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Biological scaffolds are used for the synthesis of inorganic materials due to their ability to self-assemble and
nucleate crystal formation. We report the self-assembly of engineered M13 bacteriophage as a template for Co
Pt crystals. A M13 phage library with an octapeptide library on the major coat protein (pVIII) was used for
selection of binders to cobalt ions. Fibrous structures with directionally ordered M13 phage were obtained by
interaction with cobalt ions. CePt alloys were synthesized on the fibrous scaffold, and their magnetic properties
were characterized. The mineralization showed organized nanopatrticles on fibrous bundles. This approach using
the phage pVII library allows for genetic selection that both induces assembly of the phage and directs
mineralization of the selected inorganic material.

Introduction Scheme 1. Schematic Diagram lllustrating Formation of Co—Pt
Hybrid Material Using a Self-Assembled Phage Framework
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supramolecular architectures. In nature, matrixes of biological Type 8 phage K17-Co?* Nucleation

macromolecules form mechanical frameworks in biomineral- ey phage Self-assembly  and growth of

ization systems, such as collagen (bohe)ilicatein (silica CoPt

spongesy;’ cellulose (plant silica),s-chitin (crab cuticle, antigeni ; ; i ;

. genic epitopes (ConA), peptide that specifically bind to small
mollusk shellsf; and lustrin A (mollusk shellsf? However, 5160y les (dioxin), and those that confer chioroform resis-
the use of biological macromolecules for biomineralization in 5,615 The homogeneous type 8 phage have defined lengths

vitro is more limited due to the abil!ty to synthesis and purify o4 could be used as genetically programmed biological
the complex macromolecules required for the controlled syn- ¢.a¢o1ds for inorganic materials.

thesis of the material. Nanophase CoPt alloys have been studied extensively in
Peptides that have specificity for inorganic compounds have the past as a magnetic material, due to the high magnetocrys-

been selected using peptide libratfe’¥ and used successfully  talline anisotropy,~5 x 10’ ergs/ci for the face-centered

for the nucleation and growth control of the inorganic nano- tetragonal (fct) phase. Here, we used the genetically engineered

particles in aqueous solution at room temperatéféFilamen-  tyne 8 phage library to select phage that displayed peptides with

tous bacteriophages (f1, fd, and M13) are excellent biological affinity for the cobalt ion. The selected type 8 phage were then

bUI|dIng bIOCkS due to the|r COntrO”abIe Iength and ab|||ty to used to form the bio'ogical mechanical framework for a bio_

display multiple peptides. The wild-type filamentous bacter- inorganic (Co-Pt) hybrid material by cobalt ion mediated self-
iophage is approximately 930 nm in length and 6 nm in assembly (Scheme 1).

diameter. The phage surface consists of five capsid proteins
(plll, pVI, pVII, pVIIl, and pIX). The plll protein is expressed Experimental Section
n five copies at the end of the phage and is Commonly used to Materials. All chemicals were obtained from Sigma Aldrich unless
d|spl_ay forelgn_ molecules, §uch as_natural peptldes, rando_motherwise noted. M13KE phage vect@st |, BanH I, and Klenow
peptldgs, proteins, and protein dqmalns. The major coat pro'[eln,fralgrnem (3~ 5 exo) were purchased from New England Biolabs
pVIIl, is expressed in 2700 copies per phage and forms the (ep). oligonucleotides were from Integrated DNA Technologies.
cylindrical structure that surrounds the viral single stranded DNA x| 1_Bjue Electroporation Competent Cells were obtained from Strat-
(ssDNA). Type 8 phage display systems have been introduced,agene. Chelating Sepharose Fast Flow gel was purchased form
in which the pVIIl proteins have been modified to display Amersham Biosciences-210% TBE polyacrylamide gel was from
selected octapeptides. The peptides are displayed at distancegvitrogen. dNTP was purchased form Promega. Tris buffered saline
approximately 2.7 nm from one another and have included (TBS) solution (pH 7.5) was prepared in house from NaCl (Mallinckodt
Chemicals) and Tris base (Roche).
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t Biological Engineering Division. by making a cloning site for pVIIl display as described previously.
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aBanH | site was made by mutating C to G at positon 1381, and the
Pstl site at position 6246 was deleted by mutating T to A at position

6250. The site-directed mutagenesis was done using overlap extension

PCR. A dsDNA library was then prepared and cloned into the resulting
modified phage vector, named M13SK, usiRgt| and BanH I. To
obtain the dsDNA library, partial library duplexes were formed by
annealing of extension primer't6ATGCTGTCTTTCGCTGCAG-3
with oligonucleotides (SACGACAGAAAGCGACGTOnm(nnm)snn-
CCTAGGAACATC ATC-B8, wheren=A, T, C, or G andm = A or
C). The partial library duplexes were incubated with Klenow fragment
(3— 5 exo) (10 UjuL) and dNTP at 37C for 30 min. The Klenow
fragment was inactivated by heating (% for 20 min), and the mixture
was digested witPstl andBanH I. The digested DNA was gel purified
(2—40% TBE polyacrylamide gel), ligated into M13SK, and transfected
to XL1-Blue Electroporation Competent Cells using a MicroPulser
(Biorad). The library was titered according to manufacturer directions
and sequenced (MIT Biopolymers Laboratory) before amplification.
The estimated random population of the type 8 phage library was
10'~1C pfu from the titering.

Biopanning. The selection of type 8 phage with affinity toward
Co?" was performed by incubating the type 8 phage librand @
pfu) with Ce" immobilized on 20QuL of Chelating Sepharose Fast
Flow gel in TBS buffer (pH 7.5) with 0.15% tween-20. The bound

phage were washed 10 times with the incubation buffer and then eluted

with 50 mM histidine. The fourth elution was amplified for the next
round of biopanning. After the fourth round, the eluted phage was
amplified, and the sequence was conformed.

Synthesis of CoPt on Phage TemplateS'he K17-Cc?" phage
(1 x 1€ pfuluL) was incubated with 3.75 mM cobalt(ll) chloride
hexahydrate (Co@16H,0) in TBS buffer (pH 7.5) at room temperature
for 30 min. The mixture was then incubated with ammonium tetra-
chloroplatinate ((NH),PtCl, 1.25 mM final concentration) at room
temperature for 30 min before being reduced with sodium borohydride
(NaBH,, 1.25 mM final concentration).

Characterization. Polarized optical microscopy (Olympus) was
used for optical microscopy and cross-polarized optical microscopy
(CPOM) images. Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images were obtained using JEOL 200CX

and JEOL 2010 TEMs (JEOL), respectively, at an accelerating voltage
of 200 kV. Energy dispersive spectroscopy (EDS) and chemical element

mapping data were taken using an HB603 Scanning TEM (STEM) at
250 kV. Scanning electron microscopy (SEM) images were obtained
using a JEOL 6320FV field-emission SEM at 1 kV after dialysis, freeze-
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Figure 1. (a) Photograph of cobalt mediated fibrils in solution using
wild-type (left), K17—Co?* (center), and no phage (right). (b) Optical
microscopy image and (c) TEM image of the fibrils (from center
sample). Inset: directional placement of phage particle along the
bundle (d) Cross-POM image of (b).

be found within active sites of metalloproteins, an especially
diverse class of diiron proteins. The active sites consist of a
four-helix bundle coordinated by metal io#s20

The selected type 8 phage, named KT&*", was used for
Cc?" mediated self-assembly of phage. Co@L75 mM in TBS
pH 7.5) was incubated with ¥ 10® pfujuL of K17—C?" or
wild-type (M13KE) phage. Phage bundles were observed in the
sample containing the KI7Co?" phage after 30 min (Figure
la, center) but were absent in the samples containing the wild-
type phage (left) and no phage (right). CPOM revealed bire-
fringence in the phage bundle (Figure 1d) indicating the bundle
formation with directional order. A transmission electron micro-
graph of the bundles positively stained with uranyl acetate (1%)
showed a spongelike texture (Figure 1c), in which the direction
of the bundle is parallel to the long axis of the phage particles.
The directional order of the rodlike molecules has been shown
to be dependent on their concentration and the force apflied.
In these experiments, the addition of cobalt ions stimulated the

drying, and gold sputter coating. Magnetic properties were characterizedformation of bundles with directional ordering at phage con-
using a DC superconducting quantum interference device magnetometelcentrations much lower~(10® pfu/uL) than that required for

(DC SQUID) (Quantum Design). The effective magnetic anisotropy
energy densityKer) can be estimated by Neel's thedty

2K Ty = KegV )

whereksg is the Boltzmann constant andis an average volume of

liquid crystalline (LC) formation <10 pfu/juL).?? The direc-
tional ordering could be due to increased local concentration
of phage and induced interactions between phage particles.
Co—Pt nanoparticles were then synthesized on the phage
bundles by adding (NP2PtCl, to the solutions and reducing
them with NaBH. Mineralization of Ce-Pt was observed on

particles. The true magnetic moment at a particular temperature abovethe darkened fibrous networks of KT o?* phage (Figure 2a

Tg was calculated by fitting the magnetization curve (Figure 4c) to the
Langevin functiof’:18

Ks

M = M (cot ﬂ) — /4_H (2)

ke T
whereu is the true magnetic moment of each nanopartiblejs the

saturation magnetizatiof, is the absolute temperature, aHdis the
applied magnetic field.

Results and Discussion

After four rounds of biopanning against €ausing the type
8 phage library, a dominant €obinding phage displaying the

center) but not in the solutions containing wild-type phage (left)
and no phage (right). The wild-type phage did not form the
fibrous structure in the presence of cobalt ions, and an aggregate
of black precipitation was observed in the vial. The presence
of Co and Pt was confirmed by using EDS. Structures with the
composition CgzPl eswere observed with KI7Co* phage,
whereas structures with compositiond;¢°% 75 were observed
with wild-type or no phage. The difference can be due to
different local concentration of cobalt near surface of the phage
particles. The hybrid CgssPt 65 phage material was dialyzed
and freeze-dried, and its microscale texture was examined by
SEM (Figure 2b). Crystal growth on the oriented phage fibrils
was characterized by using TEM (Figure 2c,d). The stripe

octapeptide, EPGHDAVP, was selected. The peptide sequencepatterns observed on the bundles a®nm in width, close to

contained a well-known metal binding motif, EXXH, which can

the diameter of a phage particle. The selected area ele&tb(\?
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Figure 2. Synthesis of Co—Pt nanoparticles on fibrous phage template. (a) Solution after nucleation and growth of Co—Pt with wild-type (left),
K17—Co?* (center), and no phage (right). (b) SEM image of the K17—Co?" sample after freeze-drying. (c) TEM image of the K17—Co?* sample.
(d) TEM image showing bundled phage. Inset: SAED pattern of Co—Pt. () HRTEM of individual Co—Pt nanoparticles showing lattice fringes
and a lattice spacing (inset). (f) Distribution of particle diameters from TEM images (average particle size = 2.3 nm).

37.8 :62.2

Figure 3. (a) STEM image of Co—Pt nanoparticles prepared on the fibrous phage bundle. Atomic ratios of Co and Pt on fibrous structure are
shown. (b) Co and (c) Pt map showing distribution of Co and Pt.

diffraction (SAED) pattern shows the fundamental ring pattern The magnetic properties of the hybrid material were mea-
of fcc CoPt?® A HRTEM image (Figure 2e) shows the lattice  sured with DC SQUID. The zero-field-cooling (ZFC) and field-
fringe of the nanoparticles, indicating their crystalline nature. cooling (FC) magnetization (M) were monitored as a function
The lattice spacing of the crystal is0.214 nm, which is in of temperature (Figure 4a). The ZFC mode was carried out by
good agreement with the estimated values of 0.219 nm for [111] cooling b 5 K in azero field and then heating to 300 K in a
facet of fcc C@ P65 by Vegard's law? The average particle 100 Oe field. Field cooling magnetization was achieved by
size from the HRTEM is 2.3 nm (SB- 0.23 nm; Figure 2f). cooling © 5 K and heating to 300 K in the presence of a 100

M13 bacteriophage with partial peptide display on pVIii Oe field. Thg observed block?ng temperatuTg)( which is Fhe.
(type 8+8 phage) have previously been used as templates forCh"’“""CterIStIC temperature with maximum Z.FC magnetization,
synthesizing inorganic nanowires of semiconduétmad mag- was 50 K.‘ Typical superparamagnetic beh_awor of single domain
netic material$527 The random display of the selected peptide nanoparticles was observed, showing divergence of the ZFC
(7—12 amino acids) on pVIll in these reports produces the and FC curves belows and coincidence of th? curves over

. . . . . Tg. From the measureds and average particle size, the

rapdom variable in packing density (.)f ”.‘O.d'f'ed pVIII coat pro.- estimatedKgf is 2.7 x 107 ergs/cmi which is between the value
.te|ns.along the phage .and makes it difficult to always 'obtam for fec CapsfPloes film (~7 x 10° ergs/crd)?® and the value
identical st-ructu.re. UnI|!<e the typeHB systems, we (.)bta"?ed for the ordered fct phase of CoPt% x 107 ergs/cmi). The
clearly defined inorganic placement on phage particles in the

- . . high Kes can be explained by surface effects on magnetic
bundle structure. Individual phage with £@P% ss nanoparticles gn B p y g

. . . - : . anisotropy?® In addition, typical superparamagnetic behavior
can be visualized with regular thickness of the inorganic layer. |-« observed from field dependent magnetization at 5 and 300

STEM and EDS mapping were used for the chemical analysis K (Figure 4b). Coercivity and remanence were zero ablue
of the Ca .65 hybrid material. Consistent atomic ratios of whereas an asymmetric hysteretic feature was observed below
Co—Pt were observed (Figure 3a), showing regular composition Ty (coercivity ~ 782 Oe), suggesting the presence of the
along the fibrous phage template. Elemental mapping of Co andexchange anisotropy, which is observed at the interface of
Pt (Figure 3b,c) on a fibrous phage template suggested that theferromagnetic and antiferromagnetic materf@lsThus, it is
nanocrystals on the template are alloys of Co and Pt. possible that an antiferromagnetic oxide layer could be pre&%n{]
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Figure 4. SQUID characterization of Cog3sPtoes hybrid materials.
(a) ZFC (solid rectangle) and FC (open circle) magnetization as a
function of temperature. (b) Magnetization versus applied magnetic
field at 5 K (solid rectangle) and 300 K (open circle). (c) Fit for the
Langevin function at 300 K (red line).

We also believe that the interaction between the nanoparticles
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modified gene Ill and gene IX will allow for additional peptides
to be displayed on the phage capsid to simultaneously organize
multiple types of inorganic materials.
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