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ABSTRACT: Non-centrosymmetric nanostructures are composed of two different materials
displayed on spatially distinct surface regions. These nontrivial building blocks facilitate self-
assembly of hierarchical nanostructures with increased complexity and support cooperative
material behaviors. The arrangement of M13 bacteriophage structural proteins within its capsid
creates a promising monodisperse and readily modifiable template for these low symmetry
nanomaterials. Here, a 9-mer ZnS-binding peptide was inserted into the p3 minor coat protein
(capsid tip) of an M13 bacteriophage with Au-binding motif fused to its p8 major coat protein
(capsid body). Multiple vortex/rest cycles with chloroform were used to convert this bifunctional,
Au/ZnS (p8/p3)-binding phage from filament to spheroid. The shape transformation was studied
with transmission electron microscopy, circular dichroism spectroscopy, and fluorescence
spectroscopy. The effects of the p3 peptide fusion and conversion temperature were evaluated.
Compared to the Au-binding phage without a p3 peptide fusion, the insertion of the ZnS-binding
motifincreased spheroid size, molar ellipticity loss, and intrinsic fluorescence quenching. Reduced
temperature (0°C) within early transformation cycles diminished spheroid polydispersity and
increased agglomeration resistance. In addition, Au/ZnS-binding spheroids retained peptide motif
affinity and relative placement of the p3 and p8. Site-specific synthesis of ZnS and Au on the p3
and p8, respectively, produced non-centrosymmetric hybrid metal/semiconductor nanostructures.
This work highlights the effect of a p3 mutation on filament to spheroid transformation as well as
the importance of temperature in producing a robust scaffold for inorganic material synthesis.
Lastly, the manufactured bifunctional M 13 spheroids were used for bio-directed synthesis of non-
centrosymmetric nanoparticle assemblies demonstrating the potential for heterojunction

formation.



1. INTRODUCTION

Viral capsids are monodisperse, self-assembled biomolecular complexes. They display both a
large variety and high density of functional moieties on their surface. Their structure and
chemistry, including exact shape and site-specific functional groups, are genetically encoded and
known with atomic scale precision. Notably, this benchmark is unrivaled by synthetic
nanoparticles. These exquisite multivalent nanoscale building blocks have demonstrated both
short- and long-range control over materials synthesis and assembly.!” Yet, the high symmetry
and functional site equivalence of these proteinaceous scaffolds limit building block
directionality and prevent assembly of more complex inorganic structures. Lower symmetry

viral nanoparticles with reduced surface homogeneity are required.

Among the more complex inorganic structures of interest are dual-component nanoparticles
that consist of two different materials displayed on opposing surface regions. These intrinsically
directional particles have recently gained attention in fields ranging from biomedical® to solar
energy.’ The architecture has the distinction of spatially separating functionalities, enabling
novel or enhanced performance unattainable with uniform surface chemistry. For example, these
asymmetric particles can simultaneously deliver hydrophobic and hydrophilic drug therapies,®’
speed analyte detection via self-electrophoresis,® or manipulate photogenerated charge separation
to enhance photocatalytic performance.’ These remarkable tasks are difficult, or even impossible
with single component or concentric core-shell nanoparticles. While a number of manufacturing
methods have been explored,'®!! most of have focused on two-sided particles a few microns or
hundreds of nanometers in size. Reports of sub-100 nm particles have been less common.
Structural and functional asymmetry can be challenging to achieve at these length scales with

synthetic processes.



The spheroidal form (s-form) of the M13 bacteriophage is a viral template that has the
potential to both overcome the symmetry constraints associated with most other viruses and
answer fabrication challenges related to sub-100 nm non-centrosymmetric particles. In its native
filamentous form, the capsid of this combinatorial phage display mainstay is composed of five
structural proteins: four minor coat proteins (p3, p6, pS, p9) and one major coat protein (p8). Of
these, the p3 and p8 are regularly used for identification of affinity peptides, as well as inorganic
material assembly.!>!* Approximately 2700 copies of the small, a-helical p8 protein form a tube-
like structure around the viral DNA to comprise the M13 body,'* while five copies of the much
larger p3 protein cap its distal end. With simple exposure to a chloroform/water interface, this
relatively low symmetry, filamentous bacteriophage undergoes a dramatic morphological
transformation that mimics the host infection process. Changes in hydrophobic interactions
among the p8 coat proteins cause them to slide past one another, and two-thirds of the viral DNA
is extruded through a single pore located near the p3 site.!” Thus, the nearly one micron long
filament becomes a spheroid tens of nanometers in diameter with a non-centrosymmetric protein
arrangement. Using the native arrangement of the filamentous phage capsid avoids complicated
multi-step, low yield processes often used for breaking viral symmetry such as toposelective

surface modification'®!’

, stoichiometric assembly,'® and DNA scaffold engineering.!” Whereas
monofunctional M13 spheroids with affinity peptides uniformly displayed on p8 major coat

proteins have been used for materials synthesis and assembly,?%?! bifunctional spheroids suitable

as sub-100 nm non-centrosymmetric particle scaffolds have yet to be explored.

This study examines the conversion of Au/ZnS (p8/p3)-binding M13 filaments into
nanospheroids, then uses the unique asymmetric structural protein arrangement within the

bifunctional viral scaffold to direct synthesis of metal/semiconductor non-centrosymmetric



hybrid nanomaterials. A series of vortex/rest cycles in the presence of chloroform was used to
alter the geometry of the phage. Particular attention was given to the effect of the p3 peptide
fusion and temperature on transformation. The conversion process was characterized via circular
dichroism, fluorescence spectroscopy, and transmission electron microscopy. Surprisingly, the
ZnS-binding peptide fusion strongly influenced the transformation process. The motif caused
bifunctional Au/ZnS-binding spheroids to be larger in size, display a greater loss of molar
ellipticity, and experience more quenching of intrinsic fluorescence than monofunctional Au-
binding spheroids without a ZnS-binding peptide. A comparison of Au/ZnS-binding phage
transformed using room- and low- temperature processes revealed that low temperature produced
monodisperse spheroids that were less susceptible to agglomeration. These robust, bifunctional
nanospheroids were used in the site-specific growth of hybrid metal/semiconductor
nanostructures, via sequential synthesis of ZnS on p3 and Au on p8. The retained functionality of
both minor and major coat fusion peptides for materials synthesis is noteworthy. The unique,
asymmetric placement of the p3 and p8 proteins within the bifunctional M13 spheroid presents a
rare opportunity for viral-templated production of hybrid, sub-100 nm non-centrosymmetric
assemblies. Such nanostructures have potential to critically enhance performance in a range of

drug delivery, sensing, and catalysis applications.?>?}

2. EXPERIMENTAL DETAILS

2.1 Bifunctional M13 bacteriophage clone preparation and chloroform transformation. As
a model for the study of bifunctional M 13 nanospheroid formation, a Au/ZnS (p8/p3)-binding
M13 bacteriophage was prepared. Using previously reported methods, a Au-binding motif,
VSGSSPDS,?* was displayed on the N-terminus of each p8 protein along the length of the virus

and a constrained ZnS-binding peptide, CNNPMHQNC,? was displayed on the N-terminus of



each p3 protein at its proximal end.?*? For comparison, a Au-binding phage without a p3
peptide fusion was also prepared, as well as an unmodified or wild-type phage (M13KE, New
England Biolabs). Filamentous M13 phage were converted to spheroids using a chloroform
treatment process.'>?° Phage solutions were suspended in 100 pL of tris-buffered saline (TBS, 50
mM Tris—HCI, 150 mM NaCl, pH 7.5) at a concentration of 10® pfu/uL to which an equal
volume of amylene-stabilized chloroform (99.8%, ACROS Organics) was added. The mixture
was vortexed at room temperature at high power for one vortex/rest (2 s/13 s) cycle followed by
up to seven additional vortex/rest cycles at low power. After mixing, approximately 85 pL of
chloroform was withdrawn with a pipette. The remaining chloroform was removed by gently
flowing air over the sample. Phage solutions were immediately cooled at 4°C and prepared for
subsequent characterization. To elucidate the effect of transformation temperature on M13
spheroid formation, some transformations were performed in which the first three vortex/rest
cycles were held at 0°C. This approach, adapted from previous reports,?” was intended to yield
rod-shaped intermediates or i-forms which were converted to spheroids in subsequent cycles.
Equal volumes (100 pL) of filamentous M13 phage and chloroform were chilled at 0°C for 20 s,
combined, then vortexed at 0°C. Following the third vortex/rest cycle, samples were quickly
warmed in a 37°C water bath for 20 s. Additional vortex/rest cycles were completed at room
temperature. Hereafter, this transformation procedure will be described as low temperature (LT).
To assess nanospheroid stability against agglomeration, templates formed using 5 cycles
vortex/rest cycles were stored at 4°C in TBS buffer. Stability was evaluated by measuring the
areal density of spheroids and agglomerates with transmission electron microscopy (TEM) as a

function of storage time. Measurements were taken on three independent samples and averaged.



2.2 ZnS and Au synthesis. Assembly of non-centrosymmetric, dual component nanostructures
was demonstrated using Au/ZnS-binding spheroids produced with the LT chloroform treatment
procedure and 5 vortex/rest cycles. ZnS and Au were synthesized sequentially on these s-form
Au/ZnS-binding phage using adapted procedures.?*** The p3 minor coat protein was targeted for
ZnS synthesis. A 10 uM solution of zinc chloride (ZnClz, Sigma Aldrich) was prepared with viral
templates at a concentration of 10® pfu/uL in TBS. The solution was stored at 4°C for 3 h, and
then an equal volume of 10 uM sodium sulfide (Na2S, Sigma Aldrich) was added dropwise in 10
uL volumes at room temperature over the course of an hour. The entire solution was incubated at
room temperature for an additional 6 h. Residual ZnS precursors were removed via centrifugal
filtration (Amicon Ultra-0.5, 3 kDa) and synthesis products were resuspended in TBS. The p8
major coat protein was targeted for Au synthesis. A 100 pL volume of 5 x 107 pfu/uL phage was
mixed with sodium borohydride (NaBH4, Sigma Aldrich) to achieve a 1 uM solution.
Subsequently, 2.5 pL of chloroauric acid (HAuCls, Sigma Aldrich) was added for a final
concentration of 150 uM. Reducing agent was added first to mitigate undesirable interactions
between HAuCls and ZnS. Samples were immediately prepared for TEM and spectroscopic
measurements. As controls, Au/ZnS-binding filaments and wild-type viral templates were also

used for ZnS and Au synthesis.

2.3 Circular dichroism (CD) and fluorescence measurements. Changes in the secondary
structure of the p8 protein were monitored after each vortex/rest cycle from 0 to 8 using a
circular dichroism (CD) spectrometer (Jasco J-815). Room temperature CD scans were taken
from 200-250 nm with the following parameters: 50 nm/min scan speed, 1 nm band width, 4 s
response time, and 12 scan accumulation. The mean and standard deviation for measurements

taken on three independent samples were reported.



Cycle-by-cycle analysis of changes in the local tryptophan environment was completed with a
spectrofluorometer (Quanta Master 400). Room temperature fluorescence scans were taken from
270-400 nm with the following parameters: 5 nm slit widths, 1 s integration time, 1 nm step size,
and 255 nm excitation source. The mean and standard deviation for measurements taken on three

independent samples were reported.

2.4 Transmission electron microscopy (TEM) characterization, zeta potential
measurements, and dynamic light scattering (DLS) measurements. Transmission electron
microscopy (TEM, Tecnai T12 or S/TEM Titan Themis 300) was used to study viral template
geometry and size, as well as the morphology, size, site-specific growth, and overall viral
template coverage of ZnS and Au synthesis products. Electron diffraction (ED) and high
resolution TEM (HRTEM) were used to determine the crystal structure of the synthesized
materials. Elemental analysis of the synthesis products was completed using energy dispersive

spectroscopy (EDS).

To prepare TEM samples for imaging and diffraction, a 5 pLL volume of solution was added to
a formvar/carbon-coated copper grid (Ted Pella, Inc), incubated 5 minutes, and washed twice
with deionized water. Viral template samples without ZnS or Au were stained with 2% uranyl
acetate for 30 s, then wicked dry. To prepare synthesis products and remove precursors, ED and
EDS samples were pelleted three times at 14,000 rpm for 15 min and resuspended in deionized
water, then 20 uL of concentrated product was dropcasted onto a SiN grid (Electron Microscopy

Sciences).

Image processing and analysis were completed with ImagelJ software. A minimum

magnification of 11,000x was used to determine template size and differentiate among templates



(spheroids, i-forms, and filaments). An ellipse was fit to each template to compute spheroid size,
and major and minor axes were measured and averaged. The long and short axes of i-forms and
filaments were measured directly. Template aspect ratio was used to distinguish spheroids (< 3),
intermediate forms (3 - 25), and filaments (> 25). Low aspect ratio particles (< 3) larger than 150
nm were classified as agglomerates. Areal densities of viral templates were evaluated in 10
randomly selected grid locations for three different samples and averaged. The size of ZnS and

Au synthesis products was determined by averaging long and short particle axes.

The particle size and zeta potential of the M13 spheroids was measured using dynamic and
electrophoretic light scattering (Zetasizer, ZS90), respectively. For each analysis technique, three

25 scan measurements were taken of three samples and averaged.

3. RESULTS AND DISCUSSION

3.1 Room temperature transformation of bifunctional M13 bacteriophage. An overview of
the simple, chloroform-based process used to transform bifunctional M13 filaments into
nanospheroidal templates for non-centrosymmetric, inorganic nanostructures is shown in Figure
1. The Au/ZnS-binding phage were filaments approximately 960 nm long before chloroform
treatment, as the viral capsid length is determined by the enclosed genome. The geometric
change of the Au/ZnS (p8/p3)-binding phage was initially examined at room temperature using
electron microscopy, CD, and intrinsic fluorescence. To evaluate the effect of the ZnS-binding
p3 peptide insert on bifunctional template conversion and functionally asymmetric nanospheroid
formation, these data were compared to those of a monofunctional Au-binding phage without a

minor coat protein fusion prepared under the same conditions.



a) = >
Add Remove %
CHCl,  CHCI,
p8 ;o"
: k p3 | *
Vortex I
(b) . Remove
ZnCl, (4°C) precursor \ NaBH,
2 “ Dropwise % 1 HEuE] %
Na,S (RT uCly
P @
B
n Zn?*

Zn2*

Figure 1. Scheme for synthesis of hybrid non-centrosymmetric nanoparticles using bifunctional bacteriophage nanospheroids. (a)
Shape transformation of M 13 bacteriophage. To convert the filamentous viruses to spheroids, solutions were mixed with chloroform
and briefly, but repeatedly vortexed, pausing between cycles. During this process, the nearly micron long filamentous capsid
gradually contracted into a spheroid tens of nanometers in size. The positional asymmetry of the p3 minor and p8 major coat
proteins found within the filamentous form was preserved within the spheroidal form. As a result, these proteins were employed in
directed synthesis of non-centrosymmetric nanomaterials. (b) To synthesize Au/ZnS nanostructures, ZnCl> was incubated at 4°C
with bifunctional Au/ZnS-binding spheroids to bind Zn ions, and then Na>S was added dropwise at room temperature (RT). After
an additional incubation step, ZnS nanoparticles were formed on the p3, and remaining precursors were removed via centrifuge
filtration. Subsequently, to form Au nanoparticles on the p8, NaBHs was added, followed by HAuCla.

Knowledge of and, ultimately, control over nanospheroid morphology and size are essential
for design of non-centrosymmetric, inorganic structures. For this reason, the conversion of the
Au/ZnS-binding phage was analyzed after each vortex/rest cycle. Representative TEM images
depicting changes in template morphology and corresponding viral template areal densities are
shown in Figure S1 and Figure S2, respectively. Initially, the transformation proceeded
inhomogeneously, producing a mixture of filaments, intermediate forms (i-forms), and spheroids
(s-forms). With each vortex/rest cycle, the number of filaments and i-forms decreased as the
number of spheroids increased. In addition to the observed shape modification, it was noted that

s-form size increased on average from 54 to 68 nm within the first 3 vortex/rest cycles, and
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continued to slowly expand to 85 nm by cycle 8 (Figure S3). A similar gradual progression in
transformation and spheroid enlargement was observed in Au-binding phage without a p3
peptide, albeit with a slightly different relationship to vortex/rest cycle.?’ Because no filaments
were found after 5 vortex/rest cycles and a relatively high yield of nanospheroids was achieved,
these templates were selected for further study. As illustrated in Figure 2a and further supported
by Figure S4, these Au/ZnS-binding spheroids displayed the rounded, slightly deflated
morphology that is characteristic of filamentous Ff class spheroids.!>?*?72% The size distribution
and average size (77 £ 21 nm) of these spheroids, as determined by TEM, is shown in Figure 2b.
The hydrodynamic radius and zeta potential of the spheroids, as measured by light scattering
analysis, were 134 + 56 nm and 17.7 £ 1.5 mV (Figure S4), respectively. Interestingly, Au/ZnS-
binding spheroid size was appreciably larger than that reported for Au-binding spheroids at the

same cycle number (Figure S3), indicating a clear effect of the added p3 insertion on spheroid

20

formation and size.

| (b) Average: 77 £21 nm
N =111

M = 1
40 80 120 160 200
Size (nm)

Figure 2. Au/ZnS-binding spheroid (a) morphology and (b) size distribution following 5 vortex/rest cycles with chloroform at
room temperature. Samples were stained with 2% uranyl acetate. Scale bar: 100 nm.
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CD spectroscopy was used to correlate template morphology observed with TEM to changes in
viral protein conformation. Spectra of the Au/ZnS-binding phage are shown in Figure 3a as a
function of vortex/rest cycle, along with the amino acid sequence of the Au-binding M13 p8 coat
protein and its helical secondary structure within the filament in Figure 3b.2°3! Because 85% of
the M 13 viral capsid mass is attributed to the p8 major coat protein, its structure dominated the
CD spectrum and allowed conformational changes to be monitored throughout the
transformation process.’>* The spectrum of the filamentous phage was dominated by a negative
peak in molar ellipticity at 222 nm which decreased in magnitude with each successive
vortex/rest cycle. This peak represents the combined absorption of the p8 a-helix and the
chromophore coupling of W26 and F42/F45 residues on neighboring p8 proteins. In Figure 3c,
the molar ellipticity of the Au/ZnS-binding phage at 222 nm is plotted. The Au/ZnS-binding
phage underwent a dramatic decrease in the 222 nm peak magnitude during the first two
vortex/rest cycles, followed by a modest decrease in subsequent cycles. The reduction in
ellipticity has been attributed to a combination of helicity loss and altered hydrophobic
interactions among p8 coat protein sidechains that causes them to slide past one another. The
most significant decrease was concurrent with the vortex/rest cycles in which TEM showed that
the majority of filaments had contracted to form spheroids (Figure S2); the subsequent, more
minor decline was associated with the transformation of the remaining filaments and the gradual
expansion of existing s-forms (Figure S3). For comparison, cycle-by-cycle molar ellipticity
values are also shown from the literature for the Au-binding phage.?’ Overall, the Au/ZnS-
binding phage spheroids retained 20% less molar ellipticity at 222 nm, and experienced a larger
change in secondary structure than the Au-binding phage spheroids. The difference in ellipticity

between the bifunctional Au/ZnS-binding and monofunctional Au-binding phage was associated
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with higher spheroid conversion in initial cycles and larger spheroid size in later cycles. Both are

important considerations for viral scaffold formation.
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Figure 3. (a) Circular dichroism (CD) spectra of Au/ZnS-binding phage exposed to an increasing number of vortex/rest cycles at
room temperature. Spectra were smoothed using a 5 point Savitsky-Golay filter. (b) The secondary structure of the p8 coat protein
and corresponding amino acid sequence. The Au-binding peptide sequence is underlined. Grey and yellow highlighted text show
amphipathic and hydrophobic helical regions, respectively.’ Within the molecular model, negative, positive, and aromatic residues
are indicated in red, blue, and green, respectively. Molecular visualization was performed using Protein Data Bank record 2COW
and UCSF Chimera.? 33! (¢) Molar ellipticity as a function of cycle number at 222 nm for both the Au/ZnS-binding and Au-
binding phage.?’ Mean and standard deviation are reported for measurements from three independent samples.

Using fluorescence spectroscopy, the same cycle-by-cycle approach was applied to further
investigate changes within the viral capsid during transformation. Intrinsic fluorescence is a
strong indicator of the local protein environment, and is often used to complement secondary
structure information obtained by CD spectroscopy. Modifications in the tryptophan
environment manifest as wavelength shifts and/or emission quenching. Figure 4a presents the
emission spectra of the Au/ZnS-binding phage. Fluorescence was primarily dictated by the
tryptophan residue, W26, located within hydrophobic region of the p8 protein and in close
proximity to the F42/F45 residues on neighboring p8 proteins.*® As shown in Figures 4b and 4c,

over 8 vortex/rest cycles, the peak wavelength decreased only 10 nm, while the relative peak
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intensity was reduced by nearly 80%. The relatively small blue shift paired with significant
emission quenching in Au/ZnS-binding phage indicated a minimal difference in the polarity of
the tryptophan environment, but considerable loss of aromatic residue coupling (W26 and
F42/F45) within the viral capsid.?®3%34 Although a comparable wavelength shift was recorded for
both Au/ZnS- and Au-binding phage, the Au/ZnS-binding phage exhibited appreciably more
quenching (~30%) between cycles 4 and 8. The larger reduction in fluorescence intensity
between cycles 4 and 8 signals rapid displacement of the p8 major coat proteins with respect to
one another as sidechain packing transitions from rigid to nonrigid.>* These overall observations
were consistent with the aforementioned greater loss of helicity and the notably larger size of the

Au/ZnS-binding spheroids, as compared to that reported for Au-binding spheroids.?°

700 325
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Figure 4. (a) Representative fluorescence spectra of Au/ZnS-binding M 13 bacteriophage chloroform treated at room temperature,
as well as (b) peak wavelength and (c) relative peak intensity for each vortex/rest cycle. Mean and standard deviation are reported
for measurements from three independent samples. For comparison, the peak wavelength and relative intensity of Au-binding
phage without a p3 peptide insert are also shown.

Our analysis of the Au/ZnS- and Au-binding spheroid conversion process using electron
microscopy, CD, and intrinsic fluorescence indicated that the addition of the ZnS-binding
peptide fusion to the p3 minor coat protein caused the filament to spheroid conversion and
subsequent expansion of spheroid size to progress further in fewer cycles. These findings are

significant as they indicate that, with additional design, the p3 peptide fusion may serve as a
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handle with which to control not only the affinity, but also the transformation and size of the
bifunctional viral scaffold. While the exact mechanism for observed differences in chloroform
transformation with the introduction of a p3 peptide fusion remains unclear, we propose two
potential explanations for our findings. First, mutations near the N-terminus may cause partial
unfolding of the p3 protein,* exposing its otherwise buried hydrophobic region and promoting
chloroform interaction.*® Because the p3 and p6 work cooperatively to cap the proximal end of
the M 13 virus and maintain the integrity of the assembled major coat protein, increased
interaction of the p3 with chloroform may hasten transformation.3¢3# Alternatively, the p3 may
dictate the arrangement of the major coat proteins within the viral capsid, and a mutation to the
p3 could modify neighboring p8 protein interactions, allowing increased chloroform access and
altering the conversion process.*® Interestingly, other researchers have reported that
transformation was not affected by the p3, but purely dependent on the arrangement of the major
coat protein.!>?”40 In those studies, filamentous phage were subjected to subtilisin digestion or
French pressure cell shearing to remove part or all of the p3 protein. Yet, subsequent analysis
focused primarily on the presence of converted structures without more rigorous characterization
of secondary structure, morphology, size, or agglomeration, therefore subtle differences in

transformation, such as those observed here, could have been overlooked.

3.4 Low temperature (LT) transformation of bifunctional M13 bacteriophage.

2734 in which wild-type spheroids were

A transformation process adapted from previous reports,
formed from i-forms rather than directly from filaments, was also studied in an effort to better
understand the effect of the stepwise shape transition on bifunctional template properties and

performance. Here, the conversion scheme was similar to that shown in Figure 1; however, the

first 3 cycles of the transformation process occurred at 0°C, followed by additional room
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temperature cycles. Au/ZnS-binding M13 capsid morphologies after 3 and 5 vortex/rest cycles
are shown in Figures 5a and 5b, while associated viral template areal densities are plotted in
Figure SS. Similar to the room temperature procedure, initial vortex/rest cycles produced a blend
of filaments, i-forms, and spheroids. Because of the reduced temperature, rather than spheroids,
i-forms were the prevailing template structure in early cycles. These i-forms, approximately 140
nm in length, contracted during subsequent room temperature cycles until only s-forms remained
(Figure S5). For comparison to room temperature transformation, the spheroid size distribution
and average size (45 £+ 13 nm) were evaluated with TEM after 5 vortex/rest cycles, and are
found in Figure 5c. In addition, several examples of LT spheroid morphology found after 5
cycles are shown in Figure S6. Notably, spheroids produced from i-forms using the LT
procedure were about 32 nm smaller and more uniform in geometry and size than those created
directly from filaments. A similar trend was observed with light scattering measurements in
which a hydrodynamic diameter of 88 & 25 nm and zeta potential of 21.2 + 1.2 mV were found
(Figure S6). Unlike spheroids produced at room temperature, a minimal increase in size was
observed up to cycle 6 (Figure S7). The smaller size and lack of expansion are consistent with
cycle-by-cycle CD data (Figure 5d) which revealed a lower overall loss in 222 nm molar
ellipticity compared to the room temperature transformation process. Similarly, as shown in
Figure 5, the blue shift and emission quenching associated with the LT process were smaller in
magnitude and more gradual than for spheroids created with the room temperature process,
indicating less displacement of major coat proteins. The cooled cycles appear to have trapped the
capsid in the transition between filament and spheroid structures.?’ As evidence, in Figure S8, if
all vortex/rest cycles were held at 0°C, i-form contraction halted and i-form length remained

constant. These results are in agreement with previous studies, which showed that if the
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chloroform/water interaction occurs at low temperatures, the telescoping effect can be halted,
producing asymmetric rod-like i-forms with a slight flare near the p3 end.?’*>*! The temperature-
induced pause in transformation reduced the assortment of template geometries and avoided
further deterioration of p8-p8 interactions in subsequent vortex/rest cycles, ultimately focusing
template geometry and increasing spheroid monodispersity. Uniform template dimensions are

essential for the synthesis of asymmetric nanostructures with a narrow size distribution.
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Figure 5. TEM images of Au/ZnS-binding phage after (a) 3 cycles and (b) 5 cycles; scale bar: 100 nm. Inset: High magnification
TEM image of individual M13 template; scale bar: 50 nm. Samples were stained with 2% uranyl acetate. (c) A histogram of
nanospheroid sizes produced using 5 cycles of the LT transformation process. (d) Molar ellipticity as a function of cycle number
at 222 nm for room temperature and low temperature (LT) transformation methods. The first three vortex/rest cycles were held at
0°C for LT transformation. Fluorescence (e) peak shift and (f) quenching observed in Au/ZnS-binding phage for room temperature
and LT transformation methods. Mean and standard deviation are reported for measurements from three independent samples.
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Spheroid stability, which is critical for templated synthesis of non-centrosymmetric
nanostructures, was investigated as a function of transformation temperature. As shown in
Figure 6, when stored in TBS buffer at 4°C, the areal density of spheroid templates generated
using the room temperature procedure decreased rapidly with time as the agglomerate density
increased. Within 10 hours of spheroid formation, only 16% of the initial spheroid density
remained, whereas the agglomerate density nearly quadrupled. In contrast, spheroids created
using the LT process were much less susceptible to agglomeration, retaining as much as 80% of
initial areal density over the same period. The compact structure of these smaller, more
monodisperse spheroids may limit solvent exposure of hydrophobic residues within the p3 or p8
proteins (particularly those that terminate the phage body), reducing agglomeration. Au/ZnS-
binding spheroids produced via the LT approach with 5 vortex/rest cycles were more robust than
those generated at room temperature, and were therefore used for M13 spheroid-directed

synthesis of asymmetric hybrid nanomaterials.
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Figure 6. Areal density of Au/ZnS-binding (a) spheroids and (b) agglomerates observed with TEM as a function of storage time.
Spheroids produced with both room temperature and LT conversion processes were explored. Viral templates were stored in TBS
buffer at 4°C following transformation. A minimum of 100 particles were evaluated on each of three samples to determine the
mean and standard deviation of areal density.

3.5  Application of a bifunctional nanospheroid template for synthesis of non-
centrosymmetric Au and ZnS nanostructures. The Au/ZnS-binding M 13 nanospheroid was
used as a non-centrosymmetric bifunctional template for asymmetric nanostructure assembly.
The p3 minor coat protein was targeted for ZnS synthesis and the p8 major coat protein was
targeted for Au synthesis. The nanospheroids and related synthesis products were examined
after each synthesis step. Following the 10 h ZnS synthesis, the highly stable LT spheroids
remained largely intact expanding only a few nanometers in size to 48 = 14 nm (Figure S9),
while template agglomeration increased by a factor of 3. The larger number of agglomerates was

attributed to non-specific, electrostatic screening of the spheroid surface charge by Zn ions.
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Similar behavior has been observed for M13 filaments.** Despite the dramatic change in viral
shape, as shown in Figure 7, nanoparticles 5.1 + 1.4 nm in size with an average aspect ratio of
1.23 were found on approximately 72% of the non-agglomerated Au/ZnS-binding spheroids. A
single particle was observed on most spheroids; however, a few templates displayed up to 2 or 3
particles (Figure S10). The small number of localized particles synthesized per spheroid was
consistent with selective p3 growth, signaling that chloroform-treatment and viral
reconfiguration did not affect the utility of this minor coat protein as an inorganic material

scaffold.

(b) Average: 5.1+ 1.4 nm
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Figure 7. (a) Representative TEM image of ZnS nanoparticle synthesized on a Au/ZnS-binding spheroid; scale bar: 50 nm. (b)
Histogram of spheroid-templated ZnS nanoparticle size distribution. (¢) Low magnification TEM image of spheroids following
ZnS synthesis. Spheroids are indicated by white arrows; scale bar: 500 nm. Samples were not stained prior to imaging.
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The crystalline structure of templated synthesis products was determined using electron
diffraction. As described in Figure 8 and Table S1, observed lattice fringes and measured d-
spacings were indexed to interplanar spacings of both hexagonal and cubic ZnS structures,
indicating that a mixture of the two polytypes was synthesized. As earlier reports of ZnS
synthesis directed by the same peptide (CNNPMHQNC) produced only wurtzite ZnS on both the
filamentous form of the M 13 bacteriophage and the icosahedral P22 virus,?* the presence of
the cubic form of ZnS was unexpected. Nonetheless, the peptide previously also demonstrated
affinity for polycrystalline sphalerite (cubic ZnS)*® such that synthesis of both polytypes under
altered growth conditions was reasonable. For comparison, ZnS was also synthesized under the
same conditions using filamentous Au/ZnS-binding, filamentous Au-binding, and wild-type
phage (filaments and spheroids), as well as without a phage template. Synthesis product
morphology and structure are described in Figures S11 and S12. Crystal structure information is
shown in Table S2. The template shape did not largely affect the average ZnS nanoparticle size
or the number of ZnS particles per template synthesized on the p3 minor coat protein; however,
there was an effect on the overall morphology of the template materials. Unlike Au/ZnS-binding
spheroids, filaments formed micelle-like structures around ZnS particles. No ZnS growth was
observed on Au-binding phage without a ZnS-binding p3 insert or wild-type filaments or
spheroids (Figure S11), and large, highly amorphous ZnS particles were synthesized without a
viral template (Figure S12). Both results highlight the critical role the ZnS-binding peptide

played in synthesis under the reported conditions.
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Figure 8. (a) HRTEM image of spheroid-templated ZnS nanoparticle. The denoted lattice fringes corresponded to ZnS zinc-blende
(111) and wurtzite (002) interplanar distances; scale bar: 5 nm. (b) TEM image of concentrated spheroid-templated ZnS synthesis
products; scale bar: 500 nm. Inset: Selected area electron diffraction pattern of crystalline ZnS material indexed to hexagonal and
cubic crystallographic planes in Table S1.

To construct asymmetric hybrid metal/semiconductor nanoparticle assemblies, Au was
synthesized on the same spheroidal templates. As revealed in Figure 9, a median of 13
nanoparticles, 7.9 + 1.5 nm in size, and occasionally fused together were templated on the
surface of the spheroids. The relative spatial homogeneity of the nanoparticles on the spheroidal
template was consistent with p8-directed synthesis.?’ As shown in Figure 10, lattice fringes from
one of many discrete nanoparticles on the spheroid surface revealed an interplanar spacing of
0.23 nm, which is consistent with Au (111). For comparison, Au was also synthesized under the
same conditions with Au/ZnS-binding filaments, wild-type phage (filaments and spheroids), and
without a template (Figure S13). In all cases, nanoparticles were smaller in size and fewer in
number than those templated by Au/ZnS-binding spheroids. These results are consistent with Au
synthesis on monofunctional Au-binding phage®® and emphasize the synthesis enhancement

promoted by the Au-binding peptide.
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Figure 9. (a) Representative TEM image of Au/ZnS-binding spheroid after sequential ZnS and Au synthesis; scale bar: 50 nm. (b)
Histogram of Au nanoparticle size distribution on Au/ZnS-binding spheroids. (c) Histogram of Au nanoparticles synthesized per
spheroid. (d) Wide-field TEM of spheroids following ZnS and Au synthesis. White arrows indicate spheroids with inorganic
material; scale bar: 500 nm. Inset: High magnification image of spheroid in white box; scale bar: 50 nm. Samples were not stained
prior to imaging.
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Figure 10. (a) HRTEM image of spheroid-templated Au nanoparticles synthesized after ZnS nanoparticle formation; scale bar: 5
nm. (b) Low magnification TEM image of synthesis products. Synthesis products were pelleted with high speed centrifugation
prior to analysis to enhance signal; scale bar: 1 um. Inset: Electron diffraction pattern of Au/ZnS synthesis products. Measured
lattice spacings are shown in Table S1. (c) EDS spectrum of Au/ZnS-binding bifunctional nanospheroid synthesis products. Inset:
EDS spectrum with scaled y-axis to emphasize elemental Zn and S peaks.

The formation of Au/ZnS nanostructures via the bifunctional template was confirmed using
EDS and ED. As displayed in Figure 10 and Table S1, the elements Au, Zn, and S were present
within the concentrated synthesis products and measured d-spacings were indexed to interplanar
distances of both ZnS and Au. In addition, CD spectroscopy was performed following each
spheroid-templated synthesis step. As shown in Figure S14, no significant difference in spheroid
secondary structure was observed throughout the synthesis process. Photoluminescence spectra,
also found in Figure S14, revealed reduced ZnS emission following Au synthesis. The quenching
suggested non-radiative charge transfer may occur between ZnS and Au, however additional
studies are needed.** Bifunctional M 13 nanospheroids transformed with the LT process retained
fusion peptide affinity on both the p3 minor coat protein and p8 major coat protein, forming
robust and stable asymmetric scaffolds for synthesis of non-centrosymmetric nanostructure

assemblies.
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4. CONCLUSION

In summary, we have investigated the distinct progression of a M13 Au/ZnS (p8/p3)-binding
bacteriophage from filament to nanospheroid and demonstrated its potential as a scaffold for
non-centrosymmetric Au/ZnS nanostructure synthesis. The incorporation of the ZnS-binding
motif within the p3 affected transformation, producing larger spheroids with greater loss of
secondary structure than reported for Au-binding phage without a p3 peptide fusion. More work
is needed to fully describe the relationship between the p3 modification and the chloroform-
guided transformation process. Nonetheless, these observations have interesting implications for
the versatility of the spherical template and suggest the potential to adjust nanospheroid size
through p3 peptide motif design. The use of low temperature (0°C) vortex/rest cycles to produce
i-forms that were subsequently converted to spheroids created more monodisperse and
agglomeration resistant Au/ZnS-binding spheroids. These bifunctional spheroidal templates
were used to direct sequential, site-specific synthesis of ZnS on the p3 and Au on the p8,
generating non-centrosymmetric hybrid metal/semiconductor nanostructures. The ability to
assemble two dissimilar and asymmetrically positioned materials on the M 13 spheroid is an
important achievement that significantly expands the utility and potential applications of this

viral template.

TSupporting Information (SI) available: Areal densities of viral templates and agglomerates;
TEM images of template morphologies and synthesis products; template size; the number and
size of template ZnS and Au nanoparticles; d-spacings and crystallographic planes associated
with ED patterns of synthesized ZnS and Au materials. See DOI: 10.1039/x0xx00000x
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