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ABSTRACT

Using biological templates to build one-dimensional functional materials holds great promise in developing
nanosized electrical devices, sensors, catalysts, and energy storage units. In this communication, we report a
versatile assembly process for the preparation of water-soluble conductive polyaniline (PANi)/M13 composite
nanowires by employing the bacteriophage M13 as a template. The surface lysine residues of M13 can be
derivatized with carboxylic groups to improve its binding ability to the aniline; the resulting modified M13 is
denoted as m-M13. Highly negatively-charged poly(sulfonated styrene) was used both as a dopant acid and a
stabilizing agent to enhance the stability of the composite fibers in aqueous solution. A transparent solution of
the conductive PANi/m-M13 composite fibers can be readily obtained without any further purification step.
The fibers can be easily fabricated into thin conductive films due to their high aspect ratio and good solubility
in aqueous solution. This synthesis discloses a unique and versatile way of using bionanorods to produce
composite fibrillar materials with narrow dispersity, high aspect ratio, and high processibility, which may have
many potential applications in electronics, optics, sensing, and biomedical engineering.
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The controlled growth and fabrication of one-
dimensional (1-D) nanostructured objects such as
fibers, tubes, and rods, is an emerging research area
due to their potential applications in developing
nanosized electric devices, sensors, catalysts, and
energy storage units [1-4]. In particular, employing
biological building blocks as templates in 1-D materials
synthesis holds great promise for future research
directions [5-8]. Among the wide variety of biological
scaffolds, viruses and viral-like particles have recently
attracted much attention for the development of novel

biocomposite materials. Rod-like biomacromolecular
assemblies, such as the tobacco mosaic virus (TMV)
and M13 bacteriophage, have well-defined structural
features, high aspect ratio, narrow size distribution,
and good water solubility [9-16]. They are stable and
can endure treatment over a wide range of pH values
and temperatures, and with organic solvents (such as
50% methanol [17] and 30% DMSO [18]). Moreover,
the surface functionalities and properties of these
bionanorods can be manipulated either by traditional
bioconjugation methods or genetic engineering
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without disrupting their integrity [19-22]. Due to
these properties, TMV and M13 are particularly
interesting scaffolds for developing 1-D functional
materials [10, 14, 23].

Previously we have shown that by using TMV
as the template, 1-D polyaniline/ TMV composite
nanowires can be prepared by a head-to-tail self-
assembly process of TMV [13, 14]. Polyaniline (PANi)
is a conducting polymer that has been extensively
studied for optical and electronic applications
[24-28]. A 1-D nanostructured PANi would be a
promising candidate for the development of nano-
sized electronic devices, sensors, energy storage
devices, and other devices [26, 29-31]. Although
many approaches to produce electronically active 1-D
materials have been developed [32-34], realization
of 1-D nanostructured conducting PANi with
controllable morphologies and sizes, especially with
good dispersity, is still a great challenge. We report
here a versatile assembly process for the preparation
of water-soluble conductive PANi/M13 composite
nanowires by employing the bacteriophage M13 as a
template.

M13 is a cylindrical protein capsid consisting of
2700 identical major coat proteins as well as several
minor coat proteins surrounding a single-stranded
DNA genome. The rod-like M13 is 880 nm in length
and 6.6 nm in diameter and one of
the most studied rod-like viruses
for developing new biocomposite

thin film of the PANi/M13 composite. We report here
that conductive PANi/M13 composite nanowires
can be readily obtained by incubation of M13 with
poly(sulfonated styrene) (PSS) and ammonium
persulfate (APS).

Unmodified M13 was first used as the template
to prepare PANi/M13 composite fibers; however, we
found that it was difficult to control the morphology
of the final composite fibers due to the low surface
charge of M13 at the reaction pH of 4. To address this,
the lysine group on the outer surface of native M13
(Figs. 2(a), (b)) was derivatized to a carboxylate group
by a simple bioconjugation with glutaric anhydride
(Fig. 1) in order to introduce more negative charges
on the surface of M13 and improve the binding of
aniline. After reaction for 12 h with a large excess of
glutaric anhydride, the modified M13 (m-M13) was
purified by dialysis, precipitation, and re-suspension
in fresh buffer. MALDI-MS analysis of the protein
P8 showed the molecular mass of the unmodified
M13 subunit was 5241 m/z (Fig. 2(c)). The mass of
the modified product indicates that the majority of
the protein subunits are mono-derivatized with acid
groups (5355 m/z). Weak peaks at 5241 m/z and 5470
m/z are also present (Fig. 2(c)), which can be assigned
to unmodified and dual-modified protein subunits,
respectively. The integrity of the m-M13 was
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Figure 2 (a) Helical organization of M13 major coat proteins P8. (b) A single subunit structure of coat
protein P8 is presented as ribbon diagram with lysines being highlighted, of which Lys-8 (in green) is easily
accessible and the other 4 lysines (in blue) are buried in the coat protein. (c¢) MALDI-TOF MS of the coat
protein P8 of unmodified M13 (5241 m/z) and the modified m-M13 indicating a single modification (5355 m/z)
of subunits. Weak peaks at 5241 m/z and 5470 m/z can be assigned to the unmodified and dual-modified
protein subunits. (d) Zeta potential of acid modified m-M13 at different pH

confirmed by both atomic force microscopy (AFM)
(not shown) and transmission electron microscopy
(TEM) analysis (Fig. 3(a)). After modification, zeta
potential measurements were used to determine the
surface charge and isoelectric point (pI) of m-M13.
As shown in Fig. 2(d), after modification, the pI was
estimated to be 3.7 as compared with a pI of 4.3 for
native M13 [10]. As shown in Fig. 2(b), there are five
lysines (in blue and green colors) in the major coat
protein P8 of M13, but, based on the crystal structure,
only lysine-8 is exposed to the exterior environment
(Fig. 2(a)). We postulate that the majority of the
modifications take place at lysine-8. Detailed
reactivity and proteomics studies are still ongoing
and will be reported elsewhere.

With modified M13 as template, a series of
experiments were conducted with the reaction
conditions shown in Table 1. In a typical synthesis,
the m-M13 was incubated with aniline for 24 h at

room temperature using APS as the oxidant and PSS
as the stabilizer. The pH of the solution was adjusted
to around 4.0 with dilute aq. HCl and aq. NaOH.
The final composite fiber was purified through
precipitation using polyethylene glycol (PEG)/NaCl
and re-suspension in nanopure water. Addition of
highly charged PSS leads to a dramatic improvement
in the stability of the composite fibers in aqueous

Table 1 Reaction conditions for m-M13 templated synthesis of
polyaniline composite nanowires at pH 4 for 24 h

m-M13  Aniline PSS APS Resulting fibers
(mg/mL)  (UUmL)  (mg/mL)  (mg/mL)
0.1 0.2 0.4 0.5 Single PANi/m-M13
fiber
0.2 0.4 0.8 1 Bundled PANi/m-M13
fibers with diameter
~25nm
0.5 1 2 2.5 Bundled PANi/m-M13
fibers with diameter
~50 nm
I
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Figure 3 TEM images of m-M13 (a) and PANi/m-M13 composite fibers obtained with initial
concentrations of m-M13 of 0.1 mg/mL (b), 0.2 mg/mL (c), and 0.5 mg/mL (d)
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Figure 4 UV-vis spectra of m-M13 and PANi/m-M13 composite
fibers

solution and was found to be crucial for the success of

the synthesis [36]. In addition, PSS served as an acidic

dopant to enhance the conductivity of PANi [27, 28].
As shown in Fig. 3(a), upon modification, m-M13

retains the same diameter of 6.6 nm
as the native M13. With lower
concentrations of m-M13 as the
template, single polyaniline/m-M13
fibers can be readily prepared which
preserve the high aspect ratio of
M13 (Fig. 3(b)). The diameter of the
composite wires increased to ~8 nm
when the concentration of m-M13 was
increased to 0.1 mg/mL. Furthermore,
small bundle-like structures,
composed of several single small
fibers with a total diameter around
25 nm, were formed with increased
m-M13 concentration (Fig. 3(c)). The
bundle size was increased to 50 nm
when the concentration of m-M13
was 0.5 mg/mL (Fig. 3(d)).

As shown in Fig. 4, the UV-vis
spectrum of the m-M13 has a peak
at 269 nm which is similar to that
observed for the native M13. The red
curve represents a control experi-
ment with PSS/PANI reacted at
pH 4 without adding m-M13. The
PSS/PANI possesses the polyaniline
signature absorbance peak around
420 nm. The polaron band in the 790 nm region
confirms the presence of PANI in the conducting
form. For the PSS-PANi/m-M13 composite(purple
curve), a spectrum similar to that of the PSS/PANi
control experiment was observed with the inclusion
of a small peak at 269 nm which can be attributed
to the contribution from m-M13. As the pH of the
solution was increased from 4 to 10, the PANi peak
at 420 nm decreased in intensity and the polaron
band around 790 nm disappeared (green curve).
The strong absorption peak at ca. 570 nm suggests
that, at pH 10, PANi has been completely de-doped
to the base form. These results are comparable to
those previously observed for both chemically and
enzymatically synthesized PANi [27, 28, 30, 37].

To study the electrical conductivity, the composite
fibers were coated on a glass wafer (p =10 Q-cm)
by casting 200 uL of a 0.2 mg/mL composite fiber
solution and drying overnight at room temperature.

Nano Research I s e ——
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Composite fiber conductivity was determined to
be 5x10* S/cm using a standard four-point probe
technique. The conductivity is similar to literature
reports where PSS was used as the doping agent
[27, 28]. The PSS-PANi/m-M13 composite fibers
could be easily fabricated into thin films via a spin-
coating process (Fig. 5). The homogenous thin film
showed a sensitive response towards pH change. As
shown in Fig. 5, when the thin film was exposed to
gaseous NH;, the color of the thin film changed from
dark green to dark blue in 1 min. Upon exposure to
gaseous HCl, the color of the thin film reverted to
dark green. These color changes were fully reversible
and could be repeated multiple times.

In conclusion, the surface lysine residues of M13
can be derivatized with carboxylic groups to improve
its binding ability to aniline. Highly negatively
charged PSS can be used both as a dopant acid and
a stabilizing agent to enhance the stability of the
composite fibers in aqueous solution. A transparent
solution of the conductive PANi/m-M13 composite
fibers can be readily obtained without any further
purification step. The fibers can be easily fabricated
into thin conductive films due to their high aspect
ratio and good solubility in aqueous solution. This
synthesis discloses a unique and versatile way of
using bionanorods to produce composite fibrillar
materials with narrow dispersity, high aspect ratio,

)

Figure 5 Optical images of PSS-PANi/m-M13 composite thin film on a glass slide
under acidic conditions (a) and basic conditions (b) showing clear green and blue colors,
although the central regions are too intense to see the real colors. The thin film is
transparent and the Univ. South Carolina logo can be seen clearly through the film

and high processibility, which may have many
potential applications in electronics [10, 38], optics
[39], sensing, and biomedical engineering [40].

Experimental

Large scale amplification of M13. M13 virus was
grown and purified following standard biochemical
protocols. Briefly, a 1 L of an E. coli ER2738 culture was
grown in LB-tet media to mid-log phase and infected
with 1 mL of wild-type M13 bacteriophage (10" PFU/
mL). The culture was incubated at 37 °C with shaking
for 5-6 h, centrifuged to remove bacterial cells, the
virus collected by PEG-NaCl (20% PEG and 2.5
mol/L NaCl) precipitation and reconstituted in Tris-
buffer. The typical yield was 30 mg of M13 per liter
of infected bacteria suspension. The concentration
was determined spectrophotometrically using an
extinction coefficient of 3.84 cm’/mg at 269 nm [41].

Surface modification of M13. In a typical
synthesis, a stock solution of M13 (20 mg/mL, 1 mL)
in 150 mmol/L Tris-HCl buffer was dialyzed with
0.01 mol/L pH 7.8 phosphate buffer. After dialysis,
the stock solution was diluted to 1 mg/mL with
a 0.01 mol/L pH 7.8 phosphate buffer. To this
solution, glutaric anhydride was directly added. The
reaction mixture was placed at 4 °C overnight. PEG-
NaCl solution was subsequently used to pellet the
M13 virus followed by re-suspension
overnight in 0.01 mol/L pH 7.8
phosphate buffer.

Synthesis of PSS-PANi/m-M13
composites. In a typical synthesis,
distilled aniline, poly(sulfonated styrene)
and ammonium persulfate were added
to a solution of m-M13 (Table 1). The
pH of the solution was adjusted with
aq. HCI (0.01 mol/L) and aq. NaOH
(0.01 mol/L) to 4.0. The reaction mixture
was incubated at room temperature for
24 h before it was pelleted with PEG
-NaCl. The pellet was collected and
resuspended in nanopure water to
obtain the PSS-PNAi/m-M13 composite
nanofiber suspension. This operation
was normally repeated three times in
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order to completely remove the dissolved PANI.

Preparation of samples for TEM analysis. A
solution of composite nanofiber solution (20 uL) was
deposited onto a 300-mesh carbon-coated copper grid
for 2 min. The grid was then stained with 2% uranyl
acetate before TEM analysis.

MALDI-TOF MS of M13 subunit. A solution of
M13 (1 mg/mL, 26 uL) was treated with guanidinium—
HCI (6.0 mol/L, 4 uL) for 5 min at room temperature.
The denatured protein was spotted onto a MALDI
plate using Millipore ZipTip ,.c;s  tips to remove the
salts. The samples were analyzed using a Bruker
Ultra-Flex I TOF/TOF mass spectrometer with MS
grade sinapinic acid in 70% acetonitrile and 0.1% TFA
as the matrix.
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