted by thepfe/nanbiite BRIV AR THRSanSWikd Gah e @SingedrPitatlihd @omain or can
nanoparticles forminto nanowires and col |l apse into a fuSed structure at

t he end ohavernoe or moressystailiee drsmaias. Iy ong embpdimentdhe fused mangpartipley are singlar | v

i it ed, . . ) . . .
parti oul athyalBe BAEGein Bl U ABARNE IR i oY 90 B BER BB e,
wi t h desi peslcrystaltine state wthich idnbetheratodyreimically favorebionit islocked ib by gerrelative The

nanow re can be crystalline. The nanqw.re.can a single crystalljne domain
o can  have e St soyetal R nepaarS RAHRAER e HEPEREEAFHLARCTPRA T Uoe
nanopart i %fﬁaﬁ{eﬁ FdrRGAple Ghy SitydtalldgisbhicTdxes oTtheSianbpdriiclePBAIR ofiemedRitR1 t her
t he thernodynam cal |y favorabl e créstal line state or a crystalline state

whi ch i s rrspect indherburipaint bapeaffoldy Opaeaneapithe therme deatmnenhinghe method ef at i ve
ori ent atl il (0 BeiGhY Rl hlel 8§ BRRABALGIIGE SRuchEt Ui o LoV PtycHRfilline

nanopart i an riented in any manner. FOr exanp
cryst al | oginapirescto aingls cofstallve staptupar One basalsaanbthe thermal teedtmént ko remove the

organic scaffold. In some cases fusion and organic scaffold removal are achieved at the same

temperature, in other cases, fusion can occur before removal.

The length of the nanowire can be, for example, about 250 nm to about 5 microns, or
more particularly, about 400 nm to about 1 micron.

The width of the nanowire can be, for example, about 5 nm to about 50 nm, or more -
particularly, about 10 nm to about 30 nm.

In some embodiments, the length of the nanowire can be, for example, about 250 nm to
about 5 microns, and have a width, for example, of about 5 nm to about 50 nm. In other
embodiments, the length of the nanowire can be, for example, about 5 nm to about 50 nm, and

have a width, for example, of about 10 nm to about 30 nm.
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respect to the surface of the scaffold.. One can vary the thermal treatnent
in the method of naking (see below) to achieve a desired crystalline
structure, or to covert polycrystalline structures to single crystalline

struct ur eswdInes/fs3ggsal so vary the thermal treatnent to pepRYR0dGe7sOr 9ani c
scaffold. In sonme cases fusion and organic scaffold renoval are achi eved at

the sanme tenperature, in other cases, fusion can occur before renoval. The
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nm or rticul a about 1 rim.to, ahout 30 n so, when a

T o 1 o, it SEY baridieh o od ottt B0 L ehale pa S0t Raf bs,

nonodi spegekted for se@iiée] andlysy. THe@béfficitMfVRRAIBnICY) Sirl be Gdvhlddal Whgdile shed,
because the nanowires are assenbled fromscaffaolds with uniform!l en th and

Wi dt h. Agwarmmow&wré%d whe meaa. nBReCY gambs, &oriexpmple; lesrdtBancabouidd¥ysed to
cal cul at ephRe, fofaK fm"’olrﬁ%ﬁnﬁf& Wedtehan 4681t s%?%mcﬁeg i of

e
t he nanow re? can %e 0 al ne and. exa e 20-50 nanow res
sel ect ed ksythatabowsi%cal anal ysis. The coefficient of variation (CV) can be

| cul d wh he nd
cal LAt 9 e s B4 UM BnEY SHB0 1ol o b 5B inli .
10% nor eb)pmfnemﬁhytheltﬁmscrtghedsfthé)ﬁaﬁo“ﬁ%(zmdasmmngeﬂﬁraefuelraﬁlwand lleﬁagli (Bhan

about 3% Th now r sc esubtatlall str r
strai ghton@%t‘é'?aéca °53é‘° tog L}gl}% ]?CH PFFfE W&%ﬂgf’&f"w!rﬁe

Nanow I &, thisaid Hatse dn@glﬂill@ u%hﬁai ra%iaﬁlclbﬁb t%@le l:ﬁﬂs}tzl&h;e(z@@ incl F Uopt € the
ratio of true length to actual end to end length. For a perfectly straight
nanowi r e, example, less than 1.5, less than 1.2, and less than 1.1.

The inorganic nanowires of the present invention can also be formed in combination with
other types of conjugate materials to form larger structures using, for example, multifunctional
scaffolds. Hence, the conjugate material is not particularly [imited to inorganic materials for
these larger structures and combinations of materials can be used. In general, it will be selected
for a particular application. It can be selected so that the virus particles can be subjected to
biopanning against the conjugate material, and then the conjugate material is selectively or
specifically bound to the virus particle. In some applications, selective binding can be
sufficient, whereas in other applications, a more powerful specific binding can be preferred.
Examples of general types of conjugate materials which can be used in larger structures include
inorganic, organic, particulate, nanoparticulate, single crystalline, polycrystalline, amorphous,
metallic, magnetic, semiconductor, polymeric, electronically conducting, optically active,

conducting polymeric, light-emitting, and fluorescent materials. Conjugate materials are
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this ratio will be one. In the invention, ratios close to one can be

achi eved including, for exanple, less than 1.5, less than 1.2, and |ess
than 1.1. The inorganic nanow res of the present invention can also be
formed in gqayBisadhen Wth other types of conjugate ”atr?:rr)TU?Lqﬁ B(Rm orm

| arger structures using, for exanple, multifunctional sca o{
conjugate material is not particularly limted to inorganic materlals for
these | ar&%énb%ﬁ rfﬁ'zﬂie'f' rf@?eﬁ&ﬂ;l& ‘iHTihb Bﬁ&ﬁt%ﬁll&floﬁﬁn@t&cﬁhﬁaﬂﬁ&aﬂﬁe 16%helal N
general, it wll be selected for a particular application. It can be

sel ect ed Belchenard eqyworkers sited groughp sPecHiatigibj ected to  bi opanni ng agai nst
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mat er i al sYIHiS E"&P"&‘g ﬂ&%g’&ﬁd "T'lgl"“bqe S@’f!f@ %’%ﬂ%f"ﬁﬂ‘ﬂ?{?ﬁm ﬁH’t“bL

organi c, ﬁﬂbﬁed:w mallwwlwsrﬂahfete&smuﬁgé at&mgﬁhs}kéﬂrm cﬂ@{anﬁfeyst al l'i ne,
anor phous met al magnetic, sem conductor, polymeric, electronically

conduct i nEENoOwjses tbmulgb oaentpd; eggregasiambased ﬁgfswbssym (lé, 19)iGlG- 2401 The smthesiad

PCTI Us2000 BURETE raniue; PREHAE Rl Rl iy iflrf il e, ity

publ i cat i ssndcondoktore @nfiacdCdS iahdthaill feromagdmegie IaHoysBéth land Fdhpklenmmzméser s

cited thrpo out t eclLfica m the esent.invention rel ates
to the ge gﬂ MPE&\Q ngﬁf%blgﬁsang*‘hefg%tyWa‘ﬁﬁcé EXJ%?'HP&“‘CP cluding
nanow reschaﬁa@aghc@muough gneliemb@dc IR0 doRthe to athaestihet@nkihodP@),thied Vvirus
scaffold for the directed growh and assenbly of crystalline nanopartlcl es

into 1-D apprasgiallowsdpr Bqeanatiy cantrl of erygfalpe f%cqndﬂwgpalﬁw i exideaadb| i es

into hig s Qi old? res through oriented,
aggr egat rkgggﬁﬁase {e@%l;st q%ﬁ%e\?gvta#c?ﬁ %@@WFFI G 2A). The synt hesis of

anal ogous nanowire structures fromf undarrent ally different materials, e.qg.,
the I'1-VI and and the L16 ferromagnetic alloys CoPt
and FePt, ng}{cweg#%‘}sg{% S[q%gaajcﬁaflgmrﬁ/ of the virus scaffold and the
ability to pr eftiepedsyntdHvEintion als@prowided metﬁbﬁsrcﬁfeﬁﬁlﬂg&he mrgtahrcemrkwmnﬁmm

t he

nodi fication. In contrast to qQther synth c net hods thi,s approach
all ows f o‘fFe %"éﬁ‘?ﬁﬁ’i‘ﬁe‘iwﬁbﬁ’ bg! owoelw&%mphse g@?ﬁawkdﬁ@tmw@twwmdps &,
oxi de, ang Snatth ? SR (1 ;dq,{q:g

Met hod of l\/a I ng llI;drlll?)l gﬁﬁ a?lNianovvl m&%@s}g’?g@ﬁ | nve%t’ lﬁtoglrngtﬁ des

met hods afresvedor mgterials foribe inordapicrmanawire; €2, providiog an gloagdted erganic m&‘nﬁt Mied in
the bel ow nor K N%nE SR IRkSSrecurl it BIR i the phSercd WP e s2iFdll BV foBES 2

nanoparticles, wherein the nanoparticles are disposed along the length of the elongated organic
scaffold; and (4) thermally treating the scaffold and the nanoparticles to form the inorganic
nanowire by fusion of the nanoparticles. In some embodiments, the thermal treatment is not
performed, and the method comprises the steps listed as (1)-(3) above. This method of forming a
nanowire can also be used to form a plurality of nanowires.

In these methods, the inorganic nanowires are described in the previous section including
the crystallinity, types of materials, size including length and width, monodispersity, and
straightness. Also, in these methods, the elongated organic scaffold is described above including
the viral system with its potential for selective recognition. These methods include situations

involving the substantial removal of the organic scaffold.

32



met hod of form ng an inorganic nanowi re conprising the steps of: (1)
providing one or nore precursor materials for the inorganic nanowire; (2)
provi di ng an el ongated organic scaffold; (3) reacting the one or nore
precursor Ry fjok/ad7sss N the presence of the scaffold to ?‘)ﬁ‘sﬁﬁg‘&fﬂ@'f“d es,
wherein the nanoparticles are di sposed along the length o e el ongated
organic scaffold; and (4) thermally treating the scaffold and the
nanoparticl es 'I‘hbiho«fmilohIitendt@migﬂaﬂlﬁlmhedlbymeyﬂemfiuailmﬂfmé Precursor
nanoparticles. In so %%Odi ment inst he thermal treatnent is not,  perforned,

and the nd@igals s RaNYIE & Eeagtion gnd the-preshesor mafegialgshomld of
formng ape &ﬁmweemme X301 RedetRshs apceifr@émﬁesmfvaaaw 1fon°@$ann%eéfa o%8rm | N

t hese net hods,” the inorganic nanowires are described in the previous section
i ncl udi ngthempropertickasalln # piefoyred embediment, thetteenting step compsistsrrcthemiioabreductignh and
wi dt h, rmn dlse n n.the

el ongat ed® or ré&g%og]s ?lé %reoﬁ}saﬁh g@{l@%gﬁ %éﬂ\?ﬁo?rlnﬁ{l:fnangp %‘glegﬁ%mgtggalf h’?gst em
withits ﬁ@mmd:;ahlcﬂarfosekmle ve recognl tion. These nethods incl ude

situations invol vgg%gé bst a tlal n#)val of the or c sc o 32 WO
2005/ 067683 PCH/ARS shmentihe nanapsic Bﬁaﬁ*?"ﬁa?aﬁ&% Qiamessy FOBY by
the type gfabb@A%iind andRfbré RtEH1AHYRERK 3 AR 18ab&itS Meﬂhéﬁnéﬁh?mléshﬁn ganow re.
In general, the reaction and the precursor materials shoul'd be conpatible

with the ewsaltine beforaadior afier lbathcmab@mmer dbe panopartielgs s0E fosed beforeandéort o
form the t

conpr i sestiit SRRy, kit BaRbE) & bRt eathePlky st tPobt BRuRBRLRR,
can be pr ehichmee mafispdptiocth dis: thermabtreatmeadts Thé ainophticles cartepaichied besot f or
exanple. In a preferred enbodi nent, the nanoparticles can have an average

di ameter 9¥¥out 2 nm to about 10 nm and nore particularly, about 3 nfm to

about 5 rim The t@ﬁﬁ&ﬂ@fémﬁltm&mth&ma@w&heﬁtlst@%éoﬁ@mc@aﬂﬁ Ghited b@" the
e nanoparticles can be fused before and/ after

thermal treatin

thermal t mamec?npenm orpthg pscurson aterigle psed jang the material ofhg figalmaneyvire, ort he
nanoparti f e
nanopar t i 2yeibte, et B erdlhes d EfneRliehi ol il BSLAMS o 6LRRRbreg FD
t he ther nsaallectmga:m]x:ratur&t hmeacrel teoipepainres afiabeut| 1}00‘1‘0 toi abegt leD.O"C carbewaed

dependi ng recurs e s _used a . of ,t.he final
nanowire. P‘é‘i?gfﬂiﬂ? ]?%‘ég% ﬁ‘?%e P@WB@’P&F& %aélﬁ eéﬁﬂ%ﬁrﬁaﬂ% A Pavi or of
the mat er joove GRRCATRIGWIRERIoRE arﬂculﬁfdggﬁéaltlﬂﬂ“Etﬁrmﬁfcﬁlaﬂﬁﬁtcnhl@ ueptiicle,
t enper atures of about 100C to_ a out 1 0C can be used Ther mal treat nent

can be usk persity,afihe nanowds gpd theidegtes of Tusign of te manepatticles sanbeatiasted by dbs ¢ o

temperature. In a preferred embodiment, the thermal treatment step can be carried out at about
300°C or higher, up to about 500°C. In general, and depending on the materials, lower
temperatures can be used such as, for example, about 200°C to about 300°C if more porous
nanowires are desired with less fusion. The thermal treatment step can be carried out at a
temperature below the melting temperature of the precursor material. The temperature can be
selected to achieve a desired crystalline phase which may be a low energy phase or a high energy
phase. If desired, a temperature programming step can be used to tailor the fusion of the
nanoparticles, the targeted crystal phase, and the removal of the scaffold, if desired. Higher
temperatures of, for example, about 500°C to about 1,000°C can be used to ensure the scaffold is
completely removed and burned off, Lower temperatures, for example, about 50°C to 300°C,
can be used to avoid removing the scaffold. However, temperature and time can be selected so

as to not result in excessive oxidation of the nanowires. The time of the thermal treatment is not
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renove the scaffold, tailored for a particular application with particular
materials. In principle, the porosity of the nanowi re and the degree of
fusion of the nanoparticles can be affected by the terrperature In a
preferred @ubgskddsas, the thermal treatnment step can bep at about
300C or hi gher up to about 500C. In general, and dependi n% on ﬁo“l%
materials, |ower tenperatures can be used such as, for exanple, about NOT

to about RERGlary linvited HIDEMUS, fonanoNplE, 39 nanﬁeﬂ@srznﬁdrswnpi&refaa§§mé iR aturd Ne
thermal treatnment step can be C%I‘I‘I edﬁg tenperature pel ow t he
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sel ect ed ﬁxﬁoﬁ‘ﬁﬁll@i’e‘ﬂu&n&'@ﬁﬂé fAmaiYSAAl inp ARG 8a 4l situdtl@ ener gy
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t enper at &h@sc&%al denprbid %%%@té%weseag ofhe @ffﬁgl (4)elisposing A NRBQVIES| v e
oxidatio Iy W not 33 WO
2005/ 0672)]383 PCT?D@E%OS% %é"l@g%lg??té}ﬁfs%aﬂ%ﬁtbl m te!‘(’jc Eﬁt cgﬁee%rg{nsf or exanpl e,
30 mi nut esswmposmn, laodi (3 tremtingf the ataﬁylded prscursonsempositien togfomn themandwire. tlheneral

t reat nent m article
fusion erﬁl ’%°&bq€4qeggﬁ@§%8 o%fa%f ?ﬁf%hasebdga%%eaﬁ%o 'ga%'s{)tfgblsﬁ?[?@&) #n t he
crystal sdnothet uﬁtﬁadxméht,ahepmm@durtmﬂtomﬁrhes thewiepbf msmgomebhﬂ&g site mtheaﬁﬁoff or

pr oduci n nan se of ongat ed or ganpi c, scaff npri sing
the step cha?fmfi‘)m Ei“% r éﬁ“‘ﬁ\“Snaﬁ %‘Sgrcfpaﬁ‘?ﬂed’ &oPF ‘Eﬁaﬁ’ﬂiﬁa Ponprises a
pluralit yel aéeae aﬁigsédffcﬂ?@ ah Rt EleN cipduitcldiknd Iatseﬁm%hmrtrmedmﬂt h of the
scaffold ang ing sites on at | east one end of the scaffold;

di sposi n¢¢ @mﬂbwndsctlvsmw%mmmmten@lnoraa b}ﬁl@glchlemoleﬁgic hThst scgﬁ%ald semffol d
to T orm 8, Seatd Al JRHRESSHIRE suGPITASIEE AR T NedinE Bl Ak WIS i86RLS O dod
precur sor c_orrp03| Ion FCAE NANOWA T &,

el ongat edreatngmbstep ssodebdridled imdataibhareinnFhesscaffsldatn betdmoyed or left ibthet. scaf f ol d.

In anot her engpodi the process further conprises the step of using the
bi nding site g%)gwge@tr’ﬂi’sof the scaffold to bind to another structure. The

ot her struct urfge aatbwiRs of & peesartRmRntic\@hbe liseddh an@R UEtkrét gaminerckgal f ol d, an
el ectrode, a circuit elenment, a sem conductor, material, an electrically

conduct i \ﬂ@ph@tlemsb same of whiehwe netedabeie; ipludipg the cifed p@igmtéﬁph%p@% andin ththe
scaf fol d ﬁefé}&c@mﬂe & &ﬂ%%&ﬁ@mns frhyﬁrfﬁdwﬁes SR 138, Forxhfn

substrate. e treating ste her treatment 'step agieﬂescri bed
i n det ai laphkisagpms. reqﬁlnngdedmcﬁl domhmtnbty ar aericentiuotivityedt the manaseale. The large

surface area to volume ratio of nanowires is advantageous for applications, such as, fuel cells,

thin film batteries, and supercapacitors. In some applications, a single nanowire can be used. In
other applications, a plurality of nanowires can be used, whether in a parallel or crossed manner.
In general, organized arrangements of nanowires are advantageous. In some applications, the
nanowire can be surface modified, doped, or otherwise modiﬁed in its material structure for the
application. Modifications include both chemical and biological modifications. Microcircuitry,
nanocircuitry, macroelectronics, photovoltaics, solar cells, chemical and biological sensors,
optical components, field emitting tips and devices, nanocomputing, nanoswitches, molecular
wire crossbars, batteries, fuel cells, catalysts, very large flat panel displays, tiny radio frequency

identification devices, smart cards, phased array RF antennas, disposable computing and storage
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V. Applications The nanow res of the present invention can be used in many
different comrercial applications, sone of which are noted above, i ncluding
the cited patent applications, and in the cited references at the end of

the speci f iwPdohHfkreg3Ne nanowi res can be used, for exarrp%,gT kfdos;ARPL1 cations
requiring electrical conductivity or sem conduct lvity a IH nanoscal e. The

| arge surface area to volune ratio of nanowires i s advantageous for

appli Cat | pnGonist bihdiSale bi%ha baie tros bar hdHorddnletd BRIRE £5ys, 3th density data

super capaci g7 Tn"sSone ap ations, a singlfe nan
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paral l el or cros e | n _general anj z nts of .nanow res
are advarlPag¥eRs ’ﬁ‘r‘@gﬁé‘n%ﬁﬁs@ foguctive ﬁ&ﬂ’e ﬁ?ﬁ(ﬂ*dr%e}: e, 9 figgdss. p-

modi fi ed;. nctﬁ@&@ LEIos, ehdEipYlas@arBR DS, I 1etholwived £ mﬁw@he&immshﬁmserfo@r the
application. Mobdi fi cations include both chenical and bi ol ogi cal

modi f i catdewines, suh@p elestranis, opipelectranin glepteerhemigal, pudelenttomechanidab devices. A
phot ovol tgjfsyan ré‘EanCc%hhéct %181%@1% ﬁgA %ﬁfh‘é b9k 'o?%m%&?& &f&?uems%?hér&% es

conponents,” field emttlng vices, nanoco nanosw t c
nmol ecul arcan mnnectelmtsarFsr e)hat;ﬂaglalfelsi, effecittansisiot écwmh&y goatpsise naroym&eahge f1 at

panel radip fre I dentification devices, smart cards,

phased aﬁ’BM@ﬁalgL?‘éﬂ © Wﬁ%gﬁ& e conputing and storage 34 WD 2005/ 067683

PCT/ US2005/ OOQ%Ecanehsa@ftdaﬁme@ ar@@d@&ﬂfeﬁhﬁ fodxa@mBREY.S. phtestapPRdation

nanostruct ures, biosensor arr% gga(y density data storage, field effect
Ehed Mayt

transi st oublicatipming.R803/0R89899 ¢ 13 2008) ﬁ?ﬂ*’éﬁalo‘fnddﬁﬁp‘il?c&fl ons for
h | ud f
the nan%%ﬁg’ ﬁégﬁi’éﬂ‘éc?%rlﬁgsltcﬁ?,o%gfsf %@&é@gﬁg? ﬁn}é aﬁﬁ%l:@fltﬁ)ﬂ‘?@ﬁe?eﬂ ¢ ude, for

exanpl e transi stor Nanowi r es
can be i nmmmmat@d ladreffmemeim iunnﬁmtyhfcludﬁrg\itscdes:npsmhf deyice$ made fiomc,
and el ectr al devi singl e

D ot + s, AdERORS GRS orRaioutres BBl 18 exfitls TS pllrt S g et <

of nanowapgiscatiGpublieatidacio. 2008/0200821 (pebiliskedcORbIr 23, F008) © 18éHee 6t al tanansi st or
device may conprise nanowres in, both a parallel and crossed ar rangenent .

Appl i cat iRsHdGeBRNQFSHS FOFPINSS @fhefégwr%aratq# berefFrees@alﬁmsénm@tys
app! | cal bRicalilorG M&sa&dem\%gpﬁﬁgg B 05! S apiiatch publidition 8, L1 eber

et al. I nclude, Tor exa ect transistors, sensors, and

| ogi gat2632/0b3r0€;|53 hxubhqha«ﬂ)ScManb@dS'; 2003 ptodligber ctmicanpomdm@diewesrmclunn@h n
its entir incl ng i esc oV, f anQw res.
adct £ onBrtepR B ARl dkiedds A0l Phl W RlarO% driopR Se dOMRARHY 1 55

pat e )nt apznh;igea’ur Smfatermb]bphgatdn@mlbn?tma ﬁaiﬂwZ/Pmei) (}ﬁllbhbh&ﬂfmfguMﬁM) @3,
2003) to_Lieber_ et al an I nc e._napo e .Cro p0|nts ch is
ncor por Me0ar Bl AR BeliE Bancsensot for el Snd kielrgied) dajection. Tn adifon,

applications for related nanorods are described in, for example, U.S. Patent Nos. 6,190,634;
6,159,742; 6,036,774; 5,997,832; and 5,897,945 to Lieber et al. A number of literature
references teach applications of nanowires and related technology, such as Choi et al,, J. Power
Sources 124:420 (2003); Cui et al., Science 293:1289-1292 (2001); De Heeret al., Science
270:1179-1180 (1995); and Dominko et al., Advanced Materials 14(21):1531-1534 (2002),
which all of which are herein incorporated by reference in their entirety.

Of particular importance for this invention, the scaffold can be used to direct the
nanowire to other structures so the scaffold is an active scaffold rather than a passive scaffold.
For example, viruses can be conjugated with one-dimensional nanowires/nanotubes, two
dimensional nano electrodes, and microscale bulk devices. One-dimensional materials, such as

nanotubes or nanowires, when conjugated with the pIIl end of M13 viruses, may form phase
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applications of nanowires are described in, for exanple, U S. patent
application publication no. 2002/0130353 (published Septenber 19, 2002) to
Li eber et al. and include devices with chemi cal patterning and bistable

devi ces. A¢d fobomaészappl i cations of nanowires are descrb%g%}@s @
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o, LG4 57 PO Bl SO, ket prpctie (1
or gani zatimpregodted im&sibemnbgrfmther functionalizing the viruses to bind regents or signaling

elements.

Additionally, multifunctional viral based arrays can have uses in tissue repair where one
part of the array selectively binds to a tissue type where another part can nucleate bone or other
structural bio-materials. Additionally, catalytic nano-structures can be developed by controlling
elemental identity and geometrical arrangement of molecular catalytic moieties.

The exploitation of the self-assembly motifs employed by the M13 bacteriophage to
produce a biological scaffold provides methods of generating a complex, highly ordered, and
economical template for the general synthesis of single crystal nanowires. By introducing
programmable genetic control over the composition, phase and assembly of nanoparticles, a

generic template for the universal synthesis of a variety of materials can be realized. Further
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di mensi onal objects is also possible. The role of the M3 virus will be the
specific adhesive unit to self-assenble nultiple different objects in
periodic patterns. The engineering ability of the ML3' s various proteins
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WORKING EXAMPLES

The present invention is further characterized by the following non-limiting working
examples including Figures 2 and 3 and description and discussion thereof. One skilled in the art
can use as guidance Figures 1-3 in the practice of the present invention which provide an
introduction to the working examples.

Figure 1

FIG. 1A illustrates the nanowire synthesis scheme or the nucleation, ordering and
annealing of virus-particle assemblies. FIG 1B shows the symmetry of the virus. The symmetry
allows for ordering of the nucleated particles along the x,y, and z directions fulfilling
requirements for aggregation based annealing. FIG. 1C shows the highly ordered nature of the
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anot her exanple, am no acid oligoners with specificity for a specific

I norgani c nol ecule may be expressed to bind the inorganic nolecule to

i ncrease the efficiency of a chemical reaction. In still another exanple,
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post - anneal ed ZNnS viral  nanow res. shows Dar k- f1
Di f fract i[6¢L}aoms mmreferra@ prigntasiontolf éwpmocwsnﬁémre@e vznlselsplat% rhhg sleplgomt he (100)

e | ot | Qe D biferd ) BLHRISAN Ms ARl pd B LR il e

nanocrysta ast st ens rom S
di f f r act isaple@rediis ecnmposddef manyaﬁho@isteﬁé Gh@@clﬁhiomggms fhbt thahimnectystals ohhe
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2B is a Bright-field TEM image of an individual ZnS single crystal nanowire formed after

annealing. The upper left inset of FIG. 2B shows the ED pattern along the [001] zone axis shows
a single crystal wurtzite structure of the annealed ZnS nanowire. The lower right inset of FIG. 2B
is a low magnification TEM image showing the monodisperse, isolated single crystal nanowires.
FIG. 2C shows a typical HRTEM of a ZnS single crystal nanowire showing a lattice image that
continually extends the length of the wire, confirming the single crystal nature of the annealed
nanowire, The measured lattice spacing of 0.33 nm corresponds to the (010) planes in wurtzite
ZnS crystals. A 30° orientation of (010) lattice planes with respect to the nanowire axis is
consistent with the (100) growth direction determined by ED. FIG. 2D HAADF-STEM image of
single crystal ZnS nanowires, which were annealed on a silicon wafer. FIG. 2E shows HAADF
STEM images of CdS single crystal nanowires. FIG. 2F is an HRTEM lattice image of an
individual CdS nanowire. The experimental lattice fringe spacing, 0.24 nm, is consistent with

the unique 0.24519 nm separation between two (102) planes in bulk wurtzite CdS crystals.
Figure 3
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[ 0011 zone axis preferred orientation of the nanocrystals on the viral

tenpl ate. The electron diffraction (ED) pattern (inset of FIG 2A) shows
single crystal -type behavior, even though the sanple area is conposed of
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of the virus and is the origin of the ordering of fusion peptides in a three-dimensional structure

(fig. 1B). Computational analysis of peptide expression on the capsid of the virus revealed that
the nearest neighbor peptide separation stabilized around 3 nm at and above 20% incorporation
(fig 1C). Consequently, high incorporation of the substrate specific fusion peptides is not
required for complete mineralization of the virus to occur. Tri-functional templates can be
realized through further genetic modification of the proximal and remote tips of the virus
(specifically the gP3 and gP9 proteins, 22) which can be used to push the current system to
higher aspect ratios and introduce materials including materials such as, for example, noble
metals, semiconductors, and oxides to assemble functional heterostructured materials (FIG. 1D).

Mineralization of Scaffolds
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FePt wires and shows the crystalline nature of the material. Engi neering M3
Bact eri ophage The ML3 bacteri ophage used in the working exanples is a high
production rate vi rus (200nmg/ L) conprised of five genetically nodifiable

proteins ( 2@,9 " gene products (gP)-3, 6, 7, 8 a ch 2700
copies of t F{§ prote| n forms the capsid of the wild ?’%g’s\%@%’ﬂ@m e gP8

protein was genet ically nodified and expressed using a phagem d syst em

resulting in Mﬁ%rﬂ&aﬁ’én 611tBe zﬁ@&id@dsﬁsy@eeﬁmﬁwbd@ﬁaédcﬁlsﬁ previbiigy Pt £7,Typus of
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t enper at uﬂ)éslelgbbprwcnmc@smﬂﬂaﬁwfp@rwmaépf @‘ﬁ tesplath &vap derred yserderdo dor ng

nucl eati o ation of

nucl eat edgné\ng%?yst agw\g\ﬁ't‘ﬁ-le?&ei@gg@?ﬁg g”‘ﬁg“—ﬁ)%g %%@%ﬁﬁbﬁggﬁlﬁﬁ& Prior to

anneal i ngremawaltcfitheeorZangs ma@nﬂdsy'ﬁa@?&(ﬁ@)swhicb CQBeﬁomde)i tcgﬂmmnmnun he virus

surface were | cl.ose and efere I |l epte th 0011

di rect i on**SREe Otlsf6'5§? ea “’58?%%%"8{“&#&} bquﬁﬁé‘“ﬁ‘r ayﬁ PHLf‘HFP Mion,

which is sipRigtaaterhial hgoepn Diffraction (ED), High Resolution

Transm ssi on EI ectron fM croscopy (HRTEM, H gh Angle Annular Dark Field
skammationofianowires,

Scanni ng Tran I8h M croscopy (HAADF-STEM, and Dark-field
Diffraction-c éfflﬁe%ﬂﬁ dlizédVinke s(%’é}ﬁ ﬁ%&b&bﬁ%@éﬁ%{a@d fﬁrﬁ virus
were likely pr‘gﬂegﬁge romr lu5| nl Y Iﬁ.n tial synthesis condi tl‘{;ﬁs

li kel y dumelting pemﬁﬁﬁﬂéOO“@)taH@N@ the polmgyaaﬂle@wembhesﬁm&rmesur@mwtdg pepti des,

and t her exﬁa%rognr{ase &Brvfns nano&nres, eﬁgﬂltﬁlstn?bl}@%ﬁ \&?%&?%6-@5@ mg,e for E:%s nglliowues,
length distribution was about 475-500 nm; the diameters for ZnS and CdS nanowires were about
20 nm) through removal of the organic template and minimization of the interfacial energy (27)
(fig 2B, E). ED and HRTEM revealed the single crystal nature of individual nanowires that
inherited the preferred orientation seen in the precursor polycrystalline wires through removai of
the grain boundaries (28, 29) (FIGS. 2C and D). The [100] direction and (001) plane
orientations of the observed ZnS nanowires where consistent with common elongation directions
for II-VI nanowires, even though these are thermodynamically high energy planes (FIGS. 2B and
C; 14, 30, 31). HRTEM of the single crystal CdS nanowires revealed a lattice spacing of 2.4 A
that was consistent with the unique 2.4519 A separation between two (102) planes in bulk
wurtzite CdS crystals (JCPDS #41-1049). The 43.1° orientation of (102) lattice planes with
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single crystal nanowi res. Thermal analysis of the virus-particle system
showed conplete renoval of the organic materials by 350C (25), which
corresponded to the mninmum tenperature observed for the fusion of adjacent
particles Ry Jfshswks h annealing performed in situ usingauhhRihRbs St age
(26). Fornmtion of Nanow res Annealing of the mneralized Viruses at
tenperatures below the ZnS and CdS particle nelting point (400-5000)
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and m nim zat i%%g"%% mt"L o0 a WII".'@rgy (27) (fig 2B, E). ED and HRTEM
reveal ed t he $fxteydingche atustdirated synthesisiappioadhdo she famoroagnetis L hGoPt and FePti t ed
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PCTI Us2008/is0ies ex‘i‘&%‘{’fe‘éﬁ SEicopquctii, siefes Wé’%'ﬁ%‘?cﬁf?&’&pg aﬁfﬁﬁ%ﬁ Feanowi r e
was el ongpbRebR!te 8 gadghof id@tials, itk Bt ified dEculagah Prodacibg hgchum@, wirtzite
structure (FIG 2F). Formation of Ferromagnetic Nanow res tendi ng the

vi r us- di raystallineetallie andmagpsitic ganpvirss inkies andmedame(33 L10 copt and FePt
systens was C@cﬁétﬁﬂl%%ﬁﬁgjé%re&@é%ﬁfsrati ng both the diversity of applicable
mat eri al s and re € echnol ogi cal issues regarding the ,
devel opnent ofThe Mi3danterieptmga vasmgdified by fusmigeither the CPY £oPhspecifit boFRI2

magneti c erial s qof, the chem call rder.ed 0 ~phas ve been of recent
i nt er est %’gtsﬂe‘c‘)‘%f ﬂ‘éﬁc{'rdeﬁ‘?qaltlhccvd'élrs E?Rﬂ%/ﬁ“?eég?%?gh%gg?tomgggg%mrgﬁ?s “Hd i nherent
magnet i C achigvddolis ¢ ¥hénmpalireduttion 6f methl preduk@h s418 s thie resemeoffigPY mzadied (32) .

Al though synthetic routes such as VLS yield exquisite | -D sem conducting
st ruct ur edrusssd 1R shancplingoftagpssempblics é%%sr% promotedthe gropsh pEcrysalling GoRje of

mat eri al Sq pehthalidWites' R A 4 ir?imﬁd:e(ih‘it WefeSurtifOrd? Er%%l:t@ﬂ(sl*ohﬁhﬁgfr%#.i The

crystalline netallic and nagnetic nanowres in free standin orm (33).
crystalline nature of the wires can be seen in the selected area ED pattern, which also shows the
characteristic (001) and (110) L1, peaks, and by high resolution TEM lattice imaging (fig 3C,

D). The (111) plane perpendicular to the long axis of the CoPt wires with a lattice spacing of

2.177 A was in agreement with the reported value of 2.176 A, and again confirmed the highly
crystalline nature of the material (fig. 3D, JCPDS #43-1358). The persistence of the L1, phase,
which is kinetically accessible above 550°C (15), was attributed to the propensity of particles to
maintain their orientation during aggregation-based annealing.
Nanowire Design Simulations

' The invention including the working examples can be further understood with use of
simulation methods. For example, Monte Carlo simulations of the A7 constrained sequence
resulted in a 21% decrease in the standard deviation of backbone dihedral angles upon transfer of
the peptide from isolation into the capsid environment, demonstrating the rigidity imposed on the

fusion peptide (35). Ordering of the nucleated particles with regards to preferred
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Genetically Engi neered Scaffolds The M 3 bacteri ophage was nodified by
fusing either the CP7 CoPt specific or FP12 FePt specific peptide into the
virus capsid. Nucleation of the CoPt and FePt particles was achieved via
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imaging (fig.3 A T (111 Iy r..ile.t | ong_.axi s of the
Copt i O P e sl al bl o8B BERRLELLS hars Rt of PR, ° e
reported reqlitements of tht Aggrgativnchasghbdrstal @adwih meedhdnliven (U4ghAlthouphyattialesi ne
O e ek 5petot 8 Do o G o Gbiereos ) Svegb b oy 5 °
the propepgibdrystslé sRAld fofated atdﬁgt thprferrtd cry RSH Sgralihi S ldtiBR afltkfdd with the

aggr egati on- based anneal I ng. now re Design grrul ations The 1 nvention

i ncl udi ngmajbetywo midindgzechotinib dngerfasial ped grainttioundamnensrgico@d, 36, BH). use of

si mul ation met s. For exanpl g,.. te 0 simyl atyi on he A7

constrai ned séﬂc@érﬂ!’gﬁ%@'ﬂfi’g@dﬁ}a};%ﬂ% fﬁi}?@elgrsee\g@ O?Hw&%%“g{ogﬁagﬁd devi ati on
of bac Ebone diA&&dﬁg{ makigh esd Waﬁ‘ibﬁﬂeﬁl_ﬁfdirﬁénrt]s bfttke p;gﬁ&nt ﬁx_@eritfo@rﬂéé diﬁﬂu@éﬁﬁon
into the capsjd,enyvironment, denpnstrating the rigidity inposed on the

f usi on pe‘B?‘F‘HE" ft3all be @’Rf&?li’tﬁ%g@?&’? RESSERL &V %HOé'cPrg‘a&%Si rewsapaﬁqaﬁleﬂew% to

pr ef er  ecofide MG AQASH 066G ReF B HIZORRHINARIS C Sk THRIPAPE GnitaiBlat i on
along the length of the virus was beliéved to be a result of the stability
of the pedischssed hereingine marely ilusteafiveref sppcifie waystoungkg and yse the Invertionaandsloy st al
ordering n&?ﬁ]r}m&gs %o?hﬁ%@en%ﬁ(ﬁal nature of the anneal ed nanow res by
sati sfying e orientatiton ‘requirenments of the aggregation-based crystal
growt h mechanism (14). Although particles exhibiting orientations not
coherent with that of the majority were to be expected, these mnority
nanocrystals should rotate to adopt the preferred crystall ographic
orientation and nerge with the nmajority to mnimze both the interfacial
and grain boundary energies (31, 36, 37). Additional experinmental details
can be found in several of the below footnotes. Although maki ng and using
various enbodi nents of the present invention are discussed in . herein, it
will be appreciated that the present invention provides many applicable
inventive concepts that can be enbodied in a wide variety of specific
contexts. The specific enbodi ments
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di scussed herein are nerely illustrative of specific ways to make and use
the invention, and do not delimt the scope of the invention. 42 WD
2005/ 067683 PCT/ US2005/ 000075 The foll owi ng references are not admtted

prior art Qu§,06008788 used to guide one skilled in the ?é"f’m% 05%6?0 -Rpractice
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their entirety. 1. R de Picciotto, HL. Stornmer, L.N Pfeiffer, KW

Bal dwi n, K W fd1 1K, d % ang,
G Wang, X pane Rllonig Pﬁf/@slfrgtn pladuld) ]ﬁ??fia'(tgm °"§‘%@%e"*"_€5‘a§2ﬁgsﬁle&h

Sci ence Aoeart msg%premﬁ thezpresant ipyensipp, anéalso @enncorpasated heripibynefereagein 208"
(1998). %%nup%mna E. C Scher, A P. Alivisatos, J. Am Chem Soc. 122,
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D. Stucky, D. E. Morse, Dem ng Nature 403, 289 (2000). 8. J. D

Doug as. M vauRpd R P%%éss%% PGB Ryl ks W ekt Matare 41 Inano

Lett. 3, s4¥8001%003). 11. S. Lee, C. Mo, C. E Flynn, A M Belcher, Science
296, 892 (2002?z 12. C. Mao et. al., Proc. Natl. Acad. Sci. USA 100, 6946
(2003) i ncl ud2ng- Navgokt5hene.Gldang G ‘é’mﬁ Sanp (Hiems Riwr. beth 36334y2092).t he

PNAS web S|te W E. Gazit, Science 300, 625
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4(6): 1127 1132 Descri bes a new sEnt hetic strategy which utilizes selected
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approach uses an aquedu room ténpé re approa

9. T. Douglas, M Young, Nature 393, 152 (1998).

10. E. Dujardin et. al., Nano Lett. 3, 413 (2003).

11. S. Lee, C. Mao, C. E. Flynn, A. M. Belcher, Science 296, 892 (2002). -

12. C. Mao et. al., Proc. Natl. Acad. Sci. USA 100, 6946 (2003) including supporting text
information published separately on the PNAS web site, www.pnas.org.

13. M. Reches, E. Gazit, Science 300, 625 (2003).
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19. C F. Barbas IIl et. al., Phage Display, A Laboratory Mnual, (CSHL
Press, New York, 2001). 43 WD 2005/067683 PCT/ US2005/ 000075 20. C. Gao et.
at., Proc. Natl. Acad. Sci. USA 96, 6025 (1999). 21. P. Malik, R N Perham
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34, CoPt wires where synthesized by the interaction of 1mL of CoPt specific viruses
(10" phage/mL) with 0.5mM CoCl; and 0.5mM H,PtCls in a 1:1 ratio. In the case of FePt 1 ml
of phage (10'? phage/m1) was mixed with 0.01 mM FeCl, and 0.01 mM H;PtCls. These mixtures
where vortexed for ten minutes to ensure mixing, and 0.1 M NaBH, was added to reduce the
metals forming the desired nanoparticles. The CoPt and FePt systems where applied directly to
SiO TEM grids and annealed under forming gas (5% Ha) to prevent the onset of oxidation for 3
hours at 350°C.



metals formng the desired nanoparticles. The CoPt and FePt systens where
applied directly to SiO TEM grids and anneal ed under form ng gas (5% H2) to
prevent the onset of oxidation for 3 hours at 350C. 44 WD 2005/ 067683
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prot.ei.n structure obtained from the Protein Data Bank
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ZAP ( Opemngbyen iftorpendtiohiperc&athgendlihe peptiie. inddrts Flore, mdédele.in heampsid knvifdament Mag.

W G beovsmapani ShasshaftMrSRO oo ) MOBRG,ERRA 48 el Cifyendfy
Par Kk, Y. New H&RA] CT,000£) with@6lvernt-effbkts addotmed foPby the PIRR6n-BBitzndann toblkid S. C.

ICT,
and Lee, Y. H (2001) Supercapacitors using single-walled carbon nanotube
el ect r od AP (Qpgalivectriontifie Spiwared3( 7) : 497-500. 39. Bonard; J: M, Klinke, C.,

Dean, K A a BqF 3 dag i ailure of carbon
nanot ube fi el ggeﬁo‘?lltl%g{ss ‘%H‘(y%%%a hi é\%ijagwﬂé}:'q%o%gg%gs d Matter and Materials
Physi cs 67(11B7. Ml ¥48don] V6 Ghely, AC. YahgRy S. KverBdckahdMMBibsch, Appl. PAROLA.73,

Lowterrpsé&fars catal ytic gromh of P-Ga203 nanow res using single
or ganone &' ecursor. J. Phys. Chem B 108:1838-1843. 41. Flynn, C E.,

Lee, S.-W, Pgglhg, KB KindWl Sepshier, S, A, Y. 200%k, SiMUcatin@D. \CS/Bagl B8S]., for
growt h, organi zation and assenbly of materials. Acta Materialia

51: 5867- 38805. G and Bpes dnflo dd001) . Supeisapasitors @sing sigglg-walled sarbomnagotybggg1)

Regul at i i Piarteri i1aphkage | ength by nodification of

el ect ros?%’f?%:de%'n%giggg% | ontsmgfg?\?\gfgﬁg‘ggg? protein and DNA. Journal of

Mol ecul ar Bi oB#gBoidJ 2803~ Rlitike, £3 Dedo,d ks end CollB.F. (2003p Degtadition adding, J.,

ot uct ur PSR ATBSBHNE A AREE LA icH Gevi it Comaird Haher srdiervinino. a4
Hu, J., |Anysibs-6781); MEUeNB408. , Manna, L., Wang, L.-W and Alivasatos, A P.
(2001) 40. Chang, K.-W. and Wu, J.-J. (2004) Low-temperature catalytic growth of B-Ga203
nanowires using single organometallic precursor. J. Phys. Chem. B 108:1838-1843.
41. Flynn, C.E,, Lee, S.-W., Peelle, B.R. and Belcher, A M. (2003) Viruses as vehicles
for growth, organization and assembly of materials. Acta Materialia 51:5867-5880.
42. Greenwood, I., Hunter, G.J. and Perhan, R.N. (1991) Regulation of filamentous
bacteriophage length by modification of electrostatic interactions between coat protein and DNA.
Journal of Molecular Biology 217:223-227.
43. Gudiksen, M.S,, Lauhon, L.J., Wang, J., Smith, D.C. and Lieber, CM. (2002)
Growth of nanowire superlattice structures for nanoscale photonics and electronics. Nature
415:617-620.
44, Hy, J.,Li, L.-S., Weidong, Y., Manna, L., Wang, L.-W. and Alivasatos, A.P. (2001)
Linearly polarized emission from colloidal semiconductor quantum rods. Science 292:2060-
2063.
45. Keren, K., Berman, R.S., Buchstab, E., Sivan, U. and Braun, E. (2003) DNA-
templated carbon nanotube field-effecct transistor. Science 302:1380-1382.

45



Li nearly pol arized em ssion from col | oi dal sem conduct or quantum rods.

Sci ence 292:2060- 2063. 45. Keren, K., Berman, R S., Buchstab, E., Sivan, U
and Braun, E. (2003) DNA- tenpl ated carbon nanotube fiel d-effecct

transi stor (gdo £3302: 1380- 1382. 45 WO 2005/ 067683 P 075 46.
Kuykendal | , %’guzauskle P., Sangkwon, L., Zhang qé@%@’ggé"g@g . and
Pei dong, Y. (2003) Metal organic chem cal vapor dep05|t|on mute to GaN

Nanowi res w t hig, Mdya&gull,ar Bmmk&eztSmgkwoﬁ;ldndmhges'sGatd&rg&mamaOGG 47.

Kuykendal I T., Zhang, Y., (ol dber Sj r bu] y, D.,
Denl i ngerPeidpng, ‘éna?%ﬁ’%]g’let rg?“?ﬁﬁhﬁm‘@ﬁygi’%df’wf@ﬁﬁpge REWHEs with
hi gh- densgihy, Hdsb‘E@cﬂbﬁsr |moﬂ§fbpy\g(g 106ALT08Y.S - Nature I\/aterl als 3: 524-528.

48. Lewenste C, _g T. bayrol, A., Nagahara, L.A. and Tsui,
R K. (2002) +4|7giKl-5‘{k€1ddll JE@tzmhlepP 3o 8henst Y o Goldbetpen, Jn Sirbelyds Denlinger, J.

pre pat tern C e n 4 Solis,
Rei 6% %‘daggtf &Q@‘ﬁt gﬁ'ﬁgﬁoé&ﬁ“ ¢ ﬁﬁgxgﬁé@f)}ué cie %@ﬁﬁ? E%igw.’}gow&or gi ou,

G , Ivermys B\farandmehal@efszwm (2004) Virus-based toolkit for the

directed synthe s of em canduct i Nanowi I enc

303: 213-217. 36: F&ﬁf‘é% ‘kAl' ﬁﬁgg‘w& g &ag{l%%g) g@%‘v @062

met hod f qfnfh%lé YN RS b}%cé?xfxcnt 6f B dah&ﬁbé%ﬁ‘p?&ﬁ&téﬁ{eﬁ rcle@ﬁfﬂ&‘éﬂ N%Letﬁ% ence

279: 208- 21 51. -Murakam , H., H rakawa, M, Tanaka, C and Yamakawa, H.

(2000) FiAp48m4ési on fromwell-al i gned, patterned, car bon nanot ube
emtters. Appljse hysi t 6g Tl % Peel | e,
B.R, Lee, S - ﬁj“zli‘J*rE’déBesﬁ ?‘Ier} liéliﬁ’ E%O%étf&@het ) cSa dr vén élés-s[en‘bl y of
nanor i ngZG&ha@ed, @nlvhhen,m.and/gﬁlaher NMO(Z@UIé)eNkuél—bﬂs)ed ?aﬁﬂlaﬁforﬂﬁ:.dd)ﬁaedH TI Han,
J., Yanmada uyen, P. e Y.P. an 2004 Singl e
crystal nﬁﬁ@ﬁﬁlsf%‘l\'%%ﬁ%ﬁ‘"c%’}d ¥H mngaww(%h@éwgﬁ?ﬂﬂh i stor. NanoLetters
4(7):1247- 1253, Nedtale$IA. MSan]d Lieb&e0M. Of998)thmr ablatlon%@tﬁ&ﬂﬁrtﬂésyﬂﬂglszﬁou

O (2003) Roomterrperature fabricati on of 1g -resol ution carbon nanot ube
fi el d- em wystallinesgmicondudiyr napewiressSaientse ¢79:4%P1led  Physics Letters

82(15) 1 2521- 2533 MbakarH, Higakdva, 81, TASHk € Bhd Yinadwa, " 05000) Field drmission

Agr awal ,
from well-allgned patterned, carbon nanotube emitters. Applied Physics Letters 76(13):1776-

1778.

52. Nam, K.T., Peelle, B.R,, Lee, S.-W. and Belcher, AM. (2004) Genetically driven
assembly of nanorings based on the M13 virus. Nanoletters 4(1):23-27.

53. Ng,H.T,, Haﬁ, J., Yamada, T., Nguyen, P., Chen, Y.P. and Meyyappan, M. (2004)
Single crystal nanowire vertical surround-gate field-effect transistor. NanoLetters 4(7):1247-
1252.

54. Oh, S.J., Cheng, Y., Zhang, J., Shimoda, H. and Zhou, O. (2003) Room-temperature
fabrication of high-resolution carbon nanotube field-emission cathods by self-assembly. Applied
Physics Letters 82(15):2521-2523.

55. Rao, C. N. R, Kulkarni, G. U, Thomas, P. J., Agrawal, V. V., Gautam, U. K. and
Ghosh, M. (2003) Nanocrystals of metals, semiconductors and oxides: Novel synthesis and
applications. Current Science 85(7):1041-1045,

56. Savchuk, A. I, Stolyarchuk, 1. D., Medynskiy, S. V., Fediv, V. I, Kandyba, Y. O.,
Perrone, A., DeGiorgi, M. L. and Nikitin, P. I. (2001) Technological aspects of fabrication of

46



Ghosh, M (2003) Nanocrystals of netals, sem conductors and oxi des: Novel
synthesis and applications. Current Science 85(7):1041-1045. 56. Savchuk,

A 1., Stolyarchuk, I. D., Medynskiy, S. V., Fediv, V. |., Kandyba, Y. 0.,
Per rone, e i, M L and Nkitin, P. 1. (2001) Jechag jo@l aspects
of fobr) cal R b 067683 PCT US20051000075 TS rr‘%%@t?c

sem conduct or nanocrystals. Materials Science and Engi neering - Ansterdam

Then Lauss%ﬁlrﬁﬁagne% Q%iéon%ﬁlétégmﬁﬁcry%}s. PRIt ScSencband Eﬁ%ﬂée‘?ﬁn‘g ||- Amstdgpyr ey, - L.

and Westerberg, E g197 %%Phyy cal properties of thin-fiimfie
em ssi on Bunleuwgnes €H50p)#®8hum cones. Journal of Applied Physics

47(12):5248-6 , P I E\Tﬁﬁi, i a | em ng, L.,
Bennoune, K. Y?57 égiﬁllqg@%’ﬁgoggh}e’rﬂn@h?% ou, ‘gétglﬁ%ﬂvgﬁg%m?t}yog&m ectronic
st r uct ur geropdrticsiofi glin-filv ifickentissidrnentindecowitibmelybdetuar conee dJdwyndiliyR4pgiziience

288: 492-4&94._ 52 X\I} I '86655 K. A., Veenhuizen, P.T.M, de |la Tone, B. G,
Eritja, Thysisy & ;€ (2002) Carbon nanotubes w th DNA recognition.

Nat ure 420: 76kg qgn?g,g@-l&,lblfﬂl\‘./isnhﬂﬁhﬁ A.(SH88da, B FEmihpat., Betnotnd K ¢ Yiinka, § FEE

Spectrum 37-41. 4 1. An inor gani ¢ nanow re conprising fuse

i nor gani Bevardpalhiw Qeand Wug ¥nt(300) Kledronis stragteras psirgleraliedicarbon nanotubes
conposi ti i ?h R 3hieh . hior gani ¢ nanowi res according to claim1,
wherein t egenﬁgﬁg\%res a?%’%%?gg?%ﬁb?o be substantially nonodi sperse in

l ength. 3. A GOM¥iflianspK.A.pWpenhaizay PaE.M. aedd Tafe, B1G, Eaitje,CR.rand wkkesC.

accordi ng clajm1l, erel he nanow res arge substantially nonodi sperse
in widt h.@h&)ﬁgi’?wg%ﬂﬁ%%ﬁ FegogdIag, &ﬁ*ﬁgﬁ#@“i#ﬁ m1, wherein the

i norgani ¢ nan@gyl FeirleAPeRRE2009) GBn e TRAt Bulld ICidc(its, dORR K G rum 371418 | NOr gani ¢
nanowi re according to claim11, wherein the inorganic nanowire consists
essentially of sem conductor material, netallic material, netal oxide

material, magnetic material, or mxtures thereof. 6. The inorganic nanow re
according to claim1l, wherein the nanowire has a | ength of
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about 250 nmto about 5 mcrons and a width of about 5 nmto about 50 nm 7.
The i norgani c nanowire according to claim1, wherein the inorganic nanowre
is crystalline and the inorganic nanowi re consists essentially of

sem conductor material, netallic material, netal oxide material, magnetic
material, or mxtures thereof. 8. The inorganic nanowire according to claim
1, wherein the nanoparticles are oriented. 9. A nethod of form ng an

i norgani ¢ nanowi re conpri sing providing one or nore precursor naterials for
the inorganic nanowi re; providing m%t ed organic scaffold; 48
reacting the one or nore precursor s in the presence of the scaffold
to form nanoparticles, wherein the nanoparticles are disposed al ong the

| ength of the el ongated organic scaffold; and treati_nP the scaffold and the
nanoparti cl ds AlbinpigapicaROWIR$QyaRTIsinflsrdvinergary nangppigigles in ¢qpgact with an
nanopar(g'gé;,lice&a t3fd: The nethod according to 9, wherein the el ongated organic
scaffold”is sufbstanti ally renoved fromthe nanowire. 11. The net hod
according to claim9, wherein the elongated organic scaffold conprises
surface pept)jdes along the |.ength of hhe scaf f ol d. whi ch?dbi nd to tlhe
nanoparti cl €. E%PGFHE’WQF\RH&‘“ CElsPPR Nrerntg IAnAYETS eSOl eat i ng
step | Syigdin kiRthaRWirEYard Badléddt tode sabi@ihtiallPRondAsRPRUA 1ehg@O0C. 13. The

met hod according to claim9, wherein the €l ongated organic scaffold has
binding sites at both ends of the scaffold. 14. The nethod according to
claim 13, furt riSj i ni . er.i . t i .0 .a binding
site at one%éﬁﬁtc}&(;)r*llg (%ﬁ}énecﬁgﬁggﬁggp tle%%ragé[ﬁ}r%% Escc%%n%frg?&fgf&%gsc#% thd

accor diwig:rdin tiel rahowilds arebersaintiallyh@ommiispeisain wiitlanot her el ongat ed or gani c
scaffold. 16. The nethod according to claim9, wherein the el ongated organic
scaffold conprises surface peptides along the length of the scaffold which
bind to the NAMARMLAL Bhowht-ackffingho Aabl | AMRALRWS Kbiatiic BindvifAGE bfd C1 al
organi c scaffold inthe production 6f an i norgani c nafow re conprising
provi diargnaxe tiystalisadomsingi r us scaffold and an inorgani c nanowire precursor
on the scaffold, and renoving the filamentous virus scaffold to yield the

i norgani c nanow re.

5. The inorganic nanowire according to claim 1, wherein the inorganic nanowire consists
essentially of semiconductor material, metallic material, metal oxide material, magnetic material,

or mixtures thereof.

6. The inorganic nanowire according to claim [, wherein the nanowire has a length of’

about 250 nm to about 5 microns and a width of about 5 nm to about 50 nm.

7. The inorganic nanowire according to claim 1, wherein the inorganic nanowire is
crystalline and the inorganic nanowire consists essentially of semiconductor material, metallic
material, metal oxide material, magnetic material, or mixtures thereof.

8. The inorganic nanowire according to claim 1, wherein the nanoparticles are oriented.

9. A method of forming an inorganic nanowire comprising

providing one or more precursor materials for the inorganic nanowire;

providing an elongated organic scaffold;
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49 18. Use of a filanmentous organic scaffold as a sacrificial organic
scaffold in the production of an inorganic nanow re conprising providing a
filanmentous organic scaffold and an inorganic nanowi re precursor on the
scaffol d, converting the inorganic nanowire precursor to the inorganic
nanowi re while renmoving the filanmentous organic scaffold to yield the
inorganic nanowire. 19. Use of an elongated organic scaffold to control the
| engt h of an inorganic nanowire disposed thereon, conprising the step of
genetically engineering the scaffold to control the heggbh of .the scaffold.
20. A devi céeac‘fgﬂ% COMRGT HQTRTERTB ISP & AP AT IhE SOl O nanowi re

accor difafopaticl&s, #héfeih the ﬂ;ano‘p'micﬁ:@meqﬁsf@wai e 1efghl AithE elbhgawld @i ginit t he
device is field effect transistor. 22. The device according to claim 20,
wher ei ricefiddidadi ce is a sensor. 23. A segnented nanowire conprising a

plLural i1y ol SANGELEHAPHIRIL fubaPBON F6F nARERRIL ML A T or dE A

segnent ed nanowite conprising a p segne

nanow rmaepartidies. nanowi res conpri sing fused i norgani c nanoparticles on an
el ongated organic scaffold, wherein the elongated organic scaffold has
bi nding sites at both ends of the scaffold which are wused to bind to

anot her el ongatrgd ,RbERAMEordindtd 9! »ﬂherf ﬁ-the%?&g‘é&%?é&nﬁé RO iCddbihtalpher ein a

coefficient of variation in Fength of at |least 20" I norganic nanowfes is
| ess t hramo®dd fra0 the nanowire.

11. The method according to claim 9, wherein the elongated organic scaffold comprises

surface peptides along the length of the scaffold which bind to the nanoparticles.

12. The method according to claim 9, wherein the treating step is carried out by heating

at about 100°C to about 1,000°C.

13. The method according to claim 9, wherein the elongated organic scaffold has binding

sites at both ends of the scaffold.

14. The method according to claim 13, further comprising combining a material that

binds to a binding site at one end of the elongated inorganic scaffold.

15. The method according to claim 14, wherein the material is another ¢longated organic
scaffold.

16. The method according to claim 9, wherein the elongated organic scaffold comprises

surface peptides along the length of the scaffold which bind to the nanoparticles.

17. Use of a filamentous virus as a sacrificial organic scaffold in the production of an
inorganic nanowire comprising providing a filamentous virus scaffold and an inorganic nanowire
precursor on the scaffold, and removing the filamentous virus scaffold to yield the inorganic

nanowire.

49



18. Use of a filamentous organic scaffold as a sacrificial organic scaffold in the
production of an inorganic nanowire comprising providing a filamentous organic scaffold and an
inorganic nanowire precursor on the scaffold, converting the inorganic nanowire precursor to the
inorganic nanowire while removing the filamentous organic scaffold to yield the inorganic

nanowire.
19. Use of an elongated organic scaffold to control the length of an inorganic nanowire
disposed thercon, comprising the step of genetically engineering the scaffold to control the

length of the scaffold.

20. A device comprising an electrode in electrical contact with a nanowire according to

claim 1.

21. The device according to claim 20, wherein the device is field effect transistor.

22. The device according to claim 20, wherein the device is a sensor.

23. A segmented nanowire comprising a plurality of connected segments of nanowires

according to claim 1.

24. A segmented nanowire comprising a plurality of connected segments of nanowires,
the nanowires comprising fused inorganic nanoparticles on an elongated organic scaffold,
wherein the elongated organic scaffold has binding sites at both ends of the scaffold which are

used to bind to another elongated organic scaffold.

25. The composition of claim 2 wherein a coefficient of variation in length of at least 20

inorganic nanowires is less than 5%.
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