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5 BACKGROUND OF THE INVENTION

The research carried out in the subject application was
supported in part by grants from the National Science

Foundation, the government may own certain rights.

In biological systems, organic molecules exert a remarkable
10 level of control over the nucleation and mineral phase of
inorganic materials such as calcium carbonate and silica, and
over the assembly of building blocks into complex structures

required for biological function.

Materials produced by biological processes are typically
15 soft, and consist of a surprisingly simple collection of
molecular building blocks (i.e., lipids, peptides, and nucleic
acids) arranged in astoundingly complex architectures. Unlike
the semiconductor industry, which relies on a serial
lithographic processing approach for constructing the smallest
20 features on an integrated circuit, living organisms execute
their architectural "blueprints" using mostly non-covalent
forces acting simultaneously upon many molecular components.
Furthermore, these structures can often elegantly rearrange
between two or more usable forms without changing any of the

25 molecular constituents.



The use of "biological" materials to process the next generation of
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design materials that have interesting electrical or optical
properties may be used to decrease the size of features and

15 improve the control of, e.g., the opto-electical properties of
the material. Semiconductor materials are typically made from
zinc sulfide, gallium arsenide, indium phosphate, cadmium
sulfide, aluminum arsenide aluminum stibinide and silicon.
These semiconductor materials are often classified into Group

20 .II-Group V and Group II -Group VI semiconductor materials.

Organic-inorganic hybrid materials offer new routes to
novel materials and devices. The present inventors have
exploited the organic-inorganic hybrids to select for peptides
that can bind to semiconductor materials. Size controlled

25 nanostructures give optically and electrically tunable
properties of semiconductor materials. Using the present
invention, organic additives have been used to modify the
inorganic morphology, phase, and nucleation direction of
semiconductor materials. The monodispersed nature of biological

30 materials makes the system compatible for highly ordered

smectic-ordering structure.
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needed.

The present invention is based on the recognition that
monodisperse biomaterials that have anisotrophic shape can be a
way to build well-ordered structures. The present invention

20 includes methods for building well-ordered nanoparticle layers
by using biological selectivity and self-assembly. The
nanoparticle layers can be made of Group II-VI semiconductor

materials such as CdS, FeS, and ZnS.

One form of the present invention is a method for using

25 self-assembling biological molecules, e.g., bacteriophage, that
are genetically engineered to bind to semi-conductor materials
and to organize well-ordered structures. These structures may
be, e.g., nanoscale arrays of nanoparticles. Using
bacteriophage as an example, self-assembling biological

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

3
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Another form of the present invention is method for
creating nanoparticles that have differing cholesteric pitches
20 by using, e.g., an M13 bacteriophage that has been selected to
bind to semiconductor surfaces and resuspending the phage to
various concentrations. Another form of the present invention
is a method of preparing a casting film with aligned
nanoparticles by using, e.g., genetically engineered M13

25 bacteriophage and re suspending the bacteriophage.

BRIEF DESCRIPTION OF THE FIGURES

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

30 accompanying figures in which corresponding numerals in the

different figures refer to corresponding parts and in which:
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snectic alignnment of ML3 phages in accordance with the present invention;
Figures 10(a) - 10(f) are imges of the A7-2ZnS suspensions: (a) and (b)
POM35 mages, (T(UREM3 migeicfsl) phElei negegr(ie)ioFEMO i Meges raret e Ukt | imge
(with electron diffraction insert); and 15 Figures 11(a) - 11(f) are inmges
of the #M3°bdehesi bhhageRenareparti tPEBib? i m (a) photograph of the film
(b) schematic diagramof the filmstructure, (c) AFMinmage, (d) SEM i mage,
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present ;Lpyenthon Rfendigeussedehp detahtibel ow, it should be appreciated
that the present invention provides many applicable inventive concepts

that can be enbodied in a wide variety of
Figures 9(a) and 9(b) depict schematic diagrams of the

10 smectic alignment of M13 phages in accordance with the present

invention;

Figures 10(a) - 10(f) are images of the A7-ZnS suspensions:
(a) and (b) POM images, (c) AFM image, (d) SEM image, (e) TEM

image and (f) TEM image (with electron diffraction insert); and

15 Figures 11l(a) - 11(f) are images of the M13 bacteriophage
nanoparticle biofilm, (a) photograph of the film, (b) schematic
diagram of the film structure, (c) AFM image, (d) SEM image, (e)

and (f) TEM images along the x-z and z-y planes.

DETAILED DESCRIPTION OF THE INVENTION

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

25 are merely illustrative of specific ways to make and use the

invention, and do not delimit the scope of the invention.
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15 similar fashion. Of particular value would be methods that
could be applied to materials with interesting electronic or
optical properties, but natural evolution has not selected for

interactions between biomolecules and such materials.

The present invention is based on recognition that
20 biological systems efficiently and accurately assemble nanoscale
building blocks into complex and functionally sophisticated
structures with high perfection, controlled size and

compositional uniformity.

One method of providing a random organic polymer pool is

25 using a Phage-display library, based on a combinatorial library
of random peptides containing between 7 and 12 amino acids fused
to the pIII coat protein of M13 coliphage, provided different
peptides that were reacted with crystalline semiconductor
structures. Five copies of the pIII coat protein are located on

30 one end of the phage particle, accounting for 10-16 nm of the
particle. The phage-display approach provided a physical
linkage between the peptide substrate interaction and the DNA

6
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selection, crystal-specific phage were isolated and their DNA
15 sequenced. Peptide binding has been identified that is
selective for the crystal composition (for example, binding to
GaAs but not to Si) and crystalline face (for example, binding

to (100) GaAs, but not to (111)B GaAs).

Twenty clones selected from GaAs (100) were analyzed to

20 determine epitope binding domains to the GaAs surface. The
partial peptide sequences of the modified pIII or pVIII protein
are shown in Figure 1, revealing similar amino-acid sequences
among peptides exposed to GaAs. With increasing number of
exposures to a GaAs surface, the number of uncharged polar and

25 Lewis-base functional groups increased. Phage clones from third,
fourth and fifth round sequencing contained on average 30%, 40%
and 44% polar functional groups, respectively, while the
fraction of Lewis-base functional groups increased at the same
time from 41% to 48% to 55%. The observed increase in Lewis

30 Dbases, which should constitute only 34% of the functional groups
in random 1l2-mer peptides from our library, suggests that

interactions between Lewis bases on the peptides and Lewis-acid
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coat protein, were used for quantitatiyve
constrained 7-mer libraries. Using these shorter libraries that
reduce the size and flexibility of the binding domain, fewer
15 peptide-surface interactions are allowed, yielding the expected
increase in the strength of interactions between generations of

selection.

Phage, tagged with streptavidin-labeled 20-nm colloidal

gold particles bound to the phage through a biotinylated

20 antibody to the M13 coat protein, were used for quantitative
assessment of specific binding. X-ray photoelectron spectroscopy
(XPS) elemental composition determination was performed,
monitoring the phage substrate interaction through the intensity
of the gold 4f-electron signal (Figures 2a-c). Without the

25 presence of the Gl1-3 phage, the antibody and the gold
streptavidin did not bind to the GaAs(100)substrate. The gold-
streptavidin binding was, therefore, specific to the phage and
an indicator of the phage binding to the substrate. Using XPS
it was also found that the Gl1-3 clone isolated from GaAs(100)

30 bound specifically to GaAs(100) but not to Si(100) (see Figure
2a). In complementary fashion the S1 clone, screened against
the (100) Si surface, showed poor binding to the (100) GaAs

surface.
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thes(100); §2AS, S fa08s+ 8 MWD M%%f@ﬂﬂ@%@%e&m@& cl ones

al so bound the surface of InP (100), another zinc-blende structure. The
basi s dfepthiedesdbigrding. binding, whether it is chemical, structural or

electronic, is still under investigation. In addition, the presence of
native 5 oxide on the substrate surface may alter the selectivity of
pepti de bi ndireg. pﬂé@m@ﬁmbrhlrmlrm el igreofGlhe Qg dorf@A (100),

of Cand U oL 1ot clb o Lt g5 H%dl}“ OO ot o

concentt&dmiota tas$) of 884 esf o:srazmeua(smﬂe)m@wﬁmead which Mms aised fror G1-s
sel ection, than on the galliumrich 113{%&% arseni c- r|ch (111)B
surfaces. CHIMR S Hi F3E rRNCUTFBITRD ates G0 VxHikit P f eT®M2<heni cal

reacti Vijhi &9,ya@8Nkdd #Sr NOls SWRIASIdY, thadn tdierend Sysel 86k M dy
denonstrated 15 in the phage binding to the various crystal faces. Although

the bulkllkndnatiseniot-bioth (1U1)Rirseacks-qs ve Thrsesahel Rt ri c

surfaces are known to exhibit different chemical reactivities,
and it is not surprising that there is selectivity demonstrated

15 in the phage binding to the various crystal faces. Although the
bulk termination of both 111 surfaces give the same geometric
structure, the differences between having Ga or As atoms
outermost in the surface bilayer become more apparent when
comparing surface reconstructions. The composition of the

20 oxides of the various GaAs surfaces is also expected to be
different, and this in turn may affect the nature of the peptide

binding.

The intensity of Ga 2p electrons against the binding
energy from substrates that were exposed to the G1-3 phage clone
25 is plotted in 2c. As expected from the results in Fig. 2b, the
Ga 2p intensities observed on the GaAs (100), (111)A and (111)B
surfaces are inversely proportional to the gold concentrations.
The decrease in Ga 2p intensity on surfaces with higher gold-
streptavidin concentrations was due to the increase in surface
30 coverage by the phage. XPS is a surface technique with a
sampling depth of approximately 30 angstroms; therefore, as the /
thickness of the organic layer increases, the signal from the
inorganic substrate decreases. This observation was used to

9



structure, the differences between having Ga or As atons outernost in the
surface bilayer becone nore apparent when conparing surface
reconst r ueta i3r2943The conposition of the 20 oxi des of the WParmaeg/3GaAs
surfaces is also expected to be different, and this in turn may affect the
nat ur e ofnfiven pepa dehe bi mokmep t Thet | g ehsstyepifa Gl Dp wdecindged adjzd nst

t he bi ndin ener fromsubstrates that were exposed to the - 3. phage
clone 2%} epﬁ’%‘ﬁq%r(ljc? ng%cp%%e e&opnetc 419 oam?%&raz]gu?éesc%al%ic%gé%p&&t he Ga
2p i nt essdibdese absetvedsonfade dBASaX400)Bifdildg Astandhi § g B serrfaassd ar e
inversely proportjonal to the %géd concentrations. . The decrease in Ga 2p

i nt ensi E§2brceFe bR Wth HRYRES gRR . Sthek A% h HUMERt r&t i ons was due
to the %&émfﬁ@awag@réf&@e%%%%w tdhe, phages JBS dsndustlyd ace

techniq sanpling depth of "approximately 30 angstrons; therefore,
as t he stihsckaess with heqor hahicfdeyerreaesr edbielsd-tyre siprgs f fom t he

[ ' bstrate.d . ;. Thi ti VD 03/ 029431
PCT] UR0S B85S N1 1M TRt (e 107 o 19 o G SIS SR Sk | ndeed

due todéhecps@sencer of hhayes condrad Ni tige ae Nutysd abhspeapdpel Honsh ngas
sequence on the surface of GaAs. Bindi ngh studi es were_ perfornmed that

correl at? WSS t FeeHPEr ghI A Gitfet 6l QYuafPdrinbedrs e s5&pekt 1A phage cl ones

vverlg exposed. Lo various sem conductor substrates with equal surface areas.
/1 d-type clones (no random peptide insert) did not bind to GaAs (no
pl agues were detected). For the Gl-3 clone, the eluted phage popul ation

The GL 3, Gio™3 Gha G7o 4 cl oot bound 15 Gl 100y and T b 200} Ser e
i maged UsP 0@t onece f Dnegedi ¢s ose opyor{iAFMordhenicroscopy (AFM) . The
InP crystal has a zinc-blende structure, isostructural with
GaAs, although the In-P bond has greater ionic character than
15 the GaAs bond. The 10-nm width and 900-nm length of the
observed phage in AFM matches the dimensions of the M13 phage
observed by transmission electron microscopy (TEM), and the gold
spheres bound to M13 antibodies were observed bound to the phage
(data not shown). The InP surface has a high concentration of
20 phage. These data suggest that many factors are involved in

substrate recognition, including atom size, charge, polarity and

crystal structure.

The G1-3 clone (negatively stained) is seen bound to a GaAs
crystalline wafer in the TEM image (not shown). The data
25 confirms that binding was directed by the modified pIII protein
of G1-3, not through non-specific interactions with the major
coat protein. Therefore, peptides of the present invention may
be used to direct specific peptide-semiconductor interactions in

assembling nanostructures and heterostructures (Fig. 4e).

30 X-ray fluorescence microscopy was used to demonstrate the
preferential attachment of phage to a zinc-blende surface in

close proximity to a surface of differing chemical and

10



I nP crystal has a zinc-blende structure, isostructural with GaAs, although
the In-P bond has greater ionic character than 15 the GaAs bond. The 10-nm
wi dt h andw@0B/nm3k engt h of the observed phage i n AFM nat dleasusoRa1655

di mensi ons of the ML3 phage observed by transm ssion el ectron m croscopy
(TEM, %mqmr@blwmwwbOLﬁ\dﬂQSJtEr@{fﬁmﬁ%dbﬁtetse%r@%tﬁs,@hﬁéﬂ Poimnd to

the ph data. not shown). The InP surface h hi gh ' f 20
phage. TR i HSUggRat AR M TRLre AR i VB g 1 et e

are’ invol ve
recognidi@nsphBshydi Apat pBL I 88chChangerpgbardhy apf. cryst@lzsgructure.
The GL-3 clone (négatively stained) is seen bound to a GaAs crystalline
waf er | ®letes TEM ¢ negee(aoted hovin) . tIthSals /8 19 daifierred hatb Hirdisg was
di rected he difie 1 otein.. of. Gl- ; -specific
i nt gr ac‘f?%wn%év&? T %éengf% g%eg(% flpér 0 leﬁ%n%*h%necg]gérae%é‘%de)gt&ﬁ eg%of t he
pr esentihmyiesH £ Dub neycerbe pisaske b o el raett mple cifddanpepd | (BMBeN chreduct or
interactions in assenbling nanostructyres and Ee,t er ostructures rétf@et? 4e).
en

30 X-r a2 9IRrRIRINCE TR FIRIRS vide § Fef AW (HE T tial

attachnegnt of, phage 119, a-Zi Alshd endey s face-3 rbirﬁhg?' JHOXIi18 toadd a
surface of dj?ferl ng cheni cal I%Lnd 10" WO 03/ 029431 P /USO%;(31655a
struct uPlze ToPpasidiioors. oA rést ed tsgurar & epatine bR bREs deoyh @i aigst §nda aGeAs

wafter; this pattern containe -m i Cg;}iéés 4- i j,ng in
betl\?/ee_néae%%hf i%og{?lrfl ggf.l%?»ga,pez%jml’h&e&glsnzo% o ornveegcp\(/j\%r} ea{ni cn%l‘etrqgloc e v§1t h the
GaAs/ Si Xs padt esnesk sdibss rstiege 5 twas heths texgethit ee arhes pacidid oy bi ndi ng, and
tagged wth an i nmuno-fl uorescent probe, tetranethyl rhqodanm ne he

INR). T
t agged PHaherherd' d ol 8519 heddhr eet Mo P ITHIL TN t1RS c%kh’iae]rne%((ﬂs;l % Fig.

3b, coryesponding,dchEl@r R Pipdingonly to GaAs. The Si Q2 regions of the
pattern remal n” unbound by phage and are

The GaAs clone G1l2-3 was observed to be substrate-specific
15 for GalAs over AlGaAs (Fig. 3c). AlAs and GaAs have essentially
identical lattice constraints at room temperature, 5.66 A° and
5.65 A°, respectively, and thus ternary alloys of AlxGal-xAs can
be epitaxially grown on GaAs substrates. GaAs and AlGaAs have
zinc-blende crystal structures, but the G12-3 clone exhibited
20 selectivity in binding only to GaAs. A multilayer substrate was
used, consisting of alternating layers of GaAs and of
Alg. 9sGap.o2As. The substrate material was cleaved and subsequently

reacted with the G12-3 clone.

The G1l2-3 clones were labeled with 20-nm gold-streptavidin
25 nanoparticles. Examination by scanning electron microscopy
(SEM) shows the alternating layers of GaAs and Alp.9sGap.o2As
within the heterostructure (Fig. 3c). X-ray elemental analysis
of gallium and aluminum was used to map the gold-streptavidin
particles exclusively to the GaAs layers of the heterostructure,
30 demonstrating the high degree of binding specificity for

chemical composition. In Fig. 3d, a model is depicted for the
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10 dark in color. This result was not observed on a control that was not
exposed to phage, but was exposed to the primary antibody and TMR (Fig.
3a). The wams/eesult was obtai ned using non-phage bound @27ABopepssde. The
GaAs clone Gl2-3 was observed to be substrate-specific 15 for GaAs over

Al GaAs c(ﬁcgri@a)athso%rmﬂa@aAsfm\ﬁeer@mwm@qry heterams tealciuwtas ceas

constral nts at 00 erat u espectively, and thus
ternary ar't oys o}r rAﬂ xCA%néc’:eanandbe epljt%gq ﬁs @%gqr%om%ﬁ ocﬂ ‘GaAs substrates.
GaAs and Al GaAs have zinc-blende crystal structures, but the Gl2-3 cl one
exhibited 2 electrvrty A hinding onl Jate
was used, thm 25 |snegntof r{é]trlnoar}lcgeg asyyterragE %%A?é;}ngdé ‘1\5@/&%%0 02As.
The suwiiﬁraey Mkﬁaﬁley\aﬁo d@amﬁnm@rdﬂmmmlamprmctmdudmﬂdr the Gl2-3

cl one. The Gl12-3 clones were | abeled with 20-nm gol d- strept avi in 25
nandpar?§ eI B&AR HatRHRt P SEHFNTE 21389 P THE S cq t%hows t he

al ter naéxgkg'é}céa%/@sr S Oﬁhﬁa&?e CHQA‘I&&%QZJ. ndM ddu dn dihe hetgr ostructure

(Fig. 3 X-ray el enment al anal ysis of galliumand al um numwas used to
map thelrgmﬂthsm eptysiai h hgrarkde @t@(&%lt\%lqﬁh@ t%%‘aﬁ%tq%zyers of the

het er ost r re st he e ity
for chenca #%r%%\glt 1{1{ (JT:C?é’FP%tO ke Qﬁng’e Z éel & gc?jg’ ‘%H@

03/ 02943dp PGl USO2A 34655, chmldﬂmadyrﬁmaﬁlcphmﬂdﬁs s,&m}comhmt or

het erostructures, as seen in the f|luorescence and SEM | nagq%s%]l(ﬁﬁ gs 3a-c).

The Opr e3@MRON Hive it S st (EtEs e PSTIFSD Ry Rfiqd
l'ibrarigs. ﬁnce%ég Yhavievel o anchampl idy i Adiing,  hetmesn &f gani ¢

pepti de seq s and inorganic sem conductor substrates. This peptide
r ecogni speri fAind spevifors tgn of semigrayehiat @r ytlet dies. bd@re sxt@arahdia o

ot her %ﬂ%§tr§gfgﬁnlc pairs should provide powerful building blocks for

the fabrication of a new generation of complex, sophisticated

15 electronic structures.
Example I
Peptide Creation, Isolation, Selection and Characterization

Peptide selection. The phage display or peptide library

was contacted with the semiconductor, or other, crystals in

20 Tris-buffered saline (TBS) containing 0.1% TWEEN-20, to reduce
phage-phage interactions on the surface. After rocking for 1 h
at room temperature, the surfaces were washed with 10 exposures
to Tris-buffered saline, pH 7.5, and increasing TWEEN-20
concentrations from 0.1% to 0.5%(v/v). The phage were eluted

25 from the surface by the addition of glycine-HCl (pH 2.2) 10
minute, transferred to a fresh tube and then neutralized with
Tris-HCl (pH 9.1). The eluted phage were titered and binding

efficiency was compared.

The phage eluted after third-round substrate exposure were

30 mixed with their Escherichia coli ER2537 host and plated on LB

12



i ncluding GaN, ZnS, CdS, Fe304, Fe203, CdSe, ZnSe and CaCQO3 usi ng peptide
libraries. Bivalent synthetic peptides with two 10 conponent recognition

(Fig. 4e)warcs/oeustent |y bei ng designed; such peptides haveTitse2pomsent i al
to direct nanoparticles to specific |locations on a sem conductor

struct W@l /B wrafaed ¢ Skmek | Hor geih 2 Pai R aholg ik pRond e plovest fihe
bui | di ng bl ock or. .the fabrication aof n generati,on of conpl ex,

sophi sjt‘?%%ﬁ%’a ﬁli%?%jr%'ctvﬁb]n? Cséﬁlffc?_%r%é? a]@%l%er?epe%??%ﬁe hiTon cte

| sol ation,e Sgh ection anch Ghadacd &fd zadd oD chepdidamgateet | on-pddieo-phage

di splay or peptide library was contacted with the sem conductor, or other,

cryst al shiawr @03 Tindoe Pl f-ev-exh Isat i rel ENBSN & GIREG N iregp0e %% IREEN- 20, to

reduce phage-phage. i nteractions, on the surface. After rocki for 1 h at
room t eRpe?Pd tret ot Hee )surl?]a‘beegwq%ﬂe‘?% RSTHEY W 1P L 0* % o%%r%%ﬂg‘fto phage

Tris- b%I&g@@'s S@ ¢ e hdH Fndom PUb t 116 easd g TEEN 20s GRaEe 1 @td®ngnd rom
0.1%to 0.5%v/v). The phage were eluted 25 fromthe surface by the

addi t i OPNBfsediyendred HOforf pHh@s@)phadtesi nute, transferred to a fresh tube
and then neutralized with Tris-HO (pH 9.1). The eluted phage were titered
and binding efficiency was conpared. The phage eluted after third-round
sugstlrate exPpossitea e rer e af ke w Substed ve Reciritathi eneover€ER2537 host
and plated.on L 12 W0 03/029431 PCT/ US02/ 31655 P I i nce

t he Iib?%9§lrplﬁ%(§eb¥\e -erad%r?%/ge ?(#)W?hean%e%]tolrvﬁ\/u%%é% Jvz\?%eghla%gc?\;el%s t he
| aqda geneapPhagei Pt aqtesn Ve e spdatef i eatioingherhgl £6 Ebwimdgrest éhes

contai ni ng Xgal (5-bronp-4- chloro-3-indoyl-(3-D-gal actoside)_ and | PTG

(i sopr opyFe (BRTF & t A dephtact i B . S8 trdohi (¥ 1E¢redlaiPng’ dds” séded sel ect
phage plagues pi,t hytdhe ngRdgm pept hde1i psgalite BhadyesmBheePLekgd and

times. The best element ratio and least oxide formation (using
XPS) for GaAs and InP etched surfaces was achieved using HCl: H0
15 for 1 minute followed by a deionized water rinse for 1 minute.
However, since an ammonium hydroxide etch was used for GaAs in
the initial screening of the library, this etch was used for all
other GaAs substrate examples. Si(100) wafers were etched in a
solution of HF:H,O 1:40 for one minute, followed by a deionized
20 water rinse. All surfaces were taken directly from the rinse
solution and immediately introduced to the phage library.
Surfaces of control substrates, not exposed to phage, were
characterized and mapped for effectiveness of the etching

process and morphology of surfaces by AFM and XPS.

25 Multilayer substrates of GaAs and of Alg.9gGao.o2 As were
grown by molecular beam epitaxy onto (100) GaAs. The epitaxially
grown layers were Si-doped (n-type) at a level of 5 x 10Y7 cm ~°.

Antibody and Gold Labeling. For the XPS, SEM and AFM
examples, substrates were exposed to phage for 1 h in Tris-

30 buffered saline then introduced to an anti-fd bacteriophage-
biotin conjugate, an antibody to the pIII protein of fd phage,

(1:500 in phosphate buffer, Sigma) for 30 minute and then rinsed
13



DNA sequenced fromthese plates. Substrate preparation. Substrate
orientations were confirnmed by X-ray diffraction, and native oxides were
renoved WO d3y2@ppropri ate chem cal specific etching. The PoaldSoaBregs et ches
were tested on GaAs and I nP surfaces: NHAOH H20 1:10, HCl: H20 1:10,
H3PO4: HRGhoHIGR 3 hEifart. 1Arﬁtrm1etaarﬁdiiro’2}ﬁﬂum ec@tlhidal rmsld Thabdlkest

I d
Cur T acebl S Ve R T TB G Ty b mutE T I By aee ©

dei oni zesl wed efidt insecdrojudatédiutieage HlQWﬁMﬁ;fh alkmxﬁ:ﬂn—mnpuaxmdmdr oxi de
etch was used for GaAs in he initial screeping of ary, this etch
was usethidragtioniotes bt & %i ]O% Ji/val% shere et ched

in g splMidon g mdiR 0 1 4 fyone nﬂlmgse,wmilmd by a deionized 20
water rinse. Al surfaces were taken directly fromthe rinse solution and

i mredi ately introduced to the phage library. Surfaces of control

substrates, of, eXROSEsk 1 Q-PRGYEs p M s SIBY a@&%l zedrrande sBRReth § or

effectiveness of the etchi ng process and norphol ogy of surfaces by AFM and
XPS. 25cdnitol ayerrasubzie aies Wie GRS erainife Al 02 98GO 92X gt vidie 9gkdwn by

mol ecul ar b |taxy 100 e ro ers, were
Si -dope%il rhefy?)e%) at” XEIpeveé ?%ﬂ goﬁfﬁ curﬁoe% it)i'f t#%g%ndnv%or}‘(gé/fg%el i ng.
For thesp®RS, f SEManithARM i rexeargt eSon suihst riate Gamy eswexposed tThehage for 1
hin Tris- 30 buffered saline then introduced to an antl-fd bact eri ophage
bi € n EE:%‘H]’%F@%‘% 1N £ DotNE T HEDIFIPHISE ih OF) ¢ Mﬁ%\’ anqg: in

phosphat e Jui rdlr&(%f@ e B0 minul Lt thenyd n;@ 03 029431
PCT/ US02/ 31655 in osphate buffer. A streptavidin/20-nm coI | oI daI gol d

| abel &‘C.Lrﬂﬂﬂavrdlphﬂyp]matleabﬁﬂf,f grwetd wiihaus (ﬂ?%)antgkgtrm\) warsd at3lached to
the bi Ot I n CO é ucglat ed lpgagaeb tf'r Ougtqloutbleoféhneétéf% apyk'}éjée or antibody.

The XPS instrument used was a Physical Electronics Phi ESCA
15 5700 with an aluminum anode producing monochromatic 1,487-eV X-
rays. All samples were introduced to the chamber immediately
after gold-tagging the phage (as described above) to limit
oxidation of the GaAs surfaces, and then pumped overnight at

high vacuum to reduce sample outgassing in the XPS chamber.

20 Atomic Force Microscopy (AFM). The AFM used was a Digital
Instruments Bioscope mounted on a Zeiss Axiovert 100s-
2tv,operating in tip scanning mode with a G scanner. The images
were taken in air using tapping mode. The AFM probes were etched
silicon with 125-mm cantilevers and spring constants of 20£100

25 Nm -1 driven near their resonant frequency of 2001400 kHz. Scan
rates were of the order of 1+5 mms -1. Images were leveled using

a first-order plane to remove sample tilt.

Transmission Electron Microscopy (TEM). TEM images were
taken using a Philips EM208 at 60 kV. The Gl1-3 phage (diluted
30 1:100 in TBS) were incubated with GaAs pieces (500 mm) for 30

minute, centrifuged to separate particles from unbound phage,

14



interaction; the surfaces were exposed to the label for 30 5 m nutes and

then rinsed several times with PBS. X-ray Photoel ectron Spectroscopy (XPS).

The fol | owiong/o2eBntrol s were done for the XPS exanpl es to paTsusoe3tdiat t he

gold signal seen in XPS was fromgold bound to the phage and not non-

speci f i cirgrd bodyh | TR®r axnd ore sy Ipendrd GaasTBy feaeRlahevane priepdied (100)

GaAs surfari:ezowas e Séa%lg%oté 1) antibody and the streptavidin-gold |abel,
) Z

but wi tHou pfhaugrea,1 phage and streptavidin-gold |Iabel, but wthout

the anti body, and (3) streptavidin-gold |abel, wthout either Gl-3 phage or

anti body. The XPS i rﬁfé%%rle& Wlsd%g?%gwp ngg(}%@i calpfl %&%ﬁﬁg i ESCA 15

5700 wi t h an al um numanode pro omatic 1 rays. All

Sﬂ.ﬁ'p| e?(d\ﬂd@témtI orue eth t™B3$ hevehanberubamedlivatted ya afdsrl wod dedaed)i ng t he
phage (as described above) fo limt _oxidation of the As. sur es, and
the% pdﬁ)"e%lf‘b?/%'??ﬁ%mreatsuﬁw vERIuu tr%”i‘é%caé“‘iaﬁwsee MY s{% i 1'% he
XPS chagper 3 éi%gafé Ol Lo ROL G M £ 198 CONK AFM 10 Ide1 ARM disesemasn@ Di gi tal

I nstrunents scope nounted on a Zeiss Axiovert 100s- 2tv,operating in tip
scanni regleroeiet al thapp B @ camges WRee | eplgesctemres ik ehe MNaf ¥amisi ng t appi ng

node. The AFM probes were etched sjlig f t 5z jlevers and
spring %%%?%ln?% oS SLI° - m 2 %r%b%%cﬂea&%eﬁﬁé?gﬂg% * requency of
200400 &d#nnSeqnelsat esn wel eradcdgre or derkwf 15 nms - 1. | mages were | evel ed
using a first-order plane to renove sanple tilt. Transm ssion El ectron

M croscopy (TEM. TEMinmages were taken using a Philips EM208 at 60 kV.
The oGl- 3 phageayelit ut eARIEOIIML00 in TBS) were incubated with GaAs pieces
(500 nmm for 30 mnute, centrifuged to separate particles from unbound
phage, 14 WD 03/029431 PCT/ US02/ 31655 rinsed with TBS, and resuspended in

TBS. Sanpl estwergrsia@tethventors have recognized that organic-
inorganic hybrid materials offer new routes for novel materials
and devices. Size controlled nanostructures give optically and
electrically tunable properties of semiconductor materials and

15 organic additives modify the inorganic morphology, phase, and
nucleation direction. The monodispersed nature of biological
materials makes the system compatible for highly ordered
smectic-ordering structure. Using the methods of the present
invention, highly ordered nanometer scale as well as multi-

20 length scale alignment of II-VI semiconductor material using
genetically engineered, self-assembling, biological molecules,
e.g., M13 bacteriophage that have a recognition moiety of

specific semiconductor surfaces were created.

Using the compositions and methods of the present invention
25 nano- and multi-length scale alignment of semiconductor
materials was achieved using the recognition and self-ordering
system described herein. The recognition and self-ordering of
semiconductors may be used to enhance micro fabrication of
electronic devices that surpass current photolithographic
30 capabilities. Application of these materials include:

optoelectronic devices such as light emitting displays, optical

15



with 2% uranyl acetate. Scanning El ectron Mcroscopy (SEM. The Gl2-3 phage
(diluted 1:100 in TBS) were incubated with a freshly cleaved 5

het er o- st wooest3sur f ace for 30 minute and rinsed with TBRCTIUS®2/3(652- 3
phage were tagged with 20-nm col |l oidal gold. SEM and el enmental napping

i mages dwrectors ei@dlagsrry thes Noki ey cauects oY 1AM TR e EGhl

Hi tachi 4700 fje 1 Ssi nM ng. C 'ch%:]p :

EXAMPL Eccfr?p%ﬁ TFI {%é?%%éﬂpf}é%ﬁﬁn&ni\/%%%g %rggebfrge'c ogni zeglg ‘%Lea% é(;%r/gta%)c-

ijnor gan o tyhiié oo rend tesd al sirof fere neve sentt einfart imvelnaitds ivad s1- and
evices. Size controlled nanostructures give optically and, electricall

t unabl PR t1E o Sorf o%ﬁ%]ra%taé%k &I —1@%?%% 14Yes Y

modisfy thendhosgani ¢ nor phol ogy, phase, and nucleation direction. The
nonodi spersed nature of biological materials nakes the system conpatible
for highly ordered snectic-ordering structure. Using the nethods of the

present invgiemmdi ghlpye 0f defed fanonst Aiciead £ sy Wakdn asndldd 20
| ength scal e alignnent of I1-VI sem conductor nmaterial using genetically

engi neeriegh deh$itgseemsdny, Lo clogcalommecinakl neleculed inakididphage
t hat have recognition_ noi f ecl f4 e conduc wer e
creat eg?l?g?%bc? et%%lrrrbsb'si t(?éolynesroa%sdéﬁe I}]éoic}gd%fggttﬁle preés%]ttfﬁévgarc{ﬁon 25
nano- afsk a1 istengids scabet abngnnent sof £ e oyl utd o rmedriat €Y | ahgsl avatss

achi eved using the recognition and sel f-orderin stem descri bed herein.

Thé Or ecogrit Y$ P SepFanterTay BF CEEhi it t‘b?s' e DL UTEY T I 'enhance
mcro fabrigatdon of qelecdsanite devi ces, thatg BUrPassu g M layers or
phot ol i t hographi ¢ 30 capabilities. Application of these materials include:
opt oel extemnit siewizesossichr asombh it eons t9hgnl spi dyfseseptacafilise
apparent to those of skill in the art. Other uses for the
present invention include electrical and magnetic interfaces, or
15 even the organization of 3D electronic nanostructures for high
density storage, e.g., for use in quantum computing.
Alternatively, high density and stable storage of viruses for
medical application that can be reconstituted, e.g.,
biologically compatible vaccines, adjuvants and vaccine
20 containers may be created with the films and or matrices created
with the present invention. Information storage based on
guantum dot patterns for identification, e.g., department of
defense friend or foe identification in fabric of armor or

coding. The present nanofibers may even be used to code and

25 identify money.

Building well-ordered, well-controlled, two and three
dimensional structure at the nanolength scale is the major goal
of building next generation optical, electronic and magnetic
materials and devices. Current methods of making specific

30 nanoparticles are limited in terms of both length scale and the
types of materials. The present invention exploits the
properties of self-assembling organic or biological molecules or
particles, e.g., M13 bacteriophage to expand the alignment,
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WO 03/ 029431 PCT/ US02/ 31655 detectors and | asers; fast interconnects; and
nano- nmeter scale conputer conponents and biol ogi cal sensors. O her uses of
t he bi of Wons/oesssat ed usi ng the present invention include pgaltSoesossed

liquid crystal displays and organic-inorganic display 5 technology. The
filns, $ibersandidserherostthetnregranylieles @ﬁcW@ﬁb aﬁi@hedéﬁ@g@yogensors

for detectiggn$£C§ !%aggkgﬁfgg§¥£gc+ggkn%C%Qég!ogical toxins. OQther uses

includes%%%lca coatings an ptica es. Optionally, scaffoldings
for nedical inplants 10 or even bone inplants; may be constructed using one

or more of _the saterial # disclosed. ber 8Loooh i shinehe, of bkl bplesLayers or
even in striations OF conbl RAtrons o any of 'these, ‘as Wi apparent to
those obiskatérialsheaarhg Shheotusgelsit oshébes paeseat abhyvenhaoive ncdyde

el ectrical and magnetic ip%grfaces, or 15 even the organjzation of
r

3D
el ect r ohP cPHERBsYFUET AF €8 ShFgRtUERRsi (VAR 0P AU LT LRt h 18821 H

quant um, CORRHL L A0or ALLeT NAELYELNaubt 8h HeRstiy) apds siebbRo i onageuding
viruses for nedical application that can be reconstituted, e.g.,

bi ol ogi gah¢yicahpat ¢hyengared ndsl befteaherhagel VaekipesPOseont ai ners may
be creat with . the fi d rice a A ent
inventi5%90?%%€%%%t?%ﬁég§o?§g%8%%£§% %% g%ﬁéﬁt%ﬁ?%o¥i%€?%£$%gf$%r
identifspatidne eelicondepatdnestrodcesefense friend or foe identification
in fabric of arnmor or coding. The present nanofibers may even be used to
code and 25 identify noney. Building well-ordered, well-controlled, tw and
t hrige di menséonabnst cowdvkerathihe clhaphengthzsdare vsrthbesmagoicgoal of

bui | di ng next generation optical, electronic and pagnetic kK naterials and
devi cesOrenF + Rt SHEERbYEES DT thaki hgvepRethic %@Sh%h%%%%t?%@e%la?%t+?ﬂ? ed in

terms of Both lengtbnscate apdutbgre of Fd virus has potential

application in both multi-scale and nanoscale ordering of
structures to build 2-dimensional and 3-dimensional alignment of
15 nanoparticles. Bacteriophage M13 was used because it can be
genetically modified, has been successfully selected to have a
shape identical to the Fd virus, and has specific binding
affinities for II-VI semiconductor surfaces. Therefore, M13 is
an ideal source for smectic structure that can serve in multi-

20 scale and nanoscale ordering of nanoparticles.

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

25 cadmium sulfide and iron sulfide. Using the techniques of
molecular biology, bacteriophage combinatorial library clones
that bind specific semi-conductor materials and material
surfaces were cloned and amplified up to concentrations high

enough for liquid crystal formation.

30 The filamentous bacteriophage, Fd, has a long rod shape

(length: 880 nm; diameter: 6.6 nm) and monodisperse molecular

17



types of materials. The present invention exploits the properties of

sel f-assenbli ng organi c or biological nolecules or particles, e.g., M3
bact er i opwags/em3expand the alignnment, 16 WO 03/ 029431 PCPCuaxd231655

size, and scale of the nanoparticles as well as the range of sem conductor
mat er i afsiaiat (naredsl as etkidite: present0’) nvefhess pRapperséegniresdlthan
nonodi sper se _.bi omat.eri al s -havi ng .ani-sot r.ophi S ar : rnative
ey 5 BT ST e e ST s R R e A R

al i gnmentgofy |donerser wan il oriored er iTle wasl sotaonyyil i s hedthpes i anfgy

genetically engineered ML3 bacteri ophage that possess recognition noiety
(a peptid OrichRdE 2@t IF o For8 Rgdad i@ ZQé’rﬁ]tfgﬁfﬁ}c]t_dDr Cé‘?tfref‘gtces. 10

Set iy a%&&a&p{]@éﬁe hawee Chas RaI &S | 720, Fosh 3 il ST G v e Gsestauct ur es
t hat have both a positional ‘and directional order. The snectic structure

of Fd \Agsmnihas. pofe@mdiadpe zgplhase oirihadsotweimlnierazd® Endutdhoscal e
ordering of , structures t.o. bui 2- di mensi - i.n;gqg'! i-gnment
of 15 n%cn%np%arlf(% caingjsfl %a%‘%telr?%prﬁegcgheo 3 mngg%&zée&q%gsce}utg et ctg%eq‘hﬁ'
genet i cald i ffehndasobears siciessiadd y wed eptrext itan hay encad i Sheapeso
identical to the Fd virus, and has specific binding 6 affinities for 11-Vi
sen conthitd dreRARF sl e Tt et e, 2 IS FELEige cféaé%q“%‘hr%glélc?fe tic

st ryct uy &t haty €af. serve in multi 20 scale and nanoscal e ordering of
nanoparticles. The present inventors have used conbi natorial screening

met hods to find ML3 bacteri ophage containing peptide inserts that are

capabl e of Qynding 1o 1 conduyct %a%gia%%cgaeg%bé&{ﬁmﬁt&}”faces

i ncluded materials such as zinc sul fide, sul fide and iron
sul fi deto Ustmg rdreo s echai apuesy ©fof mod rexpd wirl bl e ogyLhaéee treyi aphigec Les
conbi naeEPeriPdrtlkileb{ acgflgé:rllzpzneeg into micron domains and into centimeter
length scales. The semiconductor nanoparticles show quantum
15 confinement effects, and can be synthesized and ordered within

the liquid crystal.

Bacteriophage M13 suspension containing specific peptide
inserts were made and characterized using Atomic Force
Microscopy (ATM), Transmission Electron Microscopy (TEM) and

20 Scanning Electron Microscopy (SEM). Uniform 2D and 3D ordering

of nanoparticles was observed throughout the samples.

Atomic Force Microscopy (AFM). The AFM used was a Digital
Instruments Bioscope mounted on a Zeiss Axiovert 100s-
2tv,operating in tip scanning mode with a G scanner. The images

25 were taken in air using tapping mode. The AFM probes were
etched silicon with 125-mm cantilevers and spring constants of
204100 Nm -1 driven near their resonant frequency of 200%400
kHz. Scan rates were of the order of 1+5 mms -1. Images were
leveled using a first-order plane to remove sample tilt.

30 Figures 9(a) and 9(b) are schematic diagrams of the smetic

alignment of M13 phages observed using AFM (data not shown).
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t hat bind specific sem -conductor materials and material surfaces were
cloned and anplified up to concentrations high enough for liquid crystal
formati onw03B/02481f i | ament ous bact eri ophage, Fd, has a | orrgTvisd28iEpe
(length: 880 nm dianeter: 6.6 nn) and nonodi sperse nol ecular 17 WD

03/ 029431 PCIYaISPRY 39895 Eledighen (Woteesteny weight <  ITBHYxITTges THSR
propert] e i : Welo] ' y i 4 iquld cryst { ne
behavi o{fgl?enl{ I%%Iﬁﬁ yyc%%ggﬁgﬁ%dé;oﬁ?@ orslks\'.l' }{eéjggnfl:siot%% c(c}s/ algéeé%f
bact er i bph@gei meBB&X preaxt ¢ eth@asobat eretvioch toenpindriweti d e onaegeth S for 30

nanopartjcle layers by use of biological selectivity and self- assenbly.
Monodi sPeree® ba%?%ﬁ’o%ﬁ%@‘g Wer%e%‘? ‘?ébalftkﬂr‘%lﬁfn %%%/%n‘b‘g?%% %49%at i on
net Bodsy i h&ed hei o el diyerdd@spede i@ I | Mmfid ARt OUStained _
bact eri ophage, was genetically nodified to bind nanoparticles such as zinc
sul fi dewiegddt unrzy ¥ i e 10 iron sul fide. Mesoscal e ordering of

bact eri ophage has been denonstrated to form nanoscal e arrays of

nanoparticl es. These nanoparticles are further organized into mcron
domai ns and $erenEethhetieron | Mg dseway esSEMhe sEM CUriERt ol HaliRsbarti cl es

show qugn ygn 49 00 | neientn elLects ., ol can, b, synthesi 2ed, a0 or der ed

within “the ITqul cteriop suspensi on cont ai ni ng
speci fi st pepthde sundecs sfaver 20 mades tan carodhar iact et | wietch UBBS1Ig Biond2Frce

M cr.osco ATM, Transm ssion_ Electron Mc¢ro TE d 20 S i
El et ?oﬁ’llﬁ%ﬁécr%%?c%pgﬁ‘{%%i/)”?ﬂtjhi% T ﬁ?@nﬁl% 3‘%8@/1 E%Ebwo?ﬁﬁaerﬂg%?rfct? r“eggwas
obser veda b h1 04 ghRite § Nfe SENBS EBe cALPMI 61 P08 MEF OSC oYt &M Fher MM

used was a Digital™ Instruments Bioscope nounted on a Zeiss Axiovert 100s-
2t v, operatitredion td plileaemi g’ D delevd el G sanseann e ¢ hegjeson

microscope at 5 kV.

Genetically engineered M13 bacteriophage that had specific

15 Dbinding properties to semiconductor surfaces was amplified and
purified using standard molecular biological techniques. 3.2 ml
of bacteriophage suspension (concentration: ~107 phages/ul) and 4
ml of overnight culture were added to 400 ml LB medium for mass
amplification. After amplification, ~30 mg of pellet was

20 precipitated. The suspensions were prepared by adding NazS
solutions to ZnCl; doped A7 phage suspensions at room
temperature. The highest concentration of A7-phage suspension
was prepared by adding 20 ul of 1 mM ZnCl, and NazS solutions,
respectively into the ~30mg of phage pellet. The concentration

25 was measured using extinction coefficient of 3.84mg/ml at 269

nm.

As the concentration of the isotropic suspension is
increased, nemetic phase that has directional order, cholesteric
phase that has twisted nemetic structure, and smectic phase that

30 has directional and positional orders as well, are observed.
These phases had been observed in Fd viruses that did not have

nanoparticles.
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25 were taken in air using tapping node. The AFM probes were etched
silicon with 125-nm cantilevers and spring constants of 20100 Nm -1 driven
near theiworsgenant frequency of 200400 kHz. Scan rates \wameusob/3tdie or der
of 15 mms -1. Images were leveled using a first-order plane to renove
sanple tilt.PQDaF zed esP9{ @}l anticofdpyory e Nherhade I LRHEODS WS snetic

al i gnnment _ of 3. bh S erved usj ( S )

03/ 0294312 %%§?§%%589% 5%123%%1 ss'%”g%c%%c %ﬁ ﬁgc% os E%%%})‘ (sr‘l‘:‘%%%

i mages wegeftaked tSi ifass Phapl pBa EMPOB@to 600 KV. ml hei &le 8e phagehd di | ut ed
1:100 in TBS) were incubated with sem conductor materjal for, 30, mnute,
centri figeRlY oCeRpeR BEREPAr PR PRSP %%dﬁﬁ%:ofnlpha%}é?l%l‘??%sb’al%?%eﬁ%s,
and g esygp Pdfﬁ] | B dBS. £ 19aNPh £51 NeT & SEA ez e M 11520 s @nyh RSt at €.
Scanning El ectron Mcroscopy (SEM. The phage (diluted 1:100 in TBS) were
i ncubat edeeith ettesdl| ynd¢eaviee deeesrokarietdrbighi fagelior BO(f nute
and rinsed wth TBS . The. -3 10. pha r e i C j dal
gold. S aV\faO{; heh %Ipl%%%?’ngp}ﬁhgg@gmﬁr%%??%e%?@é%%?%%%e&%ﬂgﬁ
det ect | PRe Sysh€amt MU Rdo DNsasrbhachn A& 0Mabiel U. enfissipht st ahen digh

el ectron mcroscope at 5 kV. Cenetically engi neered_ML3 cteriophage that

had spet?$iBeadsr ol n@i gt e OpEFFPREARGS S T ot of L st f%@e@o‘\%\ﬁ% TTfied
and o Pugifiedndshng, stapdar d, Fol&eyd &, bi ol ogi cal techniques. 3.2 m  of
bact eri ophage suspension (concentration: _107 phages/ul) and 4 ml of
overnight culture were added to 400 ml LB nediumfor mass anplification.

After applificationy)a30ePDc0hiPeh! Sha Vesn <o PF£€i B t AL £ i Jhen Syspensi ons
were prepared by adding Na2S “solutions to Znd 2 doped A7 phage ‘suspensi ons

at room tenperatu bnzlg%tlg;a%ﬁ%%t(m‘g‘/{ﬁ&?' trat Ukl,liéiéh A7-phage suspensi on
length (um)
76.30 31.9
71.22 51.6
56.38 84.8
50.52 101.9
43.16 163.7
37.04 176.1
27.54 259.7

Atomic Force Microscope (AFM) observation: For AFM

15 observation, 5 ul of M13 suspension (concentration: 30mg/ml) of
M13 bacteriophage suspension was dried for 24 hours on the 8 mm
x 8 mm mica substrate that was silated by 3-amino propyl
triethyl silane for 4 hours in the dessicator. Images were
taken in air using tapping mode. Self-assembled ordering

20 structures were observed due to the anisotropic shape of M13
bacteriophage, 880 nm in length and 6.6 nm in width. In Fig.10
(c) M13 phage lie in the plane of the photo and form smectic

alignment.

Scanning electron microscope (SEM) observation: For SEM
25 observation, the critical point drying samples of bacteriophage
and ZnS nanoparticles smectic suspension (concentration of

bacteriophage suspension 127mg/ml) were prepared. In Fig.

20



was prepared by adding 20 ul of 1 mM ZnC 2 and Na2S sol utions,

respectively into the -30ng of phage pellet. The concentration 25 was
measur ed woias@2est i nction coefficient of 3.84ng/ M at 269 pamSoAsidshe
concentration of the isotropic suspension is increased, nenetic phase that
has di rittd)onalarsrerticles esitady |acrea;ﬂ1a?§ei et ardonhaan e derstdas

structur er‘e O%d esrqfecc} Crkperhesngtr}ﬁtOfSOC eg.‘!erlfedctt O(?'In% I‘pOSI tional orders

as vveII ar & Observed ases en serve Fd viruses that
did nOtnahﬁ)@ mﬂ&parancclh%s:te]ﬁdﬁmajﬂ Qﬂz&éh&Jsp%(EH USOZfYBéLG]Eéﬁ’lg’d?Okaﬁ’l zed

optical mcroscopy: M3 sus ensi ons were characterized arized
opt i calP3RGOIVFLE Ea es CEEE H9 9 e P T PSS "i:aasplq%hf ”’teLfLe of

0. 7 5mm g} aé@@c_rronThﬁffyagéﬂ%rp @tﬂr?l&pi%%l% (sl 10/ d e rexhi bi t ed

iridescent 5 color [5] under the paralleled polarized |ight and showed
SMect i csnesxt i esuamEYs tdre wirtdsstdol ari zed |ight as Fig. 10(a). The

chol esteric pitches, Fig. 10(b) can be controlled by varying the
concentration of suspension as Table 1. The pitch length was neasured and
t he ni crogr aptepasertel arakeh tdfe éri P4l ourBadtamoptR e amm t iRt regzd ati on of

Concent S ORI B TLAL [ehgUhCir 76 a0 365791 35 528 "5t %4, o
50. 52 xﬂﬂ)Qﬂ_4ﬁfIﬁr@ﬁ@hKHQSZ004hIEﬁ 1mM Na,S was added. After rocking
10 for 24 hours at room temperature, the suspension which was
contained in a 1 ml eppendorff tube, was slowly dried in a
dessicator for one week. A semi-transparent film ~15 um thick
was formed on the inside of the tube. This film, Fig. 11 (a),

was carefully taken using a tweezers.

15 SEM observation of biofilm: Nanoscale bacteriophage
alignment of the A7-ZnS film were observed using SEM. In order
to carry out SEM analysis the film was cut then coated via
vacuum deposition with 2 nm of chromium in an argon atmosphere.
Highly close-packed structures, Fig 11(d) were observed

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

25 that of the bacteriophage. The average size of nanoparticle is

~20nm analogous to the TEM observation of individual particles.

TEM observation of biofilm: ZnS nanoparticle alignment was
investigated using TEM. The film was embedded in epoxy resin
(LR white) for one day and polymerized by adding 10 ul of
30 accelerator. After curing, the resin was thin sectioned using a
Leica Ultramicrotome. These ~ 50 nm sections were floated on

distilled water, and picked up on blank gold grids. Parallel-
21



27.54 259.7 Atom c Force M croscope (AFM observation: For AFM 15
observation, 5 ul of ML3 suspension (concentration: 30ng/m) of M3

bact er i opWwags/osuspensi on was dried for 24 hours on the 8 mOT/USOZ31HSs M ca
substrate that was silated by 3-am no propyl triethyl silane for 4 hours in
the dessligned nanarfest wres irakenldwy ailridsignyiegnniedode.x-z plane

Sel f-assennl ed J . 0. struct S r erVs o the anis iC
shape of" %e %%Eﬁqrggrﬂl 12% hcglga ,raérg'o V%gnﬁe S Seeﬁrgv'? ’an%le%'. gﬁ‘lﬁﬁ n w dﬁwg %ékpp

Fi g. 10 bde)e MlBipipgendd & idogies pd ancheofat e iptotes anch Jroran sreoddrei ze

al i gnment. Scanni ng el ectron m croscope (SEM opservation: For SEM 25
observa‘fr?%rf}art‘?iéa%trlﬁjiec%ﬁﬁ)d?r?usjdzr%/)i r%“%fﬁdl\%?cgfa%@ﬂ%tﬁ%ez;amﬂ Zhs
nangpard i ¢ 88, SIS td & SHERRENS b AL ANEAN A indit e AL efr qpc_l&@@ﬂl
suspension 127ng/m ) were prepared. In Fig. 20 WD 03/ 029431 PCT/ US02/ 31655

10(d), Tamoper tiicdexnetiats dreard and aderioptasyel T ikar akleks eagr dand
observed, T I h se tio 0 i
bact er i%%%%%a:t%%p%}espgiotp plgn't hglar{{eisng %Jgféﬁ’%:é;{ en?%gp Ogﬁgéeﬂﬁﬁ@ % wurzite

cryst alt sltattanectias cloinfrimarad &f yhel@eigon aiddfy actiton-esdder ntaisi ng
dilution sanple of the snectic suspension with eparation of_ the

EM_Pr
bi of i | r° B Yphdye el 17 lis ey Js%sli?e‘ﬁb"etc?%IiBh MRYOT Ut GfOUR i s-bufT ered
sahipne £ TBS s PH e Er)arﬁ%%rtzmé“léverl M AN Glds to 3 s M NaiZi§ vnarsi added.
After rocking 10 for 24 hours at roomtenperature, the suspension which was
cont ai néd(fh- a Ther SAEppardording ubk, tas sl owWd RFTTeldcd9p ashaesditdadlor for
one ""eet-e%n%mét{f‘cnlf__eosarr%[lﬁ f i dn ko, 4 trpel)f ox}'@]ﬁ Jormd, on the inside of
t he tube. iIs T m HTg. 1e(a , was carefu aken using a tweezers.
AFM observation of biofilm: The surface orientation of the
viral film was investigated using AFM. In Fig 11. (c), the
15 phage were shown to have formed an parallel aligned herringbone
pattern that have almost right angle between the adjacent
director normal (bacteriophage axis) on most of surface that is
named as smectic 0. The film showed long range ordering of
normal director that is persistent to the tens of micrometers.
20 In some of areas where two domain layers meet each other, two or

three multi-length scale of bacteriophage aligned paralleled and

persistent to the smectic C ordering structure.

Nanc and multi-length scale alignment of semiconductor

materials using the recognition and as well as self-ordering

25 system enhances the future microfabrication of electronic
devices. These devices have the potential to surpass current
photolithographic capabilities. Other potential applications of
these materials include optoelectronic devices such as light-
emitting displays, optical detectors, and lasers, fast

30 interconnects, nano-meter scale computer component and

biological sensors.
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15 SEM observation of biofilm Nanoscal e bacteriophage alignnment of the
A7-ZnS filmwere observed using SEM In order to carry out SEM anal ysis
the fil mwasn3mee43t hen coated via vacuum deposition wth 2OWuSeR/3mias om um
in an argon atnosphere. Highly close-packed structures, Fig 11(d) were
observed 20 Ahrlougdioutakireg samplws imMhev anvdey ey eeilerdiite s | oli Mi@lual phage,

895 nmis reasonabl e anal ogous. t 0. t Q p‘?‘ge, nm. . The, i showed
the snectTe i klemfbxertl)trl%l Ialt%e C?lasn%f %e?é anIIr pho ogll ekgesp?%’atlte;‘ﬁll]bfl tge‘“{jn
pferi odi&%@;ygfﬁwntﬁm ﬂét@é;()gf)ﬁéstézrgd ﬁﬁ{ﬁl%mi@p{m rhﬁypra;pgrlﬂl'haabmgt h
of periodicity corresponde 0 at of | acterj age. e average
si ze of LIHERTOPEFS | CPREFRES - Bitfim %I%oﬁi@chﬁl?ﬁérﬁ'm‘b’o‘ggr TonY o‘?ta

| ndigvi dé;?écpﬁ{é | &8 TEM ORserMadd 0 Of b Qi irhdh e LNSi NHANOPA th&F & n ,
al i gnnment was investigated using TEM The fil mwas enbedded in epoxy resin
(LR whided riereonel days wrat ot yarerseee bic drl gt d onake ofn@org cidir at or .
After curing,.the resin was_ thin ti,one [ n el f ram crotone.
These -''50° l%ne’ctall%%sd(\)/\er}%tf %%%@J?otnhgdsfj%ﬁélcg%atm% eirr,%%ar}ldl%r?bked up on
bl ank gold grids. Parallel- 21 WD 03/029431 PCT/ US02/ 31655 aligned
nanoparticles in a | ow, which corresponded to x-z plane in the schematic
di agram were observed, Fig. 11(e). Since each bacteriophage had 5 copies
of the A7 nvoieties, each A7 recogni ze one nanoparticle(2-3 nmsize) and
aligned approximately 20 nmin 5 a wdth and extended to nore than two
mcroneters in length. The two mcroneters by 20 nm bands forned in

paral |l el each band separated by -700 nm This discrepancy may cone from
the tilted snmectic alignnment of the phage |ayers with respect to
observation in the TEM which is reported by Marvin group. Ay 10 z axis

| i ke nanoparticle |ayer plane was al so observed like Fig 3 (f). The SAED
patterns of the aligned particles showed that
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the ZnS particles have the wirzite hexagonal structure. AFM observation of
biofilm The surface orientation of the viral filmwas investigated using
AFM | n Pwg ab2943c), the 15 phage were shown to have for medTarsopareas| el

al i gned herringbone pattern that have al nost right angl e between the

adj acent director normal (bacteriophage axis) on nost of surface that is
named as snectic O The fil mshowed | ong range ordering of normal director
that is persistent tq the tens of microneters. 20 In sone of areas where
two dor&idk Iléyéﬁélf?ﬁgtlﬁach other, two or three nulti-length scale of

bact eri ophage aligned paralleled and persistent to the smectic C ordering

structure. Nano and | ti-Length scale .alignnent .of 1 cLer
materi al s usli'ng hg‘e?}eil?:%g%l%trp%ﬁl%% atgllmnfeﬁ%m srlsséﬁ]g- gfg e%?% s ég system
enhances the future mcrofabrication of electronic devices. These devices
have the potsewptlidlyitg susphbsassemening ghotlolgithdgmephicoleapabptities.a

O her potential _applications of. _these nmaterials include optoelectronic
devi ce?osrl}(,lﬁnaéchlai%ghll?gan?t??%@l%%%pﬁe&(fon(%’tcﬁgé‘rl S&é‘?ggfegrg? }gﬁ%hl asers,
fast 3QdpierGerresks, apnano- neter scal e conputer conmponent and bi ol ogi cal
sensors. 22 WD 03/029431 PCT/ US02/ 31655 Al t hough maki ng and using various
enbodi ments of the present invention ar ussed in det a%h Qﬁ)l oW, 1%—t wi ||

: : %,dLS T r W e
be “appreci &8GFRARIt AeS PPESRRTYS W/edtd 6 (5o vitdss *i8hy "appI F2abnt

i nvent iase GONGeRt 5ibhalican helerbosiwed fiorma aMcadgseani.ety of 5 specific
contexts. The specific enbodi nents di scussed herein are nerely

illustrative of specific ways to ke and use the .inyentio and do. not
delinit the?scopdlf mFFlEO‘ijng‘:éﬁﬁ%cﬁwr?lrﬁf%nbé/ W%@E?inPé%eUé@gFéi%%%gblmg
biological molecule has been engineered to expose one or more amino

acid oligomers on its surface.

10 3. The method recited in claim 2 wherein the oligomer is

between 7 and 15 amino acids long.

4, The method recited in claim 1 wherein the selection of
self-assembling biological molecule is accomplished by

combinatorial library screening.

15 5. The method recited in claim 4 wherein the screening
comprising the steps of eluting the bound self-assembling

bioclogical molecule from the crystal.

6. The method recited in claim 5 further comprising the step
of contacting the eluted amino acid oligomer with the semiconductor

20 material; and
repeating the eluting step.

7. The method recited in claim 6 wherein the binding and

eluting is repeated up to five times.
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What is clainmed is: 1. A nmethod of making a filmconprising the steps of:
anplifying a self-assenbling biological nolecule conprising a portion that
bi nds a swecisfoeet3sen conduct or surfaces to high concentr @&drorse?/3mssl 5
contacting a sem conductor material precursor with the self- assenbling

bi ol ogi cal nolecule to forma crystal. 2. The nmethod recited in claim1
wherein the self-assenbling biological nolecule has been engineered to
expose one qQr nore am no acid oligoners .on.its surface. 10 3. The nethod
Feoited In B-ai mTBeaREFaPA- Eel 0T gomer S befRegnns CaRa> TAL AT Ng At He
long. 4iclhgimathadieecitedsiansl af rad whereinquhe seleekion of

sel f-assenbli ng biol ogi cal nolecule is acconplished by conbinatori al

| i br ar F¥ECCEEERRGO"E5 5. The nethod recited in claim4 wherein the
screening conprising the steps of eluting the bound sel f-assenbling

bi ol ogi cal mpl ecghe heeRbliheeEiysd aln H.aithe melhednr €6kt efpl N Ctat 1815
further conmprising the step of contacting the eluted am no acid oligoner

with tHe SEFCEBARAEEESr USDBY nblk e P YNSLfP S &H@df AG2CheCBluting step. 7. The
method recited in claim6 wherein the binding and eluting is repeated up

to five timeg. 24,MW0.08H04943di LI/ J5Q2/a316595 vBerthia BBENGENI £6HEEE b N

claim1l wherein the self-assenbling biological nolecule is anplified up to
| i qui d rbpgial cepReéépefal { oh%. s cHE YRS HoFateé&itdd in claim 8 wherein
the anmplification 5 is acconplished using the polynerase chain reaction.

11. A method of controlling the cholesteric pitch of a

nanoparticle comprising the steps of:

10 amplifying a self-assembling viral particle comprising a
portion that binds a specific semiconductor surfaces to high

concentrations; and

contacting a semiconductor material precursor with the self-

assembling viral particle to form a crystal.

15 12. The method recited in claim 11 wherein the self-assembling
viral particle has been engineered to expose one or more amino acid

oligomers on its surface.

13. The method recited in claim 12 wherein the oligomer 1is

between 7 and 15 amino acids long.

20 14. The method recited in claim 12 wherein the selection of
the self-assembling viral particle is accomplished by combinatorial

library screening.
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10. The method recited in claim1 wherein the sem conductor materi al
conprises Il-1V sem conductor material. 11. A nethod of controlling the
chol est erwo (siokefs1 of a nanoparticle conprising the steps pafT/ush®3mspl i fying
a self-assenbling viral particle conprising a portion that binds a

speci fic sem conductor surfaces to high concentrations; and contacting a
“sem conduct or naterial precursor with the self- assenbling viral particle
to forma cr%sta% % The i od reci claln1%% m@ggg&gl%he

sel f - assenbl’Png GlrgF ég?tf%T% s‘begﬁughglnegre fo exXpdse“one dr nore
am no aGnpriCleisg@ner stepsi bs: surface. 13. The method recited in claim 12
wherein the oligoner is betmeen 7 and 15 am no acids Iong 20 14. The

met hod recited |n ¢l ai m@ rein the selection_o f g #f assenqé

viral parti 885§ aB8ompfi gh iHat% F&|paFI6F FyCSB BEAFRG. %% wo
03/ 02943k RCHWI021346Rer 46. oﬁéleomckw dreGithed of ehai Behdcvhenetor t he
screenlnqéﬁponprlses the steps of: contacting the self assenbllng vi ral
par Pi clM8t&Ertdi SonGheRethanPh® Q&I i YorferiSoMGvePéR9ore crystals of the
sem conductor 5 material so that the one or nore crystals may bind. 16.

The met hod necit edel Re€haliMm-d&i faud t hercomprissithg thae campplgin@oam@cti ng
the eluted amno acid oligomer with the sem conductor material; and
r epeat iSTGH B SCBERAGLEFepI® 191 uTed B MR @IE P4di9PBE T HitRaFR® 16 wher ein

the binding aAddictehUhhRgrisirepeated up to five tinmes. 18. The nethod
recited in claim 12 wherein the self-

repeating the eluting step.

10 17. The method recited in claim 16 wherein the binding and

eluting is repeated up to five times.

18. The method recited in claim 12 wherein the self-
assembling viral particle is amplified up to liquid crystal

concentrations.

15 19. The method recited in claim 18 wherein the amplification

is accomplished using the polymerase chain reaction.

20. The method recited in claim 12 wherein the semiconductor

material comprises II-IV semiconductor material.

21. The method recited in claim 12 wherein the method is used

20 to control the smectic alignment of the nanoparticle.

22. The method recited in claim 12 wherein the method is used

to impart nemetic phase to the nanoparticle.

23. The method recited in claim 12 wherein the method is used

to produce a casting film.

5 24. A film made by the method of claim 1.
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assenbling viral particle is amplified up to liquid crystal

concentrations. 15 19. The nmethod recited in claim 18 wherein the

anpl i fi cawioons/29431 acconpl i shed using the pol ynmerase chai n rogacdoeomss 20. The
met hod recited in claim 12 wherein the sem conductor nmaterial conprises
[1-1V sem conductor material. 21. The nethod recited in claim12 wherein
the method is used 20 to control the snectic alignnment of the

nanoparticle. 22. The nethod recited in claim12 wherein the nmethod is used
to inpart nénetié gﬁigem?ge??% W%ﬁ&ﬁ§ﬁﬁqﬂéﬁ c33Inrld - nethod recited in

claim 12 wherein the nmethod is used to produce a casting film 5 24. A

fil mnmade byet.heanrtbhddob f chakd.a n2eINAr@3/c02943thpPCIA WGORNS1665ps 25. A
filmmade by the nethod of claim1l. 26. A nethod of making a nanoparticle
conpriéﬁﬁg the steps of: fixing a sem conductor binding peptide to a
substrate; 10 contacting one or nore sem conductor material precursors with
the sem condugtiay Bi BdinDgopenpt t&e;barl fppEptdda semacendeetatecrystal on

t he sem conductor binding peptide. 27. The nethod of claim 26, wherein the
sem_conduct or bi ndi.n 15 peptide further conprises a chinmeric protein that
explses oneCGPtaﬁ6F88aﬂPﬂogﬁcTﬂr%l?%ﬁﬁﬁﬁngﬁiqrt?agﬁfﬁﬁgepr§§9r Esdﬁpﬂbd of
cl ai m 26,c wherneobRduheosepi s@nEciart kididiaa@ peptide conprises between
about 7 and 15 am no acids. 29. The nethod of claim 26, further conprising

the step of 20 eluting the sem conductor. crystal fromthe sem conductor
bi ndi ng. _36oFTHESNet RGE. FIarar o 26 Vit & tite SEBATEORGES br r g

peptide.

27. The method of claim 26, wherein the semiconductor binding
15 peptide further comprises a chimeric protein that exposes one or

more aminc acid oligomers on its surface.

28. The method of claim 26, wherein the semiconductor binding

peptide comprises between about 7 and 15 amino acids.

29. The method of claim 26, further comprising the step of

20 eluting the semiconductor crystal from the semiconductor binding.

30. The method of claim 26, wherein the semiconductor binding

peptide is linked chemically to the substrate.

31. The method of claim 26, wherein the semiconductor binding
peptide comprises a chimeric protein with a self-assembling viral

25 particle.

32. The method of claim 26, wherein the semiconductor

material comprises a Group II-IV semiconductor material.

33. The method of claim 26, wherein the semiconductor binding

peptide controls the smectic alignment of a nanoparticle.
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peptide is linked chemcally to the substrate. 31. The nethod of claim 26,
wherein the sem conductor binding peptide conprises a chinmeric protein
with a sewWo@agensbling viral 25 particle. 32. The net hod rafT/edoaBms26,
wherein the sem conductor material conprises a Goup II-1V sem conduct or
material. 33. The nethod of claim 26, wherein the sem conductor binding

peptide controls the snectic alignnent of a nanoparticle. 27 WO 03/029431
PCT/ US02/ 31655 30 34. T

e nmethod of ¢l aim26, wherein the seni conduct.or
i A8 mo Sents doTRanpriiea R it 146 ahed 2ir Bk e napar sraR St SR B Al
met hod (aftGlai BLR8ronbetgé méher netdintd rusedahopapeoduse a film 36. A
pol ymer made by the nethod of claim26. 28

35. The method of claim 26, wherein the method is used to

produce a film.

36. A polymer made by the method of claim 26.
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