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INTRODUCTION

The molecular assembly of building blocks into regular structures
has become the focus of many scientific fields. The production of
regularly assembled structures in a controlled manner leads to
materials with notably excellent properties with great potential in
many fields, including nanotechnology and materials science. In
particular, biomolecular-based assemblies exhibit better control over
the assembly of structures due to their monodispersity and are
utilized in diverse material fields.1,2 Among the various biomolecules,
recent studies have revealed that genetically engineered viruses offer
versatile and unique properties for the construction of regularly
assembled structures through self-driven processes.3

Recent studies have demonstrated that filamentous M13 phages act as
components for use in the construction of viral materials for electronics,
biodevices and sensors.4–7 In these cases, molecular recognition
capabilities are derived from the displayed foreign peptides, which
specifically bind to artificial materials and have an important role in
regularly assembled phage structures. Significantly, surface modification
of M13 phages has been established through genetic engineering8 and
synthetic chemical9 methods. Therefore, M13 phages are regarded as
potential components of assembled nanomaterials.
In recent nanotechnological developments, regularly assembled

gold nanoparticles (GNPs) have been extensively studied owing to
their unique physical properties, which can be used in potential
applications such as plasmonics, nanoelectronics and sensing
devices.10,11 Although there are successful approaches described in
the literature for producing regularly assembled GNPs through
bottom-up processes using an anisotropic lattice and the
subsequent reduction of the surface energy,12,13 such assembly
requires delicate and careful control of the individual building
blocks at the molecular level. Because the local ordering of GNPs

affects their physical properties and applicability, strategies to control
assembled structures have been developed to utilize the expressed
properties relevant to assemblies.13

Herein, we demonstrate regular assemblies composed of M13
phages displaying gold-binding A3 peptides14 at the phage termini
(A3 phages) and the GNPs (Figure 1) based on specific interactions
between A3 peptides at the phage termini and the GNP surfaces, as
well as the subsequent chemical crosslinking of the phages. The GNPs
formed well-organized structures in mixed solutions of A3 phages and
GNPs. When crosslinking was performed between the A3-phage
molecules, the mixed solutions were transformed into hydrogels. In
the resultant hydrogel assemblies, A3 phages behaved as liquid crystals
with domain sizes at the subcentimeter scale and the assembled GNP
structures were changed. Assemblies composed of M13 phages and
GNPs give rise to novel opportunities for the construction of regular
assemblies as components of functional materials.

EXPERIMENTAL PROCEDURES

Preparation of gold-binding peptide-displaying phages
A3 peptides (sequence: AYSSGAPPMPPF) with gold-binding capabilities14

were genetically fused to pIII minor coat proteins of M13 phages via

Gly-Gly-Gly-Ser spacers using the Ph.D. Peptide Display Cloning System

(New England Biolabs, Ipswich, MA, USA). Constructs were heat-shocked into

competent Escherichia coli ER2738 cells. The expressed phages were purified

by precipitation and redispersion procedures in the presence of high

concentrations of PEG and NaCl (concentrations are 5% (w/v) and 2.5M,

respectively). Each phage displayed plural (3–5) copies of A3 peptides, and the

constructs were confirmed by DNA sequencing.

Construction of assemblies composed of phages and GNPs
Citrate-capped GNPs (diameter: 15nm, Tanaka Kikinzoku Kogyo, Tokyo,

Japan) were purified twice by centrifugation and redispersion procedures using
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ultrapure water. A3 phages or wild-type phages in concentrated

N,N-(bis(2-hydroxyethyl)-2-aminoethane (BES) buffer were added to the

GNPs solution, and the resulting solutions were incubated at 20 1C for

30min (final conditions of the BES buffer: 50mM BES, 150mM NaCl and

pH 7.5). The final phage and GNP concentrations were 600 and 20nM,

respectively. For chemical crosslinking of the phages, the mixed solutions were

injected vertically into a 5% glutaraldehyde solution at a rate of 30mmmin�1

using syringes or micropipettes of various diameters and were then incubated

for 2 h. Next, the resulting assemblies were transferred into BES buffer, and

their stability was visually observed for 30 days.

Absorption spectrum measurements
The absorption spectra of mixed solutions composed of phages and GNPs

were recorded using a NanoDrop 2000c (Thermo Scientific, Waltham, MA,

USA) instrument. When chemically synthesized A3 peptides were used,

concentrated A3-peptide solutions were added to the mixed solutions (final

concentration: 1mM).

Transmission electron microscopy observations
A collodion-coated copper EM grid was placed coated-side down onto mixed

solutions composed of phages and GNPs or crosslinked hydrogels. Next, the

grid was washed by floating on a droplet of ultrapure water for 1min. The

grids were blotted and then allowed to dry gradually at ambient temperature

overnight. All images were taken using an H-7650 (Hitachi High-Tech, Tokyo,

Japan) transmission electron microscope operating at 100 kV.

Polarized optical microscopy observations
Chemically crosslinked phages with and without GNPs were mounted onto

glass slides. When a sample without crosslinking was observed, mixed solutions

of A3 phages and GNPs were mounted onto glass slides and a cover plate with

a gap of 20mm was placed onto the samples. Samples were observed by

polarized optical microscopy (POM) using a U-AN360P (Olympus, Tokyo,

Japan) microscope at ambient temperature. Observations were performed by

rotating the samples 451 for each image.

RESULTS AND DISCUSSION

A3 peptides were displayed on the minor coat proteins of the M13
phage termini by genetically engineering them to interact with the
GNPs. A3 peptides originally screened as silver-binding peptides have

the capability to bind to GNPs.14 Mixtures of A3 phages and GNPs
behaved as viscous solutions without precipitates. Absorption
spectrum measurements were performed to characterize plasmonic
interactions between GNPs in mixed solutions. Absorption spectra of

Figure 1 Schematic illustration of a filamentous M13 phage and a gold

nanoparticle (GNP) used in this study. M13 phages that display

gold-binding peptides at termini (A3 phages) and GNPs with a diameter of

15 nm were used. A full color version of this figure is available at Polymer

Journal online.

Figure 2 Characterization of regular structures of GNPs in the assemblies.

(a) Absorption spectra of GNPs with and without A3 phages and with
A3 phages combined with chemically synthesized A3 peptides. The

concentrations of GNPs, A3 phages and A3 peptides were 20, 600 and

1 nM, respectively. Solid, dotted, and dashed spectra represent GNPs with

A3 phages, GNPs alone and GNPs with both A3 phages and A3 peptides,

respectively. (b) A TEM image of the regularly assembled GNPs in the mixed

solutions. (c) A high-magnification image of the assembled GNPs. Scale

bars are shown in the Figure. GNP, gold nanoparticles; TEM, transmission

electron microscopy.

Regular assembly of viruses and gold nanoparticles
T Sawada et al

512

Polymer Journal



GNPs with and without A3 phages are shown in Figure 2a. GNP
spectra without phages exhibited a single broad band at 520 nm
(Figure 2a, dotted line). Well-dispersed GNPs with a diameter of
15nm show a lmax at 520 nm.15 Therefore, the GNPs were well
dispersed in the buffered solution under these conditions. When the
A3 phages interacted with GNPs, the intensity of the band at 520 nm
decreased and a new broad band was observed at 600–700 nm
(Figure 2a, solid line). The absorption spectra of assembled or
aggregated GNPs with a diameter of 15nm contain broad bands at
600–700 nm.15 Furthermore, the 520-nm band indicating well-
dispersed states remained, suggesting that when GNPs interact with
A3 phages, they form one-dimensional-like regular structures.16,17

Importantly, when chemically synthesized A3 peptides (final
concentration: 1mM) were added to mixed solutions composed of
A3 phages and GNPs for inhibition of the interactions between the A3
peptides displayed on the A3 phages and the GNPs, the intensity of
the 700-nm band decreased, while the intensity of the 520-nm band
consequently increased (Figure 2a, dashed line). This observation
indicated that the regular structures of GNPs formed with the A3
phages were collapsed due to the interactions of the chemically
synthesized A3 peptides with the GNPs. These results suggested that
interactions between the A3 peptides at the phage termini and the
GNPs were fundamental to the construction of the assembly.
Transmission electron microscopy (TEM) observations were

performed to directly observe the assembled GNP structures. The

assembled structures were transferred to a collodion-coated grid and
were subjected to TEM observations without staining. Regularly
assembled structures with lengths of several tens of micrometers were
observed in the TEM images for mixed solutions composed of A3
phages and GNPs (Figure 2b). The high-magnification TEM image
clearly demonstrated that the regular structures were composed of
GNPs (Figure 2c). When wild-type phages were used, regular
structures were not observed; instead, dispersed and slightly aggre-
gated GNPs were observed (Supplementary Figure S1). Significantly,
dendritic GNP structures tended to branch out of the main chains in
a similar manner. Such dendritic structures were also formed by
mixing antibody-immobilized GNPs with a diameter of 20nm and
phages displaying antigen peptides at the termini.18 Therefore, when
GNPs specifically interact with the phage termini, the dendritic
assembly of GNPs seems to generally occur.
Chemical crosslinking of A3 phages in mixed solutions were

performed by using glutaraldehyde. When viscous solutions contain-
ing A3 phages and GNPs were spun into glutaraldehyde solutions,
hydrogel strings were successfully prepared (Figure 3a). Gel strings
were found to be stable in buffers for at least 30 days (Figure 3b),
whereas assemblies that lacked chemical crosslinking collapsed within
5 h (Figures 3c and d). The string diameter was controlled by varying
the syringe diameter (Supplementary Figure S2). Because the hydro-
gels were constructed by injection of the sol-state solution into a
glutaraldehyde solution after formation of a viscous solution through

Figure 3 Photographs of gel strings. The gel strings composed of A3 phages and GNPs after chemical crosslinking incubated in buffer solutions for (a) 0 d

and (b) 30 d. The strings without chemical crosslinking incubated in buffer solutions for (c) 0 and (d) 5 h. d, days. A full color version of this figure is

available at Polymer Journal online.
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a self-assembly process, hydrogels of various shapes were generated.
To investigate whether assembled structures of GNPs remained after
chemical crosslinking, TEM observations were performed (Figures 4a
and b). Interestingly, the perpendicularly branched assembled
structures were observed to be different from those before chemical
crosslinking (Figure 2b). This observation suggests that the regularity
of the GNP assembly was changed by chemical crosslinking. In
addition, it was difficult to avoid partially formed large aggregates of
GNPs after chemical crosslinking (Figure 3a).
It is important to characterize the phage structures within the

assemblies; therefore, POM observations were performed. Gel strings
were mounted on glass slides, and then the gel strings were

characterized using crossed-POM observations. The observation
results indicated that uniform birefringence was clearly identified
from the gel strings (Figure 4c). The domain size of the birefringence
reached the subcentimeter scale. It is well known that the appearance
of birefringence generally depends on the molecular orientation of the
solute and/or the dispersion of crystalline particles;19 therefore, highly
ordered structures should be present in assembled hydrogels. The
bright POM image was darkened by a 451 rotation of the samples
(Figure 4d), demonstrating a lyotropic liquid crystalline formation.
Given the component structure of hydrogels, filamentous A3 phages
are considered to be oriented to form liquid crystals. It has been
demonstrated that highly concentrated M13 phages align into

Figure 4 Characterization of crosslinked assemblies. (a) TEM image of regularly assembled GNPs. (b) A high-magnification image of the assembled GNPs.

(c, d) POM images of the crosslinked assemblies composed of A3 phages and GNPs with and without 451 rotations. (e) POM image of the assembly without

crosslinking. (f) POM image of crosslinked A3 phages without GNPs. GNP, gold nanoparticles; POM, polarized optical microscopy; TEM, transmission

electron microscopy.
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orientationally ordered structures, resulting in lyotropic liquid crystal
suspensions.20 The concentration of phages required to form liquid
crystals without other additives was approximately three times greater
than in the present results. Thus, specific interactions between the
peptides on the phage termini and the GNPs are essential factors
to form regular phage assemblies. Because birefringence was not
observed in the POM images of the samples before chemical
crosslinking (Figure 4e), chemical crosslinking was required to induce
liquid crystal formation. Furthermore, when only A3 phages were
chemically crosslinked under the same conditions, no birefringence
was observed (Figure 4f). On the basis of all the POM observations,
assembly by specific interactions as well as chemical crosslinking
was required for the liquid crystal formation. Therefore, our
results demonstrated that filamentous M13 phages and GNPs were
cooperatively assembled into regular structures through specific
interactions and subsequent chemical crosslinking.

CONCLUSIONS

We demonstrated the regular assembly of gold-binding peptide-
displaying filamentous phages and GNPs through specific interactions
and subsequent chemical crosslinking. TEM observations clearly
demonstrated that the GNPs that interacted with the A3 phages in
mixed solutions were self-assembled into highly regular structures.
Stable assemblies composed of A3 phages and GNPs were successfully
constructed by chemical crosslinking using amine coupling strategies
between phages, resulting in the formation of hydrogels. The
regularity of the assembled GNPs in hydrogels was altered by chemical
crosslinking. Furthermore, the A3 phages in hydrogels exhibited
liquid-crystalline properties, indicating that the A3 phages were
highly oriented in the hydrogels. Because a number of material-
binding peptides were biotechnologically obtained, various metal
nanoparticles could be applied to this strategy for the construction of
regular assembles. Furthermore, functional molecules could be con-
jugated to the surface of M13 phages by genetic engineering and
synthetic methods; therefore, various functionalized assemblies could
be constructed. Accordingly, our results will contribute to novel
imaginative opportunities for the exploitation of structurally regular
assemblies in materials science and technology.
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