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Recently, viruses have been regarded as useful molecular assemblies for materials applications rather than
as disease-causing agents. The orderly assembled structures of the viruses are highly related to the resultant
properties and functions of the assemblies; however, methods to control the assembly are still limited. Here,
we demonstrated the assembly of filamentous viruses into hierarchical nano- to microstructures at liquid/
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several micrometers length, which are much longer than the original virus. Subsequently, the fibers self-
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Introduction

The development of dynamic functions of molecular assemblies
using biomolecular components is an important key term for
progress in various materials fields.' Researchers have recently
begun to view viruses as more than disease-causing agents and
as molecular assemblies useful for various applications.** Such
virus-based materials have many beneficial properties owing to
their highly ordered and controlled structures.® Although
animal viruses need to be handled with great skill in appro-
priate facilities following required safety protocols, plant and
bacterial viruses (bacteriophages) are not pathogenic to animals
and therefore more easily utilized in material components. Rod-
shaped or filamentous viruses such as tobacco mosaic virus and
M13 bacteriophage (M13 phage, Fig. 1a) are widely utilized as
self-assembling components.” Importantly, genetic engineering
for M13 phage to display foreign peptides or proteins for the
evolutional screening process has been well established;®
therefore, the resultant M13 phages with desired functions are
utilized as versatile building blocks for virus-based functional
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structures showed long-term stability and potential applicability through the desired functionalization.

soft materials for application in electronic devices, sensors, and
biomedical scaffolds as well as conventional antibacterial
reagents and drug delivery vehicles.

Viruses have protein shells that assemble several copies of
the same protein into assemblies (called capsids) with precisely
controlled three-dimensional structures. Their genetic code in
the form of DNA or RNA is located in the interior of the coat
protein-assemblies, and electrostatic interactions between the
genetic material and surrounding proteins are essential to form
these ordered structures. The M13 phage is a regularly assem-
bled filamentous structure with a high aspect ratio (4.5 nm
width and 900 nm length) and is constructed by the self-
assembly of approximately 2700 copies of the helical major
coat protein (pVIII) and 3-7 copies of minor coat proteins at the
termini around the DNA.>> The framework of M13 phage is
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Fig.1 (a) Schematic representation of the assembled structure of M13

phage. (b) Schematic representation of the assembly of M13 phages
into ordered microstructures at liquid/liquid interfaces.
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competent for liquid crystal mesogens to form various phases
owing to their high aspect ratio, dipole properties, and charge
densities, with the use of liquid crystal formation-based ordered
assemblies that are indispensable for constructing functional
virus-based soft materials.>*>* We aimed to develop a novel
strategy to assemble the M13 phage into alternative structures,
allowing development of novel class of virus-based materials.

Herein, we demonstrate the assembly of M13 phage into
single-layered and well-packed aligned microstructures
composed of fibrous structures different from the original
phage. The liquid/liquid interface formed during emulsion
formation was suitably utilized for the construction of hier-
archical nano- to microstructures (Fig. 1b). Mixing of M13
phage aqueous solutions with various organic solvents resul-
ted in the formation of stable oil-in-water (O/W) emulsions.
Immediately after emulsification, M13 phages formed unique
fibrous nanostructures of several micrometers in length,
longer than that of the original M13 phage, but similar in
height to that of the original M13 phage. The fibers further
self-assembled into uniformly aligned and well-packed
microstructures, resulting in extremely stable emulsions.
Furthermore, the biomineralization capability of the original
M13 phage coat proteins towards converting tetrachloroaurate
ions (AuCl, ) into gold nanoparticles (AuNPs) was observed
even after assembly, resulting in highly aligned AuNPs on the
assembled M13 phages. We show that controlled assembly of
filamentous viruses into well-ordered microstructures at
liquid/liquid interfaces will widen the applicability of this
novel class of functional soft materials.

Experimental
Materials

Fluorescein isothiocyanate (FITC) was purchased from Sigma-
Aldrich. SYBR Green II was purchased from Takara Biotech-
nology Co., Ltd. All other reagents were purchased from Nacalai
Tesque. Ultrapure water with a resistivity greater than 18.2
MQ cm was obtained from a Milli-Q Advantage A-10 (Merck
Millipore) and used throughout all experiments.

Preparation of M13 phages

M13 phages were expressed using the Ph.D. Peptide Display
Cloning System (New England Biolabs, Inc.). Phagemid DNA
was transformed into competent Escherichia coli ER2738 cells
through heat-shock. The M13 phages expressed were amplified
using E. coli and purified by precipitation and re-dispersion
procedures using a mixed solution composed of 20 w/v% pol-
y(ethyleneglycol) and 2.5 M NacCl.

Modification of M13 phages with FITC

FITC solution was prepared at 5 mg mL " in 1 M Na,CO,/1 M
NaHCOj;, pH 9.0 (conjugation buffer). M13 phage solution
(2.5 mg mL ", 200 uL) was incubated in the dark on a rotator for
1 h at ambient temperature with 10 pL of FITC solution.
Following incubation, FITC-conjugated M13 phages were puri-
fied three times using PEG and NaCl as described above.
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Additional rounds of PEG precipitation minimized the residual
free fluorophore.

Preparation of M13 phage-based emulsions

400 pL of aqueous M13 phage solution (1.5, 15, 150, or 1500 nM)
was mixed with 400 uL of organic solvents such as toluene,
hexane, cyclohexane, and chloroform, followed by shaking the
mixture by hand for 30 s. The prepared emulsions were allowed
to incubate at 25 °C.

Characterization of emulsions

The emulsions were diluted 5-fold with water, mounted on
a concave glass slide (Toshin Riko Co., Ltd.) and examined
using an optical microscope (ECLIPSE LV100ND, Nikon)
equipped with a digital camera (DS-Fi2, Nikon). Size measure-
ments of the emulsions were performed using Image] software
(version 1.52, developed at the National Institutes of Health)
with at least 90 droplet measurements per sample. The stability
of the emulsions against creaming was evaluated by comparing
the volume fraction of the stable emulsion. The volume fraction
was calculated by dividing the height of the emulsion phase by
the total height of the initial emulsion phase.

Fluorescence microscopy observation

The emulsions prepared using the FITC-conjugated M13 phage
or SYBR Green II-stained (purchased SYBR Green II solution
was diluted to 1/10 000) emulsions prepared using the original
M13 phage were observed under a fluorescence microscope
(ECLIPSE LV100OND, Nikon). Fluorescence images were
acquired using a digital camera (DS-Fi2, Nikon), and the
appropriate filter set for fluorophores was used.

Atomic force microscopy (AFM) observation

The morphology of the assembled structures at the emulsion
surfaces was imaged by AFM (SPM-9600, Shimadzu) in tapping
mode in air at ambient temperature. The emulsions were
dispersed in distilled water to remove the freed M13 phage, and
2 pL aliquots of the diluted dispersion were deposited onto
a freshly cleaved mica substrate and dried for at least 6 h at
ambient temperature in a desiccator with silica gel.

Small-angle X-ray scattering (SAXS) measurement

SAXS measurements of the emulsions prepared with 150 nM of
M13 phage were performed at BL10C in the Photon Factory,
High Energy Accelerator Research Organization, KEK (Tsukuba,
Japan). The emulsion was sealed in a glass capillary with an
inner diameter of 2 mm. The wavelength of the incident X-ray
was 0.1 nm, and the beam diameter at the sample position
was approximately 0.25 x 0.50 mm. The exposure time per
sample was 30 s. The sample-to-detector distance was 2.54 m.
The scattering profile was collected using a 2D hybrid pixel
detector (PILATUS3 2M, DECTRIS Ltd., Switzerland). The
reduction was performed using a custom-made reduction
package Red2D (https://github.com/hurxl/Red2D). The scat-
tering intensity was corrected for the time, transmittance, cell

This journal is © The Royal Society of Chemistry 2020
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scattering, sample thickness, and then normalized to the
absolute scale using glassy carbon (NIST SRM 3600) as a refer-
ence. Curve fitting was performed using a core-shell model with
a polydisperse core and a constant shell thickness (PolyCore-
Form model function) with a data analysis package of the
National Institute of Standards and Technology (NIST).*® The
average core size, scattering length density (SLD) of the core,
shell, and solvent were fixed at 80 um, 8 x 107 °A72, 1.2 x 107°
A2 and 9.5 x 10~ ° A2, respectively. The SLD of the core and
solvent were estimated using the NIST SLD calculator. A typical
SLD of proteins was used for the shell.*”

Attenuated total reflection/Fourier transform infrared (ATR/
FT-IR) absorption spectroscopy

To record the ATR/FT-IR spectra of the emulsions, aliquots of 20
uL of the diluted emulsions were deposited on a gold substrate
several times and dried under vacuum conditions. The IR
absorption spectra of the samples were measured using a JASCO
FT/IR-4100 spectrometer with a cumulative number of 100 and
a resolution of 2.0 ecm ™" under ambient conditions.

Results and discussion

M13 phage-based emulsions were successfully produced using
various organic solvents in the oil phase. Briefly, M13 phage
aqueous solution (M13 phage concentration 1.5, 15, 150, and
1500 nM) and organic solvents (toluene, hexane, cyclohexane,
and chloroform) were mixed at a volume ratio of 1: 1, and the
mixtures were shaken vigorously for 30 s (Fig. Siat). The
emulsion prepared using toluene was the most stable and the
size of droplets showed a narrow size distribution as compared
to those prepared using other organic solvents (Fig. S1b and c¥).
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Fig. 2 (a) Optical photographs of emulsions formed with various

concentrations of M13 phage at 48 h after emulsification. (b) Fluo-
rescence images of emulsions prepared using FITC-conjugated M13
phage (150 nM) at 48 h after emulsification. (c) Size distribution of
emulsion droplets prepared with 150 or 1500 nM of M13 phage at 48 h
after emulsification.
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Toluene was therefore selected as the oil phase for further
experiments. Emulsions were prepared using different
concentrations of M13 phage to determine the influence of the
concentration on emulsion formation and their properties. It
was previously reported that concentration of emulsifiers was
inversely proportional to droplet size, surface coverage density,
and emulsion stability.® As Fig. 2a shows, emulsion volumes
clearly increased with increasing concentration of M13 phage,
demonstrating the contribution of M13 phage to emulsifica-
tion. To track M13 phage coat proteins in the formed emul-
sions, FITC was conjugated to the amino groups of the M13
phage as previously reported.*® The resultant FITC-conjugated
M13 phage was applied to the emulsion formation at
a concentration of 150 nM, and fluorescence microscopy was
performed. In the fluorescence image, it was evident that coat
proteins of M13 phage were mostly located at the emulsion
interfaces (Fig. 2b). The results indicated that the coat proteins
(surrounded with DNA, see below) accumulated at the interface
to stabilize emulsion droplets.

We measured at least 90 different emulsion droplets stabi-
lized by 15, 150, and 1500 nM of M13 phage for statistical
analyses of the distribution. More uniform and smaller size
emulsion droplets were observed with increasing concentration
(Fig. S27), further supporting the contribution of the M13 phage

Fig. 3 Morphological characterization of the nano- to microstruc-
tures by AFM. The emulsions prepared with 150 nM (a—d) and 1500 nM
(e—h) of M13 phage were observed immediately after emulsification (a
and e), after L h (b and f), 6 h (c and g), and 48 h (d and h).
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towards stabilization of the interface. In fact, the creaming
behavior of the emulsion clearly demonstrated that the stability
of the emulsions increased with increasing concentration of
M13 phage (Fig. S3f). Furthermore, the time-dependent size
distribution of emulsion droplets prepared with 150 and
1500 nM was characterized in detail (Fig. 2c and S4t). The size
of the emulsion droplets prepared with 150 nM M13 phage
increased with increasing incubation time after emulsification
at constant phage concentration. It is well known that emulsion
droplets with insufficient surface coverage of emulsifiers
generally lead to coalescence and/or flocculation of the droplets
to decrease the surface free energy.*® Therefore, M13 phages at
the emulsion interface were considered to assemble in order to
cover the interface, resulting in high stability (see below) during
the creaming process when 150 nM of M13 phage aqueous
solution was used for emulsification. On the other hand, utili-
zation of the M13 phage at 1500 nM, which is higher than the
concentration required for liquid crystal formation, would lead
to more stable assemblies being formed immediately after
emulsification.

AFM was performed to characterize the assembled nano- to
microstructures of M13 phages at the emulsion interfaces
during the creaming associated with the coalescence process
(Fig. 3). Immediately after emulsification, fibrous nano-
structures of several micrometers, which is longer than that of
the original M13 phage (approximately 1 pm), were observed at
the interface of the emulsion prepared using 150 nM of the M13
phage (Fig. 3a). As the incubation time was increased, the
fibrous nanostructures proceeded to self-assemble into aligned
and dense microstructures without overlapping, resulting in
a decrease in the surface free energy (Fig. 3b-d). After sufficient
incubation to form a stable emulsion (48 h), microstructures
composed of highly aligned nanofibers were observed (Fig. 3d).
These hierarchical nano- to microstructures were observed on
a scale of several tens of micrometers (Fig. S5af). Importantly,
the height of the non-overlapping nanofibers in all the images
was approximately 4-5 nm (Fig. S5b?), which was comparable to
the width of the original M13 phage, indicating that the nano-
fibers formed assemblies with the same thickness as the orig-
inal virus structure.

When the M13 phage is used at 1500 nM, immediately after
emulsification, more densely assembled structures composed
of similar long nanofibers were observed (Fig. 3e). A negligible
change was observed in the assembled structures during the
incubation (Fig. 3f-h), reflecting the unchanged droplet size.
This is possibly due to that preparation of sufficient amounts of
the assembled fibrous structures to cover the interface imme-
diately with the mixing, resulting in “kinetically trapped” less-
ordered structures at high concentration (1500 nM), whereas
less amounts of the assembled nanofibers enabled formation of
ordered microstructures at “thermodynamic equilibrium” with
structural relaxation during incubation at low concentration
(150 nM). These results strongly indicate that the liquid/liquid
interface formed under suitable emulsification conditions
offered assembly of M13 phage into hierarchical nano- to
microstructures in a controlled manner.
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SAXS measurement of the emulsion prepared with 150 nM of
M13 phage was performed to clarify that a single-layered
microstructure was formed during the emulsification and
subsequent creaming process, not during the sample drying
process for AFM. The observed profile can be fitted well with
a theoretical equation of core-shell form with a polydisperse
core and a constant shell thickness (Fig. 4). The estimated shell
thickness was 3.68 + 0.05 nm, which is similar to the height of
assemblies determined by AFM. These results strongly indicate
that a single-layered microstructure was formed at the emulsion
interface in situ. Although AFM was performed for dried
assemblies, it was suggested that the observed morphologies
possibly represented those at the liquid/liquid interface.

In order to investigate the structural denaturing of M13
phage at the interface, DNA staining experiments using SYBR
Green II with the capability to specifically bind to single-
stranded nucleic acids were performed (Fig. S61). Immediately
after emulsification, obvious fluorescence was observed from
the surface of the emulsion droplets prepared with 150 nM, as
compared to those prepared with 1500 nM, indicating that the
original capsid structure at 150 nM was denatured to allow
access by the small molecule. The fluorescence intensity for the
emulsion with 1500 nM was comparable to that for the original
M13 phage as a control experiment, demonstrating less dena-
turing of the capsid structure at 1500 nM. Liquid crystal
formation at a high concentration (1500 nM) seems to have
suppressed the denaturation. Furthermore, ATR/FT-IR spec-
troscopy measurements indicated that the secondary structure
of the assemblies of M13 phage prepared with 150 nM under-
went a partial structural transition from the original a-helix to
B-sheet structures as compared to that with 1500 nM (Fig. S77),
further supporting a greater amount of denaturing for the
capsid of M13 phage at 150 nM.

The stability of the emulsions was evaluated to better
understand the structural features of the assembled micro-
structures. Although the emulsion prepared using 1500 nM of
M13 phage demulsified after incubation for 4 months, the one
prepared with 150 nM was still stable after 1 year (Fig. S8at).

- Shell thickness (A) -
r \ — 36.8:0.5 (fit) ]

Kq) (cm-)

q (A1)

Fig. 4 SAXS profile (red circle) of the emulsion prepared with 150 nM
of M13 phage. The scattering intensity /(q) is shown as a function of the
magnitude of the scattering vector q. The black curve shows a fitting
curve using a core—shell model. Note that because the average core
size was outside the g-range of SAXS, the core size and its poly-
dispersity do not significantly influence the fit result of the shell
thickness.
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Fig. 5 Morphological characterization of the AuNPs on the micro-
structures by AFM. Observed area are (a) 15 um x 15 umand (b) 5 pm x
5 um, respectively.

This indicates that assembly of M13 phages into ordered hier-
archical nano- to microstructures through an incubation
process under suitable concentration conditions (e.g., 150 nM)
is essential for the formation of stable structures rather than
less-ordered assembly under higher concentration conditions.
In fact, the nano- to microstructures at the emulsion were still
observed after incubation for 1 year (Fig. S8bt). These results
strongly indicate that the assembled microstructures composed
of well-packed nanofibers (that is, assembled M13 phages) show
high structural stability even though the droplet size was over
several tens of micrometers.

Biomineralization of AuCl,” on the assembled M13 phage
was performed. Previously, it was found that the major coat
protein of M13 phage showed sorption and reduction capabil-
ities of AuCl,” into AuNPs in situ under mild conditions
(aqueous buffer solution (pH 6.8, 37 °C)).** An aqueous solution
of AuCl,” was incubated with the assembled M13 phage, and
the surface morphology was observed by AFM after removal of
excess amounts of AuCl,” and AuNPs (Fig. 5). As a result,
densely aligned nano-objects with a height of approximately
15 nm, considered to be AuNPs, were observed. The morphology
of the aligned AuNPs was similar to that of the assemblies,
indicating selective sorption and subsequent reduction of
AuCl,~ for the preparation of AuNPs on the assemblies. The
results demonstrated that the originally expressed function of
M13 phage was maintained after assembly at the interface
although the assemblies showed different assembled structures
with slightly denatured states. Thus, similar to the desired
functionalization of coat proteins through genetic engineering,
various other functions can be introduced to the ordered
assembled structures.

Conclusions

In conclusion, the assembly of filamentous viruses into ordered
hierarchical nano- to microstructures was demonstrated using
liquid/liquid interfaces. Emulsion formation using the fila-
mentous virus resulted in the formation of nanofibers with
a non-native form. During the creaming process of the emul-
sion, the fibrous nanostructures further self-assembled into
single-layered and well-packed microstructures to decrease the
surface free energy under suitable concentration conditions.
The resultant hierarchical structures showed long-term stability
compared to the less-ordered structures and potential

This journal is © The Royal Society of Chemistry 2020
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applicability with desired functionalization. Our results showed
that the assembly of filamentous viruses in a controlled manner
at the liquid/liquid interfaces will provide new insights for the
potential application of structurally ordered protein-based
stable assemblies.
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