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ABSTRACT: Novel hybrid hydrogels composed of tag-
peptides (antigens) displaying filamentous viruses and anti-
body-immobilized gold nanoparticles (GNPs) through specific
interactions between the two components were constructed.
The strength of the antigen−antibody interactions greatly
affected the macroscopic mechanical properties. The phages
and the GNPs in the hydrogels formed lyotropic liquid crystals
and well-ordered network structures, respectively. It was
suggested that the structurally much different components
were cooperatively assembled into the highly regular structures
through time-dependent cross-linking processes. This hybrid
hydrogel of visible and huge components will open attractive opportunities for the science and technology of next-generation soft
materials.

Biomolecular-based assembly engineering is an emerging
and highly interdisciplinary field, and biomolecular

assemblies are applicable to diverse areas such as electronics,
energy, and medical devices.1−4 Notably, viruses have been
developed as candidates for valuable assembling components
and are regarded as programmable organic molecules,3,5,6

because the size and shape of viruses and the number of
functional groups on the surfaces are precisely defined by their
genomic DNA. In fact, viruses can be modified and
functionalized by genetic engineering7 and synthetic chemical8,9

methods. Recent studies have clearly revealed that viruses such
as filamentous M13 bacteriophages (M13 phages), with a
specific affinity for artificial materials or biomolecules, can be
utilized to produce batteries and data storage devices,10−13

sensors,14 cell-regenerating materials,15,16 and imaging agents.17

To widen the applicability of virus-based materials, the control
of phage assemblies is an essential requirement.
On the other hand, the efficient and elegant control of

nanoparticle assemblies at the nano-to-macro scale via a
bottom-up approach is one of the key ambitions of nanoscience
and nanotechnology.18,19 Due to the flexibility of surface
modifications and the physicochemical properties derived from
quantum size effects, metal nanoparticles with various sizes and
shapes attract much attention as assembling components. In
particular, gold nanoparticles (GNPs) with unique plasmon
properties have been the most frequently investigated as
assembling components.20−22 Among the various assemblies,
well-ordered GNPs exhibited unique physical properties, and
potentially have a wide range of applications in plasmonics,

nanoelectronics, and molecular sensing devices.21−24 Since their
applicability depends greatly on the local order of the GNPs,
fundamental methods that can control the assembly states have
been developed for utilizing the expressed properties relevant
to the assemblies.18,25

When M13 phages and GNPs are designed to specifically
interact with each other, it is possible to create novel, metal-
bioorganic hybrid materials. Those novel hybrid materials
would be a promising candidate for the construction and
implementation of economically relevant materials that can
produce practical bioelectronic, as well as environmental and
biomedical tools. In fact, it has been demonstrated that
hydrogels composed of genetically engineered highly negative
filamentous phages and nanoparticles, in which the two
components electrostatically interact with each other, act as a
distinguished scaffold for cell culture.26−28 Here, we con-
structed hybrid hydrogels composed of M13 phages and GNPs,
to which antigen peptides and antibodies were conjugated for
specific interactions, respectively. Mixed solutions of the
components were transformed into uniform and transparent
hydrogels. In the resulting hydrogel assemblies, the M13 phages
behaved as liquid crystals and the GNPs formed well-ordered
network structures. Both the length of the domain size of liquid
crystals and the structured GNPs reached the subcentimeter
scale. To the best of our knowledge, this is the first to
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demonstrate that the cross-linking reactions of filamentous
virus termini with spherical nanoparticles cooperatively and
effectively regulate the assembled structures of the two
heterogeneous components for hybrid hydrogels.
The surfaces of M13 phages and GNPs were modified with

antigens and antibodies, respectively, to specifically interact
with each other (Figure 1a). Fluorescamine assays demon-

strated that 19.7 ± 1.9, 14.5 ± 3.9, and 17.9 ± 2.7 molecules of
anti-HA, anti-FLAG, and anti-Myc antibodies were immobilized
on each GNP, respectively. Since the number of anti-HA
antibodies was slightly greater than that of immobilized Protein
A molecules (16 molecules), some of the antibodies seemed to
be immobilized by nonspecific physical adsorptions on the
GNPs.
M13 phages displaying HA peptides (HA-phages) have an

affinity constant (Ka) of 1.1 × 109 M−1 for its antibody.29 The
mixed solutions of the HA-phages and anti-HA antibody-
immobilized GNPs (anti-HA GNPs) were transparent and
highly viscous, and behaved as uniform self-supporting
hydrogels in the vial inversion test (leftmost in Figure 1b),
indicating that the anti-HA GNPs and the HA-phages formed
highly networked structures. In contrast, in the absence of the
GNPs or the antibodies, or when using wild type (WT) phages
(without displayed antigen peptides), the mixed solutions
showed much lower viscosity (second, third, and fourth from
the left in Figure 1b, respectively), so that the solutions rapidly
fell down to the bottom of the vials. Additionally, in the
presence of excess amounts of chemically synthesized HA
peptides (final concentration: 10 mM), the mixed solution
similarly fell down (rightmost in Figure 1b), suggesting that the
interactions between antibodies on the GNPs and antigen
peptides at the phage termini were inhibited by free antigen
peptides. Therefore, these results strongly supported that the
specific interactions at phage termini were essential to form
hydrogels. In fact, it was reported that biomolecular recognition
such as assemblies of coiled-coil peptides31 and antigen−
antibody (Fab fragments) interactions32 were utilized for
responsive capabilities of the hydrogels; therefore, the affinities
between antigen peptides on phages and antibodies on GNPs
are considered to be sufficient to form hydrogels.
Phages displaying FLAG or Myc peptides and those

antibodies were used instead of the HA peptides and the
antibodies (FLAG- and Myc-phages, respectively). Although
the Ka values of the FLAG- and Myc-phages against those
antibodies were smaller than that of the HA-phage (0.19 × 109

and 0.069 × 109 M−1, respectively),29 hydrogelation was also
observed under the same conditions (Figure S1). Accordingly,

it was found that specific interactions between the antigen
peptides at the phage termini and the antibodies immobilized
on the GNPs were generally useful to form network structures
in sufficient quantities to greatly increase the viscosity of those
solutions. When all the immobilized antibodies are used for
interactions with the HA-phages, aggregates would be observed
in the mixed solutions. Therefore, suitable amounts of the
antibodies on the GNPs seemed to be used for the construction
of network structures.
To determine the viscoelastic properties of the hydrogels,

rheological studies using frequency-sweep experiments were
performed to assess the mechanical properties, the storage
modulus (G′) and the loss modulus (G″), which represent the
elastically stored energy and the energy lost as heat within the
hydrogel, respectively. The G′ values were greater than the G″
values at all frequencies (Figure S2), indicating that mixtures of
the HA-phages and the anti-HA GNPs clearly formed hydrogel.
The observed G′ value of this virus-GNPs system is comparable
to that typically observed for collagen hydrogels33 and was
higher than values for typical hydrogels composed of self-
assembling biomolecules such as peptides34−37 and proteins.38

These results indicated that novel metal−biomolecular hybrid
materials, hydrogels, were constructed successfully.
The mechanical strength of the hydrogels composed of the

antigen-displaying phages and the antibody-immobilized GNPs
were analyzed quantitatively by a gel indentation hardness test.
As a result, rupture forces as a function of the dent distances
were obtained (Figure S3). The hydrogels were fractured at the
defined distance, whereas the phage solution without antibodies
did not exhibit any defined rupture forces. The observed
rupture forces of the hydrogels prepared at the different phage
and GNP concentrations are summarized in Figure 2 as the

hydrogel strength. In the case of HA-phages, increased rupture
forces were observed depending on the concentration increase.
The concentration dependence of phages against the hydrogel
strength was also observed in the case of FLAG- and Myc-
phages. This result suggested that well-assembled phages at
higher concentrations were effectively entangled to promote
the hydrogel strengths. Interestingly, comparing the strengths
between the peptide species displayed on phages under the
same conditions suggested that the strengths were simply
dependent on the Ka values of the phages against antibodies.

Figure 1. (a) Schematic illustration of the antibody-immobilized
GNPs (top) and antigen peptide-displaying M13 phages (bottom).
(b) Optical photograph of the mixed solutions. Types of phages, and
the presence/absence of GNP, antibody, or HA peptide are shown in
the figure.

Figure 2. Mechanical strength of the hydrogels. The antigen peptides
displayed on the phages and the concentrations are shown. The
concentrations of the GNPs were 10 nM.

ACS Macro Letters Letter

dx.doi.org/10.1021/mz500073t | ACS Macro Lett. 2014, 3, 341−345342



Therefore, molecular-level interactions between peptides at the
phage termini and the antibodies on the GNPs were crucial for
macroscopic physical properties, such as the mechanical
strengths of the hydrogels.
Polarized optical microscopy (POM) observation was

performed to investigate the ordered structures of the phages
in the hydrogels. Just after mixing the HA-phages and the anti-
HA GNPs, an isotropic phase was substantiated (Figure 3a,

inset); however, obvious birefringence was identified after 15
min incubation (Figure 3a). Furthermore, the bright domains
increased in size with increasing incubation time (up to 30
min) to approximately 100 μm in width (Figure 3b). Since
birefringence is generally caused by crystalline particle
dispersion or the molecular orientation of solutes,39 these
observations clearly suggest the presence of the highly ordered
structures in the hydrogels, of which the domain size reaches
the subcentimeter scale. Magnified POM images clearly
demonstrated that the bright domains were darkened, while
the dark domains were brightened by every 45° rotation of the
hydrogels (Figure 3c,d), suggesting the formation of lyotropic
liquid crystals. It has been reported that M13 phages alone form
lyotropic liquid crystals in aqueous suspension.40 However, the
concentration of phages in this study was 3 times lower than
that typically required for liquid crystal formation.3,40 There-
fore, the cross-linking reactions of the HA-phage termini with
the anti-HA GNPs successfully induced liquid crystal formation
of the HA-phages, as well as simultaneous network structure
formation of the anti-HA GNPs. Note that both the HA-phage
solutions without the anti-HA GNPs and the mixed solutions of
the HA-phages and GNPs without antibodies did not show any
birefringence (Figure S4). Taking all the POM observations
together, we concluded that the HA-phages were in three-

dimensionally highly ordered states by assembling with the
anti-HA GNPs.
Transmission electron microscopy (TEM) observation was

performed by transferring the hydrogel to a collodion coated
copper EM grid, to investigate the ordered structures of the
GNPs in the hydrogels. In the TEM image, well-ordered
network structures, several tens of micrometers long, were
observed (Figure 4a). High magnification images clearly

showed that the ordered structures were composed of GNPs
(Figure S5a,b). Interestingly, the branched side chains tended
to proceed perpendicularly from the main chains in a self-
similar manner. Note that the main chains reached the
subcentimeter size when followed on the TEM grid. In
contrast, using WT phages, ordered structures of GNPs were
not observed (Figure S5c). Therefore, specific interactions were
necessary to construct the highly regular mesoscale structures.
In a previous study, hydrogels composed of positively charged
GNPs and negatively charged M13 phages were prepared
through electrostatic interactions;26−28 however, the fine
assembly structures of the component GNPs were not
investigated microscopically.
Absorption spectroscopy analyses were performed to

characterize the plasmonic interactions between the GNPs in
the hydrogels. The absorption spectra of the anti-HA GNPs
with and without the HA-phages after 30 min incubation are
shown in Figure 4b. The spectrum of the anti-HA GNPs alone
showed a single sharp band at 525 nm (Figure 4b, black line). It
has been reported that solutions of well-dispersed GNPs with a
diameter of 20 nm showed a λmax at 525 nm;41 therefore, the
anti-HA GNPs were in well dispersed states. In marked
contrast, a reduction in the intensity of the 525 nm bands, as
well as a broad new absorption band from 600 to 750 nm, was
observed after the interaction with the 0.10% HA-phages
(Figure 4b, light blue line). Note that the change in absorption
spectra was completed within a couple of minutes after mixing
the anti-HA GNPs with the HA-phages. Increasing the HA-
phage concentration further decreased the intensity of the 525
nm band, and increased the intensity of the additional broad
band (Figure 4b, blue and dark blue lines at the 0.25 and 0.75%
HA-phage concentrations, respectively). Importantly, the band
at 525 nm apparently demonstrating dispersion remained even
at high phage concentrations, possibly suggesting that the anti-
HA GNPs formed well-ordered 1-D like structures.23,42 When

Figure 3. POM images of the hydrogels. (a, b) Time-dependent POM
images for the assembly process of the HA-phages and the anti-HA
GNPs. (c, d) Magnified POM images after a 45° rotation of the
hydrogel.

Figure 4. Characterization of ordered structures of GNPs in the
hydrogels. (a) TEM image of the well-ordered network GNPs in the
hydrogel. (b) Absorption spectra of the anti-HA GNPs with and
without the HA-phages, and unmodified GNPs with the HA-phages
(0.75%). The concentrations of the HA-phages are shown in the
figure.
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the HA-phages and GNPs without antibodies were employed as
controls, the additional band did not appear (Figure 4b, gray
line). These results strongly suggested that specific antigen−
antibody interactions as well as sufficient phage concentrations
were essential for the unique spectra derived from the
assembled GNPs with the HA-phages in the hydrogels.
It is important to discuss the assembly process of the

hydrogels with highly regular structures composed of liquid
crystalline M13 phages and well-ordered GNPs. As described in
the POM observations and absorption spectra, the time
required for assembly was in the order of several tens of
minutes. Taking into account the huge size of the M13 phages
(diameter: 6.5 nm; length: 900 nm; molecular weight: 16.3
MDa)43 and the position of antigen peptides displayed at the
phage termini, it is hard to accept that the assembly of
“monodispersed” phages with GNPs proceeded within the
time. On the contrary, since the phage concentration used in
this study is close to that required for liquid crystal formation,3

it must be reasonable to consider that the anti-HA GNPs bind
to cross-link preordered, but non liquid crystalline HA-phages,
followed by time-dependent structural development to regular
assemblies of the two heterogeneous components in a
cooperative manner for construction of the hydrogels (Figure
S6).
In conclusion, we investigated the assembly between antigen

peptide-displaying filamentous phages and antibody-immobi-
lized GNPs based on specific interactions. The mixed solutions
developed to uniform and transparent hydrogels, indicating that
the two components formed highly networked structures at the
macroscopic level. The assembly structures of phages and
GNPs were successfully analyzed based on their characteristic
physicochemical properties. It was therefore revealed that the
assembled hydrogels were composed of liquid crystalline
phages and well-ordered network structures of GNPs,
indicating that both components were cooperatively assembled
into the highly regular mesoscale structures. Since phages can
be functionalized biotechnologically with the desired peptide or
protein, and chemically with unnatural molecules, various
functions can be endowed to the novel hybrid hydrogels in the
near future. Furthermore, other inorganic and organic nano-
particles can also be constituents in the unique hydrogels.
These applications will unlock novel and imaginative
opportunities for the exploitation of next-generation self-
assembling soft materials composed of regularly ordered
structures.

■ MATERIALS AND METHODS
Materials: Ph.D. Peptide Display Cloning System, antitag peptide
antibodies (mouse IgG1), and Protein A-conjugated GNPs (Lot:
12353) with a diameter of 20 nm were purchased from New England
Biolabs, Inc., Sigma-Aldrich, and BBI solutions, respectively. All other
reagents were purchased from Nacalai Tesque. Ultrapure water with
more than 18.2 MΩ·cm was supplied by the Milli-Q system (Merck
Millipore) and was used throughout all the experiments.
Preparation of antigen peptide-displaying phages: HA (sequence:
YPYDVPDYA), FLAG (sequence: DYKDDDDK), and Myc (se-
quence: EQKLISEEDL) peptides were genetically fused to the pIII
minor coat proteins of the M13 bacteriophage via Gly-Gly-Gly-Ser as a
spacer using the Ph.D. Peptide Display Cloning System. The
constructed phagemid vector was heat-shocked into competent
Escherichia coli (E. coli) ER2738 cells, and amplified. Then, the
expressed phages were purified by precipitation and redispersion
procedures in the presence of PEG and NaCl. Each phage displayed
plural (from 3 to 5) copies of antigen peptides. The correct

construction was confirmed by DNA sequencing and enzyme-linked
immunosorbent assays method previously described.29

Preparation of antibody-immobilized GNPs and construction of hybrid
hydrogels: Antibodies for tag peptides and Protein A-conjugated
GNPs (16 Protein A molecules were immobilized on the GNP,
according to the supplier, which was determined by quantification of
unbound Protein A molecules after immobilization) were mixed and
incubated for 1 h, thus, preparing the antibody-immobilized GNPs.
Unbound antibodies were removed by centrifugation and redispersion
procedures. The amounts of unbound antibodies were quantified to
determine the amounts of antibodies immobilized on the GNPs using
fluorescamine assays, which can estimate the number of exposed
amino groups.30 The antigen phages and the GNPs were mixed in
Tris-buffered saline (TBS, 50 mM Tris, 150 mM NaCl, pH 7.5), and
the resulting mixture was incubated for 1 h at 20 °C. The
concentrations of the phages were set to 0.10, 0.25, and 0.75 wt %
(0.10 wt % ≈ 60 nM). The concentration of the GNPs was set to 10
nM.

Absorption measurements: Absorption spectra were recorded on
NanoDrop 2000c (Thermo Scientific). Mixed solution of the phages
and GNPs were incubated for 30 min. A fraction of the hydrogels
(with antibodies) or an aliquot of the mixture (without antibodies)
was placed onto the measurement stage and, then, the spectra were
recorded.

Rheological studies of the hydrogels: Rheological characterization of
the hydrogels was performed by using an Air-Servo mini (Shimadzu).
The hydrogel composed of the HA-phages and the anti-HA GNPs
with volume of 15 mL was placed on a parallel plate for the rheological
test. The concentrations of phages and GNPs were set to 0.75 wt %
and 10 nM, respectively. The hydrogel was compressed to measure the
G′ and the G″ by a frequency-sweeping mode with a fixed strain of 1%.

Indentation test of the hydrogels: The gel strengths were
quantitatively investigated by an indentation test using an AGS-X
(Shimadzu). A test bar with a diameter of 3 mm was dented into 200
μL of the hydrogels at 1 mm/min, and the forces exerted onto the test
bar were monitored in real-time. The hydrogels failed mechanically at
distinct dent distances, and these failure points were defined as rupture
forces. These rupture forces were defined as the gel strengths.

TEM observation: A collodion-coated copper EM grid was placed
coated-side down onto the hydrogels for 30 min, and then the grid was
floated onto a droplet of ultrapure water for 1 min. The grid was
blotted and then allowed to dry gradually at ambient temperature
overnight. All images were taken using a Hitachi H-7500 electron
microscope operating at 80 kV.

POM observation: A mixed solution of the HA-phages and the anti-
HA GNPs was mounted onto a glass slide, and a cover glass with a gap
(height of 20 μm, Matsunami Glass) was gently placed onto the
sample. Immediately, the sample was observed by time-dependent
POM using an U-AN360P (Olympus) at ambient temperature. After
30 min, high magnification images of the hydrogel were taken, rotating
the sample 45° for each image at ambient temperature.
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