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Peptide and protein-based
nanotubes for nanobiotechnology

Anna Petrov and Gerald F. Audette*

The development of biologically relevant nanosystems such as biomolecular
probes and sensors requires systems that effectively interface specific biochemical
environments with abiotic architectures. The most widely studied nanomaterial,
carbon nanotubes, has proven challenging in their adaptation for biomedical
applications despite their numerous advantageous physical and electrochemical
properties. On the other hand, development of bionanosystems through adaptation
of existing biological systems has several advantages including their adaptability
through modern recombinant DNA strategies. Indeed, the use of peptides, proteins
and protein assemblies as nanotubes, scaffolds, and nanowires has shown much
promise as a bottom-up approach to the development of novel bionanosystems.
We highlight several unique peptide and protein systems that generate protein
nanotubes (PNTs) that are being explored for the development of biosensors,
probes, bionanowires, and drug delivery systems. © 2012 Wiley Periodicals, Inc.
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INTRODUCTION One approach to mitigating the challenges of
CNT solubility and cytotoxicity is to modify the CNTs
with biomolecules. For instance, some groups have
modified CNTs with chitosan derivatives or incorpo-
rated them into a chitosan matrix®’ or coated CNTs
with proteins®~1? to improve biocompatibility for tis-
sue engineering.>* While these approaches show dis-
tinct promise, a separate approach is to make the nan-
otubes entirely of peptides or proteins. Protein-based
nanotubes can be particularly desirable for biomedi-
cal applications due to, for example, assembly under
physiologically-relevant conditions as well as their
ease of functionalization through protein engineering
approaches. We focus on several interesting peptide
and protein nanotube (PNT) systems that are showing
promise as nanotubes for biomedical applications.

he rapidly evolving field of nanotechnology

presents constant demands on the scientific com-
munity to advance and create new materials to be
used in medicine (diagnostics, drug delivery, and tissue
engineering), electronics (memory storage, nanoelec-
tronics, quantum computers, novel semiconductor,
and optoelectronic devices), bioseparation, cataly-
sis etc. The most studied nanomaterial is carbon
nanotubes (CNTs), which possess highly desirable
properties including excellent tensile strength, large
surface area, favorable electronic, thermal and chem-
ical characteristics.! It is these properties that make
CNTs interesting vehicles for a variety of areas such
as delivery of genes and drugs into bodies, biosen-
sors, and as scaffolds for engineered tissues. However,
there are numerous concerns about the toxicity and
biodegradability of CNTs,'™* adverse effects to elec-
trical properties® as a result of exposure to humidity, ~PEPTIDE. NANOTUBES
oxygen, N,O, and NH3, as well the lack of solubil- ) ) ) )
ity in aqueous solutions present significant challenges Peptides, being much shorter than their protein

for the use of CNTs in biological and/or biomedical =~ COuUnterparts, often lack the secondary and tertiary
applications. structures (i.e., a-helices, B-sheets) associated with

proteins. This general lack of initial secondary struc-
ture makes peptides an interesting choice for nanotube
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there has been significant interest in developing pep-
tide nanotubes for various applications,'™»!> and sev-
eral examples of stable nanotubes have been built
from simple peptides, ranging from 0.7 to 1000 nm in
diameter with varying rigidities. For instance in 2008,
Valéry and colleagues' reported that the small (eight-
residue) synthetic peptide lanreotide self-assembled
into amyloid-like nanotubes in water. While exam-
ining the role of the B-hairpin conformation of
the peptide and aromatic residues in lanreotide, the
authors established that the three aromatic side chains
of the peptide did not have equivalent roles in self-
assembly. Indeed, the naphthalene and tyrosine side
chains were found to be responsible for peptide—pep-
tide interactions, while the tryptophan, part of the
B-hairpin conformation in lanreotide, was found to
be responsible for the lateral filament stacking.!3
Other groups have also demonstrated the assembly
of nanostructures from a variety of peptide modal-
ities including fluorescently labeled dipeptides,!*
tripeptides,’> and tetrapeptides,'®!” as well as mod-
ified cyclic peptides'® and peptide-poly(ethylene gly-
col) conjugates.’® The architectures and stabilities of
these nanostructures are generated in part through
the hydrogen bonding patterns and induced sec-
ondary structure, often 8-sheet, inherent in the peptide
precursors.

The assembly of peptide nanotubes under facile
conditions suggests that they may be adapted as
scaffolds for biologically based nanowires. Indeed,
Reches and Gazit?* demonstrated the potential for
creation of a peptide-based nanowire. In this study,
the authors found that a Phe-Phe dipeptide from
an amyloidogenic hexapeptide provided the necessary
attractive forces to generate stable micrometer-
length nanotubes. The peptide nanotubes provided
an internal pore that could be filled with an ionic
silver solution; the peptide could then be removed
through digestion with proteinase K, resulting in
a bare silver nanowire.’? These data demonstrate
that the peptide nanotube could be used as a
casting mould for metal nanowires, as well as
a biological encasement for the same nanowires,
depending on whether the peptide is digested
away or not. Further studies into these peptide
nanotubes has shown that these peptide precursors
can assemble into different nanostructures depending
on the treatment of the peptide prior to initiation of
oligomerization,?’?? and that they exhibit significant
piezoelectricity?? and photoluminescence.”*?> The
development of biomedical devices incorporating
these peptide nanotube based devices shows distinct
promise, either on their own or as casting moulds for
metal nanowires.

576 © 2012 Wiley Periodicals, Inc.
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PROTEIN NANOTUBES

The increased complexity inherent in fully folded
proteins, that is their native tertiary structure, presents
an interesting challenge in the development of these
systems as nanotubes. The question of how does
one use a protein’s native structure to assemble
into a nanotube, either via a patterned template or
through self-assembly is of central importance in
developing a PNT. Because of the inherent challenges
associated with de novo design of PNTs from fully
folded proteins, several groups have undertaken an
adaptation bacterial flagella and pili, the fiber-like
protein polymers produced by many bacteria for
a variety of functions. Outlined below are several
examples of flagella and pilin-based PNTs, as well as
several other protein-based PNTs.

Flagella-Based PNTs

Flagella, fiber-like structures produced by bacteria
for cellular motility, are structurally composed of
three general multi-protein components: a proton
gradient-driven motor complex, a joint structure, and
long helical fiber. Native flagella are 10-15 um in
length with inner and outer diameters of 2-3 nm
and 12-25 nm, respectively;*® the helical fiber is
generated from thousands of copies of the FlLiC
(flagelin) protein. In 2006, Kumara et al. reported
the self-assembly of a flagellin-based PNT using a
FliC-thioredoxin fusion protein, denoted FliTrx.2”
The FliTrx construct fused 109 thioredoxin residues
between Gly-243 and Ala-352 of FliC such that
the thioredoxin active site was readily accessible
by several loop peptides designed to be presented
on the PNT surface. FliTrx PNTs were observed
through fluorescence microscopy to form 4-10 um
bundles (Figure 1). The authors subsequently reported
a layer-by-layer assembly of streptavidin-FliTrx and
polyethylenimine-FliTrx PNTs for a more uniform
assembly of these PNTs on surfaces,”® and the
utilization of FliTrx-based PNTs as a scaffold for
the synthesis of metal (Ag, Au, Cd, Co, Cu, and Pd)
nanoparticles and nanotubes under mildly reducing
conditions®® (Figure 1). The FliTrx monomer was
modified to include a series of peptide loops separated
in the quaternary structure of the PNT to facilitate an
ordered metal binding on the PNT surface, suggesting
the utilization of these FliTrx-based PNTs in sensing
and nanoelectronics applications.?’

The flagellin subunit FIiC has also been utilized
as a potential vector for liposome-based drug delivery.
In particular Ngweniform et al. assembled FliC-based
PNTs, which display an overall anionic surface, for
coordination of cationic liposomes.’® The authors
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FIGURE 1| Flagella-based PNTs. (a) Fluorescent microscopic image of self-assembled FliTrx PNTs (scale bar = 10 um).?’ The recombinant FliTrx
construct can be readily modified to contain a variety of surface accessible loops for tailored binding of a variety of molecules, in this case the dye
NanoOrange (Reprinted with permission from Ref 27. Copyright 2006 American Chemical Society). (b) Atomic force microscopy image of mineralized
FliTrx PNTs. Thirteen PNTs were generated in a layer-by-layer method separating layers of FliTrx protein containing an engineered
glutamate-aspartate (negatively charged) surface-exposed peptide loop with layers of calcium carbonate (Ca;C03).”8 The assembly process can be
used to assemble FliTrx PNTs with a variety of metals (i.e., Ag, Au, Cd, Co, Cu, and Pd) nanoparticles. (Reprinted with permission from Ref 28.

Copyright 2007 American Chemical Society).

demonstrated that FliC-based PNTs are able to
coordinate zinc phthalocyanine (ZnPC), a model
photodynamic anti-cancer therapeutic, enclosed in
cationic liposomes.?? Coordination of the ZnPC
liposomes by the FliC-PNTs resulted in a increase
in liposome stability through a reduction in ZnPC
vibrational motion. It has been suggested that
this increase in liposome stability through PNT
coordination will result in longer circulation times,
and the ability to genetically modify the FlLiC
protein prior to PNT assembly should facilitate
targeted delivery of the PNT-coordinated drug-loaded
liposomes. 3°

Pilin-Based PNTs

Type IV Pili (T4P) are flexible hair-like structures
produced at the poles of many gram-negative bacteria.
Native T4P are 6 nm in diameter and have a length
of up to several micrometers, which the bacteria
can control by retraction and extension of pili
via a complex type II secretion system,>!=33 and
are involved in a range of processes. For instance,
the opportunistic pathogen Pseudomonas aeruginosa
utilizes T4P to initiate cellular infection through
interaction with specific cellular glycolipids,>+-4°
provide motility,31:3241-43 facilitate DNA uptake,***
biofilm formation,***” and are used to adhere to
abiotic surfaces.*>* T4P have been shown to be
robust structures, withstanding shear forces of over
100 pN per T4P3%51 and extension/retraction rates of
~0.5 um/seconds.3>4" T4P are polymers of a single
monomeric type IV pilin (PilA) subunit, a protein
comprised of a four-stranded antiparallel B-sheet
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wrapped around one end of a long a-helix?3*2-3°

(Figure 2). A C-terminal disulfide-bound loop region
is the receptor-binding domain (RBD) that mediates
interactions with cellular receptors and abiotic
surfaces,*$4%:52-55 while the N-terminal portion of the
a-helix is utilized as an hydrophobic oligomerization
domain in native T4P.37-3852-55 Removal of the
exposed N-terminal region of the a-helix results in a
highly soluble pilin monomer that retains the antigenic
and receptor-binding characteristics of the native
protein.’>3 It was this engineered pilin monomer that
was observed to assemble into PNTs that are similar
in morphology and diameter (~6 nm) to native T4P
(Figure 2); PNT assembly is triggered in the presence
of hydrophobic compounds.*®

Preassembled pilin-based PNTs have been
observed to bind to stainless steel in a manner similar
to the binding observed for T4P,***° an interaction
mediated by the tip-associated RBD. The attractive
force between the RBD or PNT and steel is in the
range of 26-55 pN and 78-165 pN, respectively.*$4°
These values, which would represent three RBDs per
PNT tip, are similar to, albeit slightly less than,
the attractive forces observed for native T4P.45-60
These data suggest that the pilin-based PNT:surface
interaction is reasonably robust. In addition, pilin-
based PNTs can be assembled from surface
constrained hydrophobes, a wuseful characteristic
for the development of PNT-based nanoelectronics.
Based on an initial study of PNT assembly from
hydrophobes constrained to a microtiter plate,’®
pilin-based PNT oligomerization was subsequently
observed from self-assembled monolayers (SAMs)

© 2012 Wiley Periodicals, Inc. 577
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FIGURE 2| Pilin-derived PNTs. (a) The structure of the monomeric K122-4 pilin (PDB ID 1QVE),>* and model of the K122-4 pilin-derived PNTs.
The N-terminal a-helix is in light blue, the B-sheet is in green, coil regions in gold, and the receptor-binding domain, known to mediate surface
interactions,*34%32-5 is in red. PNTs assemble in the presence of a hydrophobic compound,®®>7 via a multi-start helix>®® into PNTs with predicted
inner and outer diameters of 2 and 6 nm, respectively.”® (b) Transmission electron microscope image of solution-oligomerized pilin-derived PNTs.
PNTs exhibit similar morphology and antigenic characteristics, although they are longer, as native T4P.3* (c) Atomic force microscopy image of
pilin-derived PNTs from a self-assembled alkylthiol monolayer on a Au(lll) surface. The surface-tethered assembly of the pilin-derived PNTs presents
opportunities for the use of pilin-derived PNTs multiple nano-applications such as biosensors, biowires, etc. Panel (a) was produced using Molscript®®
and Raster3D; (panel (b): Reprinted with permission from Ref 56. Copyright 2004 American Chemical Society; panel (c) Reprinted with permission

from Ref 57. Copyright 2009 American Scientific Publishers).

of alkylthiols on Au(111) surfaces®” (Figure 2(c)).
Coupling these observations with the knowledge that
pilin-derived PNTs can bind DNA*¢ and the high
sequence variation of the pilins33*-¢ suggests that
the pilin-based PNTs may be useful in a variety
of nanotechnology applications including biosensing,
bioseparations, and bionanoelectronics.

In addition to PNTs generated from engineered
pilin monomers, functional nanostructures have been
generated from native bacterial pili. While not
technically nanotubes as the native pilus is itself a
nanofiber, these structures are indeed interesting and
show distinct promise for application development.
For instance, the type IV pili of Geobacter
sulfurreducens were shown to mediate the reduction
of Fe(Ill) oxides,®! suggesting that the pili are acting
as biological nanowires with potential applications in
microbial-based fuel cells etc. Indeed, further studies
have demonstrated that the G. sulfurreducens pili-
based system works very well in microbial fuel cells.®?

578 © 2012 Wiley Periodicals, Inc.

Furthermore, these pili-based nanowires have been
shown to have long-range metallic-like conductivity®3
and to impart supercapacitor behavior®® when used
in the context of G. sulfurreducens biofilm-based
microbial fuel cells, both important aspects for energy
storage applications. Also, a very recent report of Cao
and colleagues demonstrates that a native type I pili
isolated from E. coli organized into three-dimensional
lattices.®> The isolated pili were also found to be
amenable to the formation of silica-pili hybrids with
various nanoassemblies,®® implicating these structures
for use in a range of applications.

OTHER PROTEIN NANOTUBES
Self-Assembled PNT's

There are several examples of self-assembled PNTs
generated from non-pilin or flagellar proteins. For
instance, Ballister and colleagues reported PNT self-
assembly from Hcpl, a 17.4 kDa protein of the
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P. aeruginosa type IV secretion system.®® Hcpl-
derived PNTs adopt a hexameric ring structure with
lengths of up to 100 nm (~25 4.4 nm high subunit
rings), an outer diameter of 9.0 nm, a height of 4.4 nm,
and an inner cavity of 4.0 nm. The Hep1 protein rings
in the PNT stack non-helically and are held together
by mechanical compatibility and engineered disulfide-
bonding through G90S and R157S mutations. An
intriguing aspect of this study in the ability to control
PNT length through introduction of chain-terminating
subunits, as well as the capability to distinguish
PNT polarity by incorporation of uniquely engineered
protein caps.®® Another example of a non-pilin PNT
is the recently reported PNTs generated from the Trp
RNA-binding attenuation protein (TRAP) from the
thermophilic bacteria Bacillus stearothermophilus.®’
TRAP monomers form 11-mer rings that polymerize
into PNTs of approximately 8 nm in diameter.®” A
third example of a non-pilin PNT is the observed
self-assembly of the milk protein a-lactalbumin,®®
where a partial proteolytic hydrolysis acts as a trigger
for self-assembly. PNTs derived from «-lactalbumin
appear to be 10-start helical right-handed structures
with outer and inner diameters of 20 and 8.7 nm,
respectively. Mass spectral analysis indicated that
PNT subunits were composed of a mixture of products
from proteolysis of the a-lactalbumin precursor.®®
While this result may affect PN'T homogeneity, it does
demonstrate the potential for proteolytic triggering
of PNT generation from a precursor protein, for
example, a fusion protein.

When discussing self-assembling protein sys-
tems, one must also mention amyloids and
amyloid-like fibrils. The self-assembly of amyloid
and amyloid-like fibrils has been an area of signifi-
cant research over the past several years, particularly
in the context of neurodegenerative disorders such
as Alzheimer’s and prion-associated diseases. There
are numerous excellent reviews on the structure and
assembly of amyloid fibrils,**~7 to which the inter-
ested reader is directed. Amyloid self-assembly is
based primarily on B-strand complimentarily that
enables protein aggregation into fibril structures;’3’®
the resultant fibril is exceedingly stable and can
adopt large-scale structures, in addition to the known
disease-related amyloid plaques.®® With respect to
their usage in biomaterials and nanotechnology, amy-
loids have been proposed to be used as protein
scaffolds,®”73 nanowires,”! in organic solar cells,”®
based in large part on their inherent fibril structure.”3

Template-Assembled PNTs

An alternative to using self-assembling proteins for
PNT generation is to use a template-assisted assembly,
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which can provide a means of patterned PNT
assembly followed by removal of the template layer
resulting in free PNTs. In recent study, Tao and
colleagues”? employed a layer-by-layer approach to
prepare PNTs composed of two proteins, bovine
serum albumin (BSA), and lyophilized hemoglobin
from bovine erythrocytes, from glutaraldehyde (GA)-
functionalized alumina membranes. The use of the
alumina template allowed for uniform PNT length,
while pore size and PNT outer diameters could be
tailored based upon the alumina support or number
of layering steps, respectively. The authors suggested
that these template-generated PNTs could be further
functionalized, with enzymes or antibodies, to
perform targeted catalytic or recognition functions.”’

In another layer-by-layer assembly, human
serum albumin (HSA) PNTs were generated by
alternating layers of HSA with poly-L-arginine (PLA)
from an etched polycarbonate membrane based
on the difference in overall net charge between
HSA (negative) and PLA (positive).?® The resultant
HSA/PLA nanotubes were of uniform length, with
an outer diameter and wall thickness of 417 + 16
and 56 £+ 7 nm, respectively, and were able to bind
magnetite (Fe304) on their outer surface enabling the
magnetic capture of the Fe3O4-HSA/PLA nanotubes.
Interestingly, the HSAs within the PNT architecture
were able to bind zinc(Il)-protoporphyrin IX (ZnPP),
an analog of the iron(Ill)-protoporphyrin (hemin)
that is released by methemoglobin in the circulatory
system.’0 The authors suggest that the magnetic
capture of Fe3O04-HSA/PLA nanotubes present an
promising avenue for bioseparation, the efficient
nanoscale separation, and recovery of biomolecules
from complex mixtures, and an important component
of any nanomedical regiment.

The development of PNT-based biocatalysts
has also been explored using layer-by-layer method-
ologies; the inclusion of an enzyme into the PNT
architecture (in whole or in part) provides a spe-
cific biocatalytic function. One such example of a
biocatalytic PNT is that of the layer-by-layer assem-
bly of cytochrome-C PNTs®! with either GA or
poly-(sodium styrenesulfonate). The cytochrome-C
within the PNT architecture retained its native ter-
tiary structure and catalytic activity, suggesting usage
of these PNTs in cytochrome-C-specific biocatalytic
reactions.8! Another example of template assembly
of catalytic PNTs is that of Hou and colleagues.®?
In this study, the authors generated glucose oxidase
(GOx) and hemoglobin (Hb) PNTs with alternat-
ing layers of protein and GA. In both instances
the enzymatic PNTs retained either glucose oxida-
tion or heme electroactivity.®? In a separate study,

© 2012 Wiley Periodicals, Inc. 579
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Komatsu and colleagues reprised their HSA/PLA nan-
otubes, but coated the inner surface with catalytically
active GOx.%3 Finally, Yang et al. generated gold-
nanoparticle (Au NP) containing lysozyme PNTs in
an aim to generate bionanowires.%* A lysozyme-Au
NP mixture spontaneously formed hollow, branched
Au NP-embedded PNTs following incubation under
ambient conditions for 7 days. While PNTs were
not directly demonstrated to function as nanowires,
they were shown to be stable at 100 W sonication
(30 min), or under incubation with 1M HCI or 1M
NaOH (overnight);3* such stability may prove highly
beneficial for development of these hybrid PNTs for
nanomedical applications.

Virus-Based Nanotubes

Another approach to developing PNTs for nanotech-
nological/nanomedical applications is the adaptation
of viral coat proteins. Many viruses are conve-
niently rod shaped and their capsids self-assemble
from relatively simple protein building blocks,%-8¢
which makes them good raw material for nanotube
development. For instance, the rod-shaped tobacco
mosaic virus (TMV) normally self-assembles in a heli-
cal fashion to enclose its RNA genome;3” however,
it has been shown to generate nanodisks and nan-
otubes under selective conditions.3¢-8% Miller et al.,?3
using a recombinant TMV coat protein for chor-
mophore attachment, demonstrated that with simple
adjustments of pH and ionic strength, nanodisks
and rods with lengths of over 100 nm could be
generated (Figure 3). While minimal energy transfer
was observed between monomers, nanodisks exhib-
ited a better energy transfer, with marked improve-
ment upon assembly into rods. The resulting TMV
nanorods exhibited efficient (>90 %) light trans-
fer over a broad set of wavelengths.’® TMV-based

wires.wiley.com/nanomed

nanowires have also been generated through a sen-
sitization/electroless deposition strategy.®*°0 In these
studies, purified, empty TMV particles were initially
sensitized with Pd(II) followed by an electroless depo-
sition of either copper®’ or zinc®® to the inner and
outer TMV surface, respectively. Metal deposition
was in the form of nanoparticles at the protein sur-
face, each with an appropriate observed energy profile
for the deposited nanoparticles.®>?? The use of mod-
ified TMV particles is therefore envisioned to play a
role in nanosystems such as nanoscale optical devices
and/or nanodevice wiring.

A second tubular nanostucture generated from
viral capsid proteins is that of the cowpea chlorotic
mottle virus (CCMV).8¢ In this study, a DNA scaffold
was employed to helically assemble PNTs of various
lengths (from less than 200 nm to over a micron)
with a 17 nm diameter from the 20 kDa CCMV coat
protein. Control of PNT length was achieved through
the ratio of DNA length to protein concentration;
the largest PNTs (>5 um) were observed in reactions
where 5-10 DNA base pairs were available per protein
dimer.8¢ The authors suggest that metal deposition
into these PNTs may be achievable,’® which is
analogous to metalized TMV-based PNTs discussed
above.

Another virus that has been explored for the
development of protein-based bionanowires is the
M13 bacteriophage. This process is again a two-step
procedure in which the protein scaffold, in this case
modified M13 phage coat protein(s), is first assembled
and then a conducting molecule selectively aggregates
onto the PNT scaffold. A plasmid-driven expression
of recombinant M13 coat proteins pIIl and pVIII was
shown to facilitate the synthesis of gold nanowires; the
gold-binding recombinant pIIl and pVII proteins were
identified through a biopanning process.”’ The resul-
tant M13-scaffolded Au-nanoparticles were wire-like

FIGURE 3| Viral-based nanodisks and nanotubes. Transmission electron microscopy images of chromophore-containing nanodisks (left) and
nanotubes (right) generated from synthesized from modified TMV coat protein.®® Scale bars represent 50 nm (left panel), 200 nm (right panel), and
100 nm (panel inset ‘f’). TMV nanodisks are layered heptadecameric structures. A single 900-nm-long TMV PNT (yellow arrow; right panel) contains
over 6300 choromphore molecules.® (Reprinted with permission from Ref 88. Copyright 2007 American Chemical Society)

580 © 2012 Wiley Periodicals, Inc.
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structures of 10 nm in width and ~1 um in length,
and continuous nanowires of ~40 nm diameter were
achieved after ~5 min of electroless deposit. Electrical
transport characterizations of the M13-scaffolded Au-
nanowires showed reproducible continuous current
and calculated resistance of about 1.8 x 107° Qm,
about 100 times higher resistance than bulk gold.”!
In a similar study, Nam et al. genetically modified
the pVIII coat protein to express four consecutive
N-terminal glutamates to serve as a template to pro-
duce Co304 nanowires’? (Figure 4). Cobalt oxide
was found to uniformly mineralize along the length
of the tube, and alteration of the Co solution
could produce nanowires of differing morphologies.
Introduction of an Au-binding peptide motif into
the pVIII protein enabled the researchers to cre-
ate a pVIII-Au-Co3 04 hybrid bionanowire (Figure 4).
When compared to the pure cobalt oxide wires, the
pVIII-Au-Co304 hybrid bionanowire was observed
to generate higher (~30%) initial and reversible
storage capacity,”” suggesting the utility of these
nanocomposites in applications from batteries to med-
ical implants. Recent studies on the use of modified
M13-phage nanowires demonstrate promising elec-
trochemical properties for microbatteries,”>?* both as
M13-Co oxide nanowires’ and as M13-FePO4 bound
to CNTs as a nanocomposite cathode material.”* In

(a)

Peptide and protein-based nanotubes for nanobiotechnology

this later study, the pVIII protein of the M13 viral
coat was bound FePO4 while the plIlIl protein facili-
tated interaction with single-walled carbon nanotubes
(SWCNTs) thereby bridging the biologically ordered
nanowires with the desirable electronic characteris-
tics of the CNTs within the cathode material;’* the
electrochemical profiles of these M13-based microbat-
teries were favorable compared to capacities based on
crystalline LiFePOy4 batteries.”* These studies show
distinct promise for developing biologically based
nanosources of power for biomedical applications,
for example, implantable biosensors.

CONCLUSION

Given the richness of diversity in structures, bio-
compatibility, and adaptability through genetic engi-
neering, peptide and protein-based nanotubes present
unique alternatives to CNT scaffolds for new
nanomedical and bionanotechnological applications.
The in-built assembly characteristics of flagella,
pili, and viral coat proteins are examples of self-
assembling nanosystems that show distinct promise
in the design and development of bionanosystems for
nanomedicine, drug delivery, bionanowiring, etc. In
addition, template-assisted PNT generation of layered

$a Co nucleating motif
(EEEE)

+ Au binding motif

“ (LKAHLPPSRLPS)

FIGURE 4| Virus-based bionanowires. (a) Schematic representation of engineered M13 phage pVIII coat protein (red) PNTs containing Co (blue)
and Au (yellow) binding motifs. (b) Transmission electron microscope (TEM) image of gold nanoparticles assembled by the Au-binding domains of
pVlli-derived PNTs. (c) TEM images Au/Co304 nanowires assembled from pVIII-PNTs derived from protein expressed in the presence of Co304. The
assembled nanowires were shown to generate higher (~30%) initial and reversible storage capacity than pure Co304 wires.*? (Reprinted with
permission from Ref 92. Copyright 2006 American Association for the Advancement of Science)
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PNTs presents opportunities to develop multifunc-
tional PNTs that may be targeted to a specific cellular
location through surface-exposed epitopes. Under-
standing of not only the functional characteristics
of these nanosystems, but also their modes of assem-
bly, kinetics, and stabilities will provide a greater
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