Phage as templates for hybrid materials and mediators for
nanomaterial synthesis
Anna Merzlyak and Seung-Wuk Lee
Genetic engineering of phage provides unprecedented
opportunities to build novel nanomaterials by integrating
biology, chemistry and materials science principles. By
mimicking the evolution process in nature, the phage is used as
an information-mining tool to identify specific peptide
information that can recognize desired materials at the
molecular level. The unique recognition peptides of the phage
can direct peptide-mediated mineralization processes to grow
many useful nanometer-scale electronic and medical materials.
The monodispersity and long rod shape of the phage, bearing
specific recognition motifs, enable the organization of various
nanomaterials into periodically ordered hierarchical structures
that could be useful for electronic, optical and biotechnological
applications.
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Introduction
A fundamental challenge in nanoscience is to accomplish
two ‘complementary’ goals simultaneously: to synthesize
high-performance functional materials on the nanometer
scale, and assemble them into well-defined structures that
can surpass current lithographic capabilities [1,2].
Although many synthesized inorganic and organic nanomaterials have shown unique and interesting properties
(e.g. light emission, data storage, and switching) [1,3–6]
attributed to the exquisite design of their structures,
compositions and dimensions, few methods have been
able to integrate them into large-scale devices in costeffective ways. On the other hand, in nature, numerous
nanomaterials have been created and then perfected by
evolution over millions of years [7–11]. Proteins and
genes mutually orchestrate spatial and temporal control
over the synthesis of organic and inorganic nanomaterials,
Current Opinion in Chemical Biology 2006, 10:246–252

which often results in hierarchically organized, functional
structures. Some examples include glass sponges (optical
fibers) [7], brittle stars (optical lens array) [8], diatoms
(sophisticated periodic structures) [9], abalone shells
(fracture-resistance materials) [10], and bones (support
structure for vertebrates) [11]. Although protein-based
‘bottom-up’ synthesis of nanoscale functional materials
and devices is one of the most promising areas in bioinspired nanotechnology [5,6,12,13,14], identifying
active basic buildings blocks from biological examples
is still challenging because of their complex biological
nature (long encrypted peptides and genes). Many
research groups have recently been successful in addressing the challenge of identifying specific functional motifs
for a number of technologically useful materials (e.g.
semiconductors, metals and ferromagnetic materials) by
using a variety of combinatorial libraries displayed on
bacteria and phage [2,15–17,18,19–22]. Several recent
review articles have summarized the use of such combinatorial methods and their application to synthesize
nanomaterials through the biomineralization processes
[15,23,24,25]. In this review, we focus on recent accomplishments in phage engineering for synthesis of functional nanomaterials as well as its potential future
application and directions.

Phage display
Phage display is a combinatorial process to identify specific binding peptides using phage and bacterial biology
through a fast, directed-evolution process. M13 bacteriophage is a bacterial virus composed of a single-stranded
DNA encapsulated by various major and minor coat
proteins. It has a long-rod filament shape that is approximately 880 nm long and 6.6 nm wide (Figure 1a) [26].
The viral capsid is composed of 2700 copies of helically
arranged major coat protein, pVIII, and 5–7 copies of pIII,
pVI, pIX and pVII, located at either of its ends [26,27]. All
these proteins can be genetically modified to display short
(<8–12 amino acid) peptide sequences at various locations on the phage. By inserting randomized DNA
sequences into specific locations of phage genome, a
highly diverse library of peptides (up to 1011 random
sequences) can be displayed on the viral particles [26,27].
To select the best peptide binding sequence for a given
target material, the engineered phage library pool goes
through several rounds of selection processes (Figure 1b).
Initially, the phage are allowed to bind to the target. The
non-bound phage are then washed away, and the bound
ones are eluted, and amplified through E. coli bacterial
host infection. This evolutionary approach to select the
www.sciencedirect.com

Phage as templates for hybrid materials and mediators for nanomaterial synthesis Merzlyak and Lee 247

Figure 1

Phage structure and phage display selection process. (a) Schematic diagram of phage and its genome and (b) phage-display process to identify
specific binding peptide motifs against desired targets.

fittest binding peptide sequence is repeated several times
to enrich the phage with the best affinity peptide for the
target. Finally the dominant binding peptides are identified by DNA analysis of the phage genome. Traditionally
this technique has been used to identify protein epitopes,
small antibodies, and study protein interaction [28,29].
Recently phage display has also been used to identify
affinity peptide sequences for a variety of inorganic substances, such as semiconductor, magnetic, metallic and
optically interesting materials [2,15–17,18,19–22,30–33].
Specific binding peptide sequences identified through
such directed evolution screening methods have been
summarized in recent reviews [24,25].

CdS, PbS, etc.) have been identified, and predominantly
display Lewis base groups and positively charged amino
acids (arginine, histidine, lysine) [15]. A phage display
screening for carbon nanotubes and graphite surfaces
showed selective binding sequences with multiple tryptophan residues that could be attributed to aromatic ring
interaction between the peptides and nanotubes [31,32].
Through comparative panning using a series of alanine
substituted phage and deletion mutant phage, amphoteric titanium oxide binding peptides have shown that
both negatively and positively charged, as well as proline
residues play an important role in specific binding of
isolated peptides [21].

Molecular complementarity at the peptide–
material interface

A variety of methods have been used to show the chemical and crystallographic specificity of binding peptides.
To analyze a specific binding phage (or peptides) with Xray photoelectron spectroscopy and fluorescence microscopy, the phage can be coupled with traceable nanoparticles (Au, CdS, fluorescent tags, etc.) and labeled with
secondary antibodies [15]. Surface probe microscopy can
be used to quantify the adhesion of synthetic peptides
[33]. Finally, an increasing affinity between target substrates and binding peptides has been observed by comparing the electronegativity of the substrate and the
acidity of the amino acid side chains. In spite of the
various efforts described above, understanding of the
molecular level of binding specificity between identified
peptides target substrates remains elusive.

Phage display performed with inorganic substrates can
uncover novel information about the specific binding
interaction between inorganic crystals and organic peptides. Belcher and co-workers have demonstrated that a
genetically engineered phage can specifically recognize
various semiconductor substrates. Whaley et al. demonstrated that the phage selected for the GaAs (III–V
semiconductor) was able to distinguish between different
crystallographic orientations, such as (1 0 0) and (1 1 1),
and structurally similar materials, such as the (1 1 1)A
(gallium terminated) or (1 1 1)B (arsenic terminated) face
of GaAs, with a high selectivity [30]. The phage identified
as binding the GaAs (1 0 0) surfaces contained amino acid
residues rich in hydroxyl groups (serine, threonine) and
amine Lewis base groups (asparagine, glutamine). These
specific amino acid patterns were revealed through the
directed evolution phage screening process. Other peptides that bind specifically to II–VI semiconductor (ZnS,
www.sciencedirect.com

Inorganic nanocrystal and nanomaterial
synthesis
Specific recognition peptides identified through phage
library display for the desired crystal surfaces have been
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exploited to template the growth of various inorganic
crystals and nanomaterials. Flynn et al. identified specific
binding peptide motifs with high affinity for various II-VI
semiconductor materials (ZnS, CdS, PbS, etc.), and used
them to direct mineralization of different phases of the
inorganic crystal in controlled shape and morphology
(Figure 2b) [15]. Such linear and constrained ZnS binding
peptides specifically nucleated cubic (zinc blend) and
hexagonal phases (wurzite) of ZnS nanocrystals,
respectively.
Fusion of such crystal-nucleating peptides onto multiple
phage coat proteins, enabled construction of a variety of
interesting nanomaterials and nanostructures. Five
demonstrated schemes of phage functionalization
through genetic modification are depicted in Figure 2a.
Single modification of pIII minor coat protein was previously described to synthesize ZnS and CdS nanoparticles on the tip of the phage (Figure 2b) [2]. Nam et al.
modified both of the end minor coat proteins (pIII and

pIX) with six histidine and HPQ (His–Pro–Gln) streptavidin binding peptide motifs. These phage were then
used to construct nanoscale viral ring structures through
specific binding of chemically conjugated streptavidin
and Ni-NTA linkers (Figure 2c) [34]. By expressing
the semiconductor and metal binding peptides on the
major coat proteins using phagemid vectors, one-dimensional polycrystalline semiconductor, magnetic and
metallic nanowires were synthesized on phagemid templates (Figure 2d) [16,18]. Through an annealing process, high-quality single crystal monodisperse ZnS
nanowires were fabricated with promising electro-optical
and magnetic properties [18]. A variety of architectures
of phage-templated nanostructures were successfully
demonstrated with concurrent modification of pIII and
pVIII coat proteins (Figure 2e) [35]. Both ends and
major coat protein engineered phage might conduct
multiple programmed operations. Such engineered phage
are expected to be able to serve as electronic components
as well as provide interconnections within electronic

Figure 2

Genetic modification of the phage for programmed material synthesis. (a) Possible genetic modifications of phage and their multiple
combinations to synthesize nanomaterials. Example of nanoparticle synthesis on phage coat proteins: (b) ZnS nanoparticle synthesis on
pIII minor coat proteins [2]; (c) pIII and pIX modification to construct viral ring structures [34]; (d) pVIII protein coat engineering to synthesize
ZnS nanowires [16]; (e) pIII and pVIII engineering to construct hetero-nanoparticle arrayed structures [35]. (b) and (d) were reproduced with
permission from Science. Copyright 2002 and 2004 American Association for the Advancement of Science. (c) and (e) were reproduced
with permission from American Chemical Society. Copyright 2004, 2005 American Chemical Society.
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circuits, potentially resulting in self-interconnected electronic devices.
Other complex nanostructures were fabricated by incorporating specific binding peptide information with solid
substrates or organisms. Using microfluidic channels,
Naik et al. deposited phage-display identified silver binding peptides into a desired pattern, which was then
reproduced by the biomineralization of silver nanoparticles [22]. Sweeney et al. modified bacterial outer membrane to nucleate CdS nanocrystals [36]. Klem et al.
nucleated magnetic nanoparticles in protein cages (Methanococcus jannaschii) by incorporating CoPt specific peptides [37]. Even the assembly of carbon nanotubes could
potentially be facilitated by using peptide binding
sequences isolated through phage display [31,32]. The
specific functional peptide motifs are expected to be
incorporated into many other organic/inorganic, polymeric and biological templates to build novel functional
hybrid materials.

Nanomaterial synthesis through phage
self-assembly
Besides the ability of viruses to specifically recognize and
template specific crystal growth, they can also self-assemble into periodically ordered structures. Because of their
monodispersity and long-rod shape, filamentous viruses
have been extensively studied as liquid crystalline model
systems [38–41]. By changing variables such as concentration of virus suspension, ionic strength of solution, and
the externally applied force fields, the viruses are able to
form into ordered liquid crystalline structures.
In an isotropic concentration range (<5 mg/ml), the molecular long axes of the viruses are randomly oriented. With
increased concentration (10–20 mg/ml), virus particles
begin to align into orientationally ordered structures,
called nematic phase liquid crystals. The helical arrangement of pVIII subunits on the virus surfaces causes
twisting of the nematic layers (cholesteric phase; 20–
80 mg/ml). Finally, with concentrations above 100 mg/
ml, the viruses obtain both positional and orientational
order (smectic phase).
Similarly, the M13 viruses have been studied in much
higher concentration ranges as solid-phase films [40] and
one-dimensional fibers [42]. Viral liquid crystalline films
were grown on air–liquid–solid interfaces and were shown
to have a helically rotating smectic C-layered structure in
the longitudinal direction (chiral smectic C phase). The
observed order was maintained even in the sub-centimeter scale long-range structures [40]. One-dimensional
microscale and nanoscale viral fibers were fabricated by
using the genetically engineered viruses in the conventional wet-spinning and electrospinning processes [42].
Microscale virus-based fibers were spun by extruding the
virus liquid crystalline suspensions through microwww.sciencedirect.com

syringes into a cross-linking solution such as glutaraldehyde. In addition, the nanoscale virus-based fibers were
fabricated with a high electric field electrospinning
process.
The self-assembling nature of viruses combined with
peptide display via genetic modification has been
exploited to organize a variety of nanocomponents into
periodically ordered films and fibers [2,41,42]. After the
identification of ZnS-specific binding peptide through
phage display, ZnS nanoparticles were self-assembled into
periodically ordered film structures. Similarly anti-streptavidin viruses were used to align various nanoparticles,
including gold, organic dyes and biological molecules [41].
Magnetic nanoparticle-virus composite films (FePt, CoPt
etc.) were made through both the phagemid and pVIII
engineering of viruses [17,43]. Finally, spontaneously
ordered virus-based thin films with various electronic
nanoparticles (GaN, Au) have been fabricated on multilayered electrolyte polymer films with layer-by-layer
deposition methods [44].
Besides electronic and magnetic particles, viruses may be
used for the assembly of biomedical hard tissues. A
hydroxyapatite crystal, an inorganic component of bone,
has been used as a target for phage display to isolate a
specific binding peptide from a pVIII-engineered library.
The identified sequence was shown to contain a collagenlike short peptide motif, and with 2700 copies of pVIII,
fully covered the viral coat. Using the cloned phage,
liquid crystalline collagen-like scaffolds were fabricated
and templated with calcium and phosphate ions to create
artificial bone structures (Lee SW et al., unpublished
data). Even though the results are promising, some of
the challenges such as cytotoxicity and cellular viability,
as well as the mechanical properties of the formed structures need to be addressed before further application of
bone tissue regeneration to in vivo models.
The virus can also be endowed with multiple functionalities through displaying different peptide groups on pIII
and pVIII. Using such multi-functional viruses a variety
of architecturally complex structures have been rationally
designed and shown to self-assemble [34,35]. A technologically challenging example is the use of the phage to
organize magnetic nanoparticles in a smooth thin film
structure that could have potential applications in highdensity memory devices [18,43].

Future potential applications
One of the potential future arenas for genetically engineered phage might be as a template material for tissue
engineering and regenerative medicine. Such templates
would need to imitate the native extracellular matrix
(ECM) environment, which is composed of a fibrous
protein mesh and provides cells with a physical support,
and guidance by chemical signaling and directional
Current Opinion in Chemical Biology 2006, 10:246–252
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alignment. Spatial control of dense chemical signaling
arrays, proven desirable for controlling cellular activity
[13], can be obtained on the virus particles by genetic
modification of desired virus coat proteins [26,27]. The
replication of the phage through E. coli bacteria provides
an easy and cost-effective method to obtain a large
monodisperse population of the basic building units for
the template. Finally, the ability of the phage to selfassemble into directionally organized networks can provide the cells with the physical and directional guidance
present in many biological tissues (Figure 3) [45].
Another direction where phage display can be exploited is
to fully harness the potential of proteins as the binding
linkers between organic and inorganic substrates by
identifying peptides with specific affinity for a variety
of novel materials. Peptides selective for a material of
desired functionality can be conjugated with other structural self-assembling peptides [12,13,14] to provide
alternative routes to self-assembly and nanometer-scale
organization of high-density electronic components. In
turn, such structures might be useful for future applications such as optical computing, data storage, sensors and
photovoltaic cells (Figure 3).

Conclusion
Phage engineering and its phage-display products provide novel opportunities to integrate various disciplines
including molecular biology, organic/inorganic chemistry,
materials science and electric engineering. Through
genetic modification, library information is constructed
in the phage template. The directed evolution selection
process enables an unprecedented level of novel peptide
information to be mined at the organic and inorganic
interface. Once identified, the specific recognition abilities encoded on phage can direct the growth of useful
materials including semiconductors, magnets and metals
as well as hard biological tissues such as bones and teeth.
Finally, identical clones of such functionalized phage can
self-assemble to form highly organized hierarchical
structures.
We would like to define an emerging multidisciplinary
field that uses genetically engineered viruses to build
various electronic and medical materials with precise
molecular level control, as ‘virotronics’. The discipline
would incorporate the unique biological advantages that
can be exploited from phage, such as evolution, specific
recognition and self-replication with the engineering

Figure 3

Potential applications of phage in electronics, tissue engineering and peptide engineering.
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aspects including information mining, storage and translation, as well as structural self-assembly, self-templating
and organization of various materials into functional
devices. In the near future, we hope that virotronic
products will aid a variety of emerging fields, from selfassembled nanoscale computers and machines to drug
delivery vehicles and self-healing regenerative tissues.
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