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PEPTIDE MEDIATED SYNTHESIS OF METALLIC 
AND MAGNETIC MATERIALS 

RELATED APPLICATIONS 

[0001] This application claims bene?t of provisional 
patent application Ser. No. 60/411,804 ?led Sep. 18, 2002 to 
Belcher et al., Which is hereby incorporated by reference in 
its entirety. 

STATEMENT OF GOVERNMENT SUPPORT 

[0002] The research carried out in the subject application 
Was supported in part by grants from the Army Research 
Of?ce, Grant No. DADD19-99-0155, the government may 
oWn certain rights. 

[0003] In addition, a nucleotide and/or amino acid 
sequence listing is incorporated by reference of the material 
on computer readable form. 

TECHNICAL FIELD OF THE INVENTION 

[0004] The present invention is directed to organic mate 
rials capable of binding to inorganic materials, and speci? 
cally, toWard speci?c peptide sequences that tightly and 
directly bind to metal materials including magnetic materi 
als. 

BACKGROUND OF THE INVENTION 

[0005] In biological systems, organic molecules exert a 
remarkable 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 com 
plex structures required for biological function. 

[0006] Materials produced by biological processes are 
typically soft, and consist of a surprisingly simple collection 
of molecular building blocks (i.e., lipids, peptides, and 
nucleic acids) arranged in astoundingly complex architec 
tures. Unlike the semiconductor industry, Which relies on a 
serial lithographic processing approach for constructing the 
smallest features on an integrated circuit, living organisms 
execute their architectural “blueprints” using mostly non 
covalent forces acting simultaneously upon many molecular 
components. Furthermore, these structures can often 
elegantly rearrange betWeen tWo or more usable forms 
Without changing any of the molecular constituents. 

[0007] The use of “biological” materials to process the 
next generation of microelectronic devices provides a pos 
sible solution to resolving the limitations of traditional 
processing methods. The critical factors in this approach are 
identifying the appropriate compatibilities and combinations 
of biological-inorganic materials, and the synthesis of the 
appropriate building blocks. 

SUMMARY OF THE INVENTION 

[0008] The present inventors have designed constructs and 
produced biological materials that direct and control the 
assembly of inorganic materials, including metallic and 
magnetic materials, into controlled and sophisticated struc 
tures. Of particular interest are ferromagnetic materials, and 
particulate materials including nanoparticulate materials. 
The use of biological materials to create and design mate 
rials that have interesting electrical, magnetic or optical 
properties may be used to decrease the siZe of features and 
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improve the control of, e.g., the opto-electical properties of 
the material, as Well as control of material fabrication. For 
example, room temperature methods have been developed in 
the present invention for preparing materials Which formerly 
involved high temperature preparation methods. 

[0009] A combinatorial peptide phage display library 
expressing a large collection of bacterial phage that 
expresses millions of different peptide sequences on their 
surfaces Was combined With biopanning techniques to select 
speci?c peptide sequences that tightly and directly bind to 
metal materials including magnetic materials (e.g., Co, CoPt 
SmCoS, or FePt). The present inventors have found that 
these metal and magnetic material binding molecules, 
including peptides, can be used to control the nucleation of 
inorganic materials, as has been demonstrated in nature and 
With II-VI semiconductors. If proteins can be used to control 
the nucleation of metal, including magnetic, materials, then 
magnetic nanoparticles and their applications could be pre 
pared much cheaper and easier than using traditional meth 
ods. The nanomolecular metals, including magnets and 
magnetic material, may be used, e.g., for micro or nanoma 
chines, dynamos, generators, magnetic storage or any other 
applications for materials that are magnetic or may be 
magnetiZed. Another use for these materials is to modify the 
surface of metal, including magnetic, materials. The pep 
tides can act as linkers for attaching over materials to the 
surface of the magnetic material, alloWing the self-assembly 
of complex nanostructures, Which could form the basis of 
novel electronic devices. 

[0010] The present inventors have recogniZed that this 
approach of selecting binding peptides (using combinatorial 
peptide libraries and panning techniques) may also be used 
to form and control the nucleation of metal materials, 
including magnetic materials. Other techniques being 
researched to synthesiZe metal particles, including magnetic 
nanoparticles, are based on a high temperature synthesis that 
must be performed in an inert atmosphere using expensive 
reagents and often require further processing and puri?ca 
tion after synthesis to fabricate particles, including nanopar 
ticles, With the desired shape and crystallinity. The result is 
that preparing magnetic nanoparticles in the traditional 
fashion is expensive and not conducive to large scale and/or 
volume production. The approach presented herein is gen 
erally performed at room temperatures using inexpensive 
reagents yielding nanoparticles With controlled crystallinity, 
reducing the cost for the synthesis of metal particles, includ 
ing magnetic nanoparticles, With controlled crystal structure 
and orientation. 

[0011] Peptide-mediated synthesis of metal materials, 
including magnetic materials, provides a much cheaper and 
environmentally friendly approach to the synthesis of metal 
materials, including magnetic nanoparticles. Current proto 
cols for preparing metal nanoparticles, including magnetic 
nanoparticles, are time consuming, expensive and yield 
nanoparticles coated With organic surfactants. These surfac 
tants are not amicable to further modi?cation of the nano 
particles. Advances in the ?eld of molecular biology enable 
the functionaliZation of peptides, therefore, particles and 
nanoparticles groWn from peptides Will also be easily func 
tionaliZed. Peptide functionaliZation facilitates their incor 
poration into electronic devices and integration into mag 
netic memory devices. 
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[0012] One form of the present invention is a method for 
using self-assembling biological molecules, e.g., bacterioph 
age, that are genetically engineered to bind to metals, 
nanoparticles-, and magnetic or other materials and to orga 
niZe Well-ordered structures. These structures may be, e.g., 
nanoscale arrays of particles and nanoparticles. Using bac 
teriophage as an example, self-assembling biological mate 
rials can be selected for speci?c binding properties to 
particular surfaces (e. g., semiconductor), and thus, the modi 
?ed bacteriophage and the methods taught herein may be 
used to create Well-ordered structures of the materials 
selected. 

[0013] More particularly, the present invention includes 
compositions and methods for creating metal materials, 
including magnetic materials, particles, and nanoparticles. 
One embodiment is a method of making a metal particle, 
including magnetic particle, including the steps of; provid 
ing a molecule comprising a portion that binds speci?cally 
to a metal surface, including a magnetic surface, and con 
tacting one or more metal material precurosrs, including 
magnetic material precursors, With the molecule under con 
ditions that permit formation of the metal material, including 
the magnetic particle. The molecule may be, e.g., a biologi 
cal molecule such as an amino acid oligomer or peptide. The 
oligomer may be, for example, betWeen about 7 and about 
100 amino acids long, and more particularly, betWeen about 
7 and about 30 amino acids long, and more particularly 
about 7 and about 20 amino acids long, and may form part 
of a combinatorial library and/or include a chimeric mol 
ecule. 

[0014] The types of metal materials, including magnetic 
particles, that are disclosed herein may be formed from, e.g., 
Co, CoPt, SmCoS, and/or FePt. Another method of the 
present invention includes a method for identifying mol 
ecules that bind through non-magnetic interactions With a 
magnetic material including the steps of contacting an amino 
acid oligomer library With a magnetic material to select 
oligomers that bind speci?cally to the magnetic material and 
eluting those oligomers that bind speci?cally to the magnetic 
material. The oligomer library may be a library of self 
assembling molecules, e.g., a phage library such as an M13 
phage library. The library may even be contained in a 
bacterium and may be assembled externally. 

[0015] A method of making a magnetic particle may also 
include the step of contacting a molecule that initiates 
magnetic molecule formation With magnetic material pre 
cursors and a reducing agent. The molecule that initiates 
magnetic molecule formation With magnetic material pre 
cursors may be contacted at, e.g., room temperature or 
beloW a temperature of, e.g., 100, 200 or even 300 degrees 
centigrade. The molecule may be an amino acid oligomer of, 
e.g., betWeen about 7 and 20 amino acids long. The magnetic 
particle may be a C0, CoPt, SmCoS, or FePt magnetic 
particle in the form of a magnetic quantum dot or even a 
?lm. The skilled artisan Will recogniZe that combinations or 
one or more of the magnetic particles disclosed herein may 
be positioned in a Wide assortment of one-, tWo- and 
three-dimensional locations, shapes, and the like for par 
ticular uses. 

[0016] The present invention also includes magnetic par 
ticles, e.g., nanoparticles made by the methods disclosed 
herein. These magnetic particles may form a portion of an 
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integrated circuit made by ?xing a magnetic material bind 
ing peptide to a substrate; contacting one or more magnetic 
material precursors With the magnetic material binding 
peptide under conditions that form a magnetic particle; and 
forming a magnetic crystal on the substrate. The magnetic 
material binding peptide may be linked chemically to a 
substrate, e.g., silicon or other semiconductor substrate. The 
magnetic particles of the present invention may be used to 
make memory, short- or long-term storage, identi?cation 
systems or any use that the skilled artisan Will recogniZe may 
be made of these particles. Examples of other used for the 
magnetic micro-, nano- and femto-particles of the present 
invention include, micro or nano-motors, dynamos and the 
like. 

[0017] Another form of the present invention is a method 
of creating nanoparticles that have speci?c alignment prop 
erties. This is accomplished by creating, e.g., an M13 
bacteriophage that has speci?c binding properties, amplify 
ing the bacteriophage to high concentrations (e.g., incuba 
tion of phage library With bacterial host culture to alloW 
infection, replication, and subsequent puri?cation of virus), 
and resuspending the phage. 

[0018] This same method may be used to create bacte 
riophage that have three liquid crystalline phases, a direc 
tional order in the nemetic phase, a tWisted nemetic structure 
in the cholesteric phase, and both directional and positional 
order in smectic phase. In one aspect the present invention 
is a method of making a polymer, e.g., a ?lm, comprising the 
steps of, amplifying a self-assembling biological molecule 
comprising a portion that binds a speci?c semiconductor 
surfaces to high concentrations and contacting one or more 
semiconductor material precursors With the self-assembling 
biological molecule to form or direct the formation of a 
crystal. 
[0019] Another form of the present invention is method 
for creating nanoparticles that have differing cholesteric 
pitches by using, e.g., an M13 bacteriophage that has been 
selected to bind to semiconductor surfaces and resuspending 
the phage to various concentrations. Another form of the 
present invention is a method of preparing a casting ?lm 
With aligned nanoparticles by using, e.g., genetically engi 
neered M13 bacteriophage and re suspending the bacte 
riophage. 
[0020] Still another form of the present invention is a 
method of preparing a nanoparticle ?lm comprising the steps 
of adding a solution of nanoparticles to a surface, evaporat 
ing the solution of nanoparticles on the surface, and anneal 
ing the nanoparticles to the surface, Where the nanoparticles 
are magnetic molecules. The surface may include any micro 
fabricated solid surface to Which molecules may attach 
through either covalent or non-covalent bonds, such Lang 
muir-Bodgett ?lms, glass, functionaliZed glass, germanium, 
silicon, PTFE, polystyrene, gallium arsenide, gold, silver, or 
any materials comprising amino, carboxyl, thiol or hydroxyl 
functional groups incorporated onto a surface. Annealing 
generally occurs by high temperatures under an inert gas 
(e.g., nitrogen). Another form of the present invention is a 
nanoparticle ?lm prepared by the method just described. 

BRIEF DESCRIPTION OF THE FIGURES 

[0021] For a more complete understanding of the features 
and advantages of the present invention, reference is noW 
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made to the detailed description of the invention along With 
the accompanying FIGURES in Which corresponding 
numerals in the different FIGURES refer to corresponding 
parts and in Which: 

[0022] FIG. 1 are X-ray photoelectron spectroscopy 
(XPS) elemental composition determination of phage-sub 
strate interactions through the intensity of a gold 4f-electron 
signal (A-C), model of phage discrimination for semicon 
ductor heterostructures (D), and examples of bivalent syn 
thetic peptides With tWo-component recognition attachments 
(E-F); 
[0023] FIG. 2 depicts schematic diagrams of the smectic 
alignment of M13 phages in accordance With the present 
invention; 
[0024] FIG. 3 include images of the A7-ZnS suspensions 

using (A-B) POM, (C) AFM, (D) SEM, TEM, and TEM image With electron diffraction insert; 

[0025] FIG. 4 include images of the M13 bacteriophage 
nanoparticle as (A) photograph of the ?lm, (B) schematic 
diagram of the ?lm structure, (C) AFM image, (D) SEM 
image, (E-F) TEM images along the X-Z and Z-y planes; 

[0026] FIG. 5 is (A) TEM image of annealed SmCoS 
nanoparticles, (B) TEM image With the selected area elec 
tron diffraction pattern and (C) STEM image of annealed 
SmCoS nanoparticles; 

[0027] FIG. 6 are examples of binding assays illustrating 
(A) the speci?city of the Co-speci?c phage for Co and (B) 
an isotherm of the Co-speci?c phage on Co in accordance 
With the present invention; 

[0028] FIG. 7 includes a series of high resolution TEM 
images of CoPt nanoparticles prepared using (A) phage that 
express the 7-constrained-peptide that selectively binds to 
CoPt, (B) phage that express a random peptide, and (C) 
Wild-type phage; 
[0029] FIG. 8 is (A) high resolution TEM image of Co 
nanoparticles that have been groWn using a 12mer peptide 
that selectively bind to Co and (B) the corresponding 
electron diffraction pattern; 

[0030] FIG. 9 are (A) high resolution TEM image of FePt 
nanoparticles that have been groWn using phage that express 
a 12 mer peptide and are selective for FePt, Wherein (B) 
shoWs the electron diffraction pattern both of Which are 
compared to (C) FePt nanoparticles groWn using Wild-type 
Phage; 
[0031] FIG. 10 is (A) high resolution TEM image of 
SmCoS nanoparticles groWn using a 12mer that selectively 
binds SmCoS as a template, (B) an electron diffraction 
pattern of a selected area of (A) and (C) SmCoS nanopar 
ticles groWn using Wild-type phage as a control; 

[0032] FIG. 11 is (A) an AFM image of Co-speci?c phage 
With Co nanoparticles bound to its P3 protein and (B) the 
corresponding MFM image; 

[0033] FIG. 12 is (A) a hysteresis loop of biologically 
prepared FePt nanoparticles and (B) a higher resolution scan 
of the central portion of the loop to clarify the coercivity; 

[0034] FIG. 13 is (A) a hysteresis loop of biologically 
prepared SmCoS nanoparticles and (B) the central portion of 
the loop plotted on a smaller axis to clarify the coercivity; 
and 
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[0035] FIG. 14 include (A) TEM of CoPt nanoparticles 
groWn using a phage that has been genetically engineered to 
express a CoPt speci?c 12mer sequence on their P8 proteins, 
(B) higher resolution TEM image of the same CoPt nano 
particles, (C) the corresponding electron diffraction pattern, 
(D) STEM image of similarly prepared particles, STEM 
mapping for Pt, and STEM mapping for Co in accor 
dance With the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0036] This application claims bene?t of provisional 
patent application Ser. No. 60/411,804 ?led Sep. 18, 2002 to 
Belcher et al., Which is hereby incorporated by reference in 
its entirety including the ?gures, summary, detailed descrip 
tion, Working examples, claims, and sequence listing. 

[0037] 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 speci?c contexts. The speci?c embodi 
ments discussed herein are merely illustrative of speci?c 
Ways to make and use the invention, and do not delimit the 
scope of the invention. 

[0038] To facilitate the understanding of this invention, a 
number of terms are described further beloW. As used herein, 
“metal material” can be, for example, a substance that 
encompasses, but is not limited to, metal alloys, metal 
oxides, and pure metals, that may or may not have the 
magnetic and/or ferromagnetic properties, may be crystal 
line, polycrystalline or amorphous. Metal materials may also 
exist in several spatial forms, including particles, patterned 
surfaces or layered ?lms. The term “particle” can refer to the 
siZe and shape of said materials, and includes but is not 
limited to micron-scaled particles, nano-scaled particles 
(called nanoparticles), single molecule of metal materials 
and other siZes and shapes here unsaid but controlled by the 
described biological methods. 

[0039] The term binding molecule is hereby de?ned as a 
molecule that binds, recogniZes or directs the groWth of a 
metal material. Examples of binding molecules includes but 
are not limited to peptides, amino acid oligomers, and 
nucleic acid oligomers. These binding molecules may be 
selected from combinatorial library screening, or synthe 
siZed, conjugated or formulated independently from such 
libraries. These binding molecules may be coupled to a 
substrate, i.e. conjugated to a surface or to scaffolds, such as 
M13 viruses Where the binding molecules are displayed on 
viral coats or various binding molecule-conjugated struc 
tures. 

[0040] The inventors have previously shoWn that peptides 
can bind to semiconductor materials. In the present inven 
tion, the inventors demonstrate that binding molecules, 
including peptides, can speci?cally bind to metal materials, 
including magnetic materials. These peptides have been 
further developed into a Way of nucleating nanoparticles and 
directing their self-assembly. The main features of the 
peptides are their ability to recogniZe and bind technologi 
cally important materials With face speci?city, to nucleate 
siZe-constrained crystalline semiconductor materials, and to 
control the crystallographic phase of nucleated nanopar 
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ticles. The peptides can also control the aspect ratio of the 
nanoparticles and therefore, the optical properties. 

[0041] Brie?y, the facility With Which biological systems 
assemble immensely complicated structure on an eXceed 
ingly minute scale has motivated a great deal of interest in 
the desire to identify non-biological systems that can behave 
in a similar fashion. Of particular value Would be methods 
that could be applied to materials With interesting electronic 
or optical properties, but of Which natural evolution has not 
selected for interactions betWeen biomolecules and such 
materials. 

[0042] The present invention is based on recognition that 
biological systems efficiently and accurately assemble 
nanoscale building blocks into complex and functionally 
sophisticated structures With high perfection, controlled siZe 
and compositional uniformity. 

[0043] Peptide Sequence Selection 

[0044] One method of providing a random organic poly 
mer pool is 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 bacteriophage, providing different peptides that 
Were reacted With crystalline semiconductor structures. Five 
copies of the pIII coat protein are located on one end of the 
phage particle, accounting for 10-16 nm of the particle. The 
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phage-display approach provided a physical linkage 
betWeen the peptide substrate interaction and the DNA that 
encodes that interaction. The eXamples described here used 
as examples, ?ve different single-crystal semiconductors: 
GaAs (100), GaAs (111)A, GaAs(111)B, InP(100) and 
Si(100). These substrates alloWed for systematic evaluation 
of the peptide substrate interactions and con?rmation of the 
general utility of the methodology of the present invention 
for different crystalline structures. 

[0045] Protein sequences that successfully bound to the 
speci?c crystal Were eluted from the surface, ampli?ed by, 
e.g., a million-fold, and reacted against the substrate under 
more stringent conditions. This procedure Was repeated ?ve 
times to select the phage in the library With the most speci?c 
binding. After, e.g., the third, fourth and ?fth rounds of 
phage selection, crystal-speci?c phage Were isolated and 
their DNA sequenced. Peptide binding has been identi?ed 
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). 

[0046] TWenty clones selected from GaAs(100) Were ana 
lyZed to determine epitope binding domains to the GaAs 
surface. The partial peptide sequences of the modi?ed pIII or 
pVIII protein are shoWn in TABLE 1, revealing similar 
amino-acid sequences among peptides eXposed to GaAs. 
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