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M13 bacteriophage spheroids as scaffolds for directed synthesis of spiky gold
nanostructures
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'Materials Science and Engineering Program, University of California, Riverside
’Department of Electrical and Computer Engineering, University of California, Riverside
*Department of Chemical and Environmental Engineering, University of California, Riverside
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ABSTRACT

The spherical form (s-form) of a genetically-modified gold-binding M 13 bacteriophage was investigated
as a scaffold for gold synthesis. Repeated mixing of the phage with chloroform caused a 15-fold
contraction from a nearly one micron long filament to an approximately 60 nm diameter spheroid. The
geometry of the viral template and the helicity of its major coat protein were monitored throughout the
transformation process using electron microscopy and circular dichroism spectroscopy, respectively. The
transformed virus, which retained both its gold-binding and mineralization properties, was used to
assemble gold colloid clusters and synthesize gold nanostructures. Spheroid-templated gold synthesis
products differed in morphology from filament-templated ones. Spike-like structures protruded from the
spherical template while isotropic particles developed on the filamentous template. Using inductively
coupled plasma-mass spectroscopy (ICP-MS), gold ion adsorption was found to be comparatively high
for the gold-binding M 13 spheroid, and likely contributed to the dissimilar gold morphology. Template
contraction was believed to modify the density, as well as the avidity of gold-binding peptides on the
scaffold surface. The use of the s-form of the M 13 bacteriophage significantly expands the templating
capabilities of this viral platform and introduces the potential for further morphological control of a

variety of inorganic material systems.

1. Introduction

The fast pace of nanotechnology development has boosted demand for versatile manufacturing
techniques capable of arranging molecular and nanoscale objects with nanometer precision. For
millennia, nature has been assembling complex, highly-organized nanostructures. Among these

are viral capsids. These robust, monodisperse, bio-based nanoparticles are exceptional scaffolds
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for nanomaterial assembly. Viruses exist in a multitude of shapes and sizes from icosahedrons to
high-aspect-ratio filaments and from tens to hundreds of nanometers in dimension, thus
providing an array of template geometries.l’2 Moreover, binding sites for specific materials, often
referred to as fusion peptides, can be integrated into viral structural proteins. The locations,
quantities, and functionalities of fusion peptides are encoded within the viral genetic material,
making templates highly programmable.' Equally as important for nanomanufacturing, the mass
production of viruses is not only possible, but environmentally-friendly and cost effective.? Viral

3,4,13,5-12

templates have formed a variety of materials and nanoarchitectures , Spanning metal-

semiconductor core-shell structures to perovskite nanowires and have found application in

19,20

battery electrodes'*!°, supercapacitors'®, sensors'"'¥, biomedical tools'**°, photocatalytic

materials®, and photovoltaics.”'

Yet, a fundamental limitation remains for viral templates: the inability to radically
modify geometry. The structure of most viruses is largely constrained, allowing only modest
dimensional or volumetric changes. For example, in response to changes in pH or salt
concentration, a mere 10% increase in diameter of the cowpea chlorotic mottle virus can be
attained and the capsid remains icosahedral.”* As such, if a substantially different size or shape
template is required for a specific application, a virus with corresponding architecture must be
selected and appropriately modified with fusion peptides. This lack of adaptability restricts viral
template usage. Notably, a few plant viruses have exhibited more substantial shape conversion.
When exposed to heat, the tobacco mosaic virus (TMV), is reduced from a 300 nm rod to a 170

224 and the potato virus X (PVX) shrinks from a 515 nm rod to a 48 nm sphere.”

nm sphere
TMYV transformation has been exploited for biomedical applications such as bio-compatible

nanoparticles”® and magnetic resonance imaging (MRI) contrast reagents.”’

A more extreme case of viral shape transformation is displayed by the Ff class of
bacteriophage, including f1, fd, and M13. These filamentous, non-lytic viruses have been
developed as combinatorial phage display peptide library workhorses, with the pIII and pVIII
viral proteins used most frequently for this purpose.” Three to five copies of the pIII minor coat
protein are located at the proximal or infectious end of the phage. And, a few thousand copies of
the pVIII major coat protein run the length of the nearly 1 micron long virus in a right-handed a-

helix with five-fold rotational symmetry and a two-fold screw axis.” Ff bacteriophage libraries
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have been used to discover numerous fusion peptides that selectively bind and template materials
of technological consequence.’**>* For example, gold-binding motifs displayed on the M13
and fd bacteriophage have been used to assemble or manufacture a variety of gold morphologies
including nanoparticles, nanochains, and nanocubes for devices such as chemiresistive and
surface-enhanced Raman scattering (SERS) sensors, as well as biofuel cells.'”**>° Contact with
a water/chloroform interface can cause Ff viruses to contract from 3- to 20-fold producing rod-
shaped intermediate forms (i-forms) 100s of nanometers in length and hollow spheroids (s-
forms) 10s of nanometers in diameter, depending on conditions. Although the precise mechanism

40,41

is unknown™"", chloroform is thought to alter the hydrophobic protein-protein interactions of the

major coat proteins. As such, pVIII proteins slide relative to one another causing long range

4244

conformational changes to the virus. This chloroform-triggered transformation was initially

studied in the early 1980s in the M13 by Griffith and colleagues and was thought to mimic the E.

coli host infection process.***!

Later, chloroform treatment was used as a tool by Petrenko et
al., in conjunction with enzyme-linked immunosorbent assay (ELISA), to study the global
binding behavior of fusion peptides or “substitute antibodies” located on the fd phage body.*
Still, more recently, monolayers of bioreceptors for piezoelectric resonator-based bacteria
sensors were created from the major coat proteins of ruptured fd spheroids.*® Although the
filamentous form of the Ff class bacteriophage has been used regularly as a scaffold for

nanomaterial assembly, its s-form is completely unexplored for this purpose.

In this study, we examine the chloroform-driven conversion of a M13 bacteriophage with
pVIII gold-binding peptide fusions and the impact of this shape change on its material assembly
capabilities. The gold affinity of the virus was preserved after transformation from filament to
spheroid, such that the assembly of gold colloid and synthesis of gold nanostructures were
supported. Interestingly, increased gold ion uptake was observed for spheroids as compared to
filaments, despite reduced surface area. Moreover, increased nanoparticle density and a distinct
spike-like gold morphology were observed for s-forms. This M 13 bacteriophage template
transformation scheme is believed to be broadly applicable and can be extended to a range of Ff

class bacteriophage and nanostructured materials.
2. Materials and methods

M13 transformation
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The transformation of a M 13 bacteriophage modified to display a gold-binding peptide sequence,
VSGSSPDS™*, at the N-terminus of each pVIII protein was studied. Phage were converted from
filamentous to s-form using a chloroform treatment method adapted from previous reports.***®
The filamentous gold-binding phage were dispersed in tris-buffered saline (TBS, 50 mM Tris—
HCI, 150 mM NaCl, pH 7.5) at a concentration of 10® pfu/ul. Equal volumes of phage solution
and amylene-stabilized chloroform (99.8%, ACROS Organics) were combined at room
temperature to a total volume of 200 pL. The mixture was initially vortexed at high power for 2 s
and allowed to stand for 13 s. Subsequently, this process was repeated at low power 1 to 15
times. Following transformation, 90-100 pL of chloroform was removed and air was gently
blown over the sample for 15 s to ensure removal of residual chloroform. For comparison, wild-

type (unmodified) phage were converted using the same procedure, as well as two other gold-

binding filament concentrations (5 x 10° pfu/ul and 1 x 10° pfu/pl).
Circular dichroism (CD) measurements

In order to study the secondary structure of the major coat protein (pVIII) during the
transformation process, spectra of filaments and spheroids were collected using a circular
dichroism (CD) spectrometer (JASCO, J-815). Measurements were taken at different stages of
transformation from 0 to 16 vortex cycles. These measurements were performed at room
temperature in the wavelength range of 205 to 235 nm. The instrument settings were as follows:
50 nm/min scan speed, 1 nm bandwidth, 4 s response time, and 12 scan accumulations. To
improve the signal-to-noise ratio, three samples were measured and averaged at each vortex

condition.
Gold binding on the M 13 phage

The gold-binding functionality of the s-forms was studied with 5 nm colloidal gold solution (5 x
10" particles/mL, BBI Solutions). Equal parts 5 nm diameter gold colloid and 10® pfu/uL
spheroid solution were combined, briefly vortexed, and allowed to incubate for 10 min prior to

transmission electron microscopy (TEM) preparation.

Gold synthesis on the M13 phage

Page 4 of 24
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Both filamentous and chloroform-treated gold-binding phage were used as templates for gold
synthesis. Chloroauric acid (HAuCly, Sigma Aldrich) was added to 100 ul of 5 x 107 pfu/uL
phage solution for a final concentration of 250 uM and incubated at room temperature in the dark
for an hour. Subsequently, under constant stirring, 50 pL of sodium borohydride (NaBH4, Sigma
Aldrich) was added every 30 s to achieve final NaBH4 concentrations of 4.2 uM, 9.4 uM, 31.3
uM and 62.5 puM. Samples were immediately prepared for TEM and ultraviolet-visible (UV-Vis)
absorption spectroscopy measurements. For comparison, chloroform-treated, wild-type phage

were also used as templates for gold synthesis.
Transmission electron microscopy (TEM) sample preparation and characterization

A transmission electron microscope (TEM, Tecnai T12) was used to examine the size and shape
of the gold-binding phage before and after transformation, as well as to study its gold binding
and synthesis capabilities. For this analysis, a 5 uL sample volume was pipetted onto a
formvar/carbon-coated copper grid (Ted Pella, Inc.), incubated for 5 min, rinsed twice with
deionized water, and wicked dry with filter paper. Prior to drying, samples without gold were
stained with uranyl acetate”’. Image] software was used for TEM image processing and analysis.
An ellipse was fitted to each spheroid, and major and minor axes lengths were measured and
averaged. To separate spheroids from other possible structures such as i-forms and filaments,
structures with an aspect ratio > 3 were excluded. A tracing tool was used to accurately select the
irregular shape of each templated gold colloid cluster and synthesized gold nanostructure, an
ellipse was fitted to the selected structure, and the major and minor axes length were measured

and averaged.
Measurement and analysis of gold ion adsorption on the M13 phage

The adsorption of gold ions onto the untransformed and transformed phage was investigated
using inductively coupled plasma-mass spectroscopy (ICP-MS, Agilent 7700x). The templates
were prepared to a concentration of 10® pfu/uL in TBS and HAuCl, was added to each phage
solution at final concentrations ranging from 0 to 500 uM. The solutions were incubated at room
temperature in the dark for an hour to ensure sorption equilibrium. A centrifugal filter (Amicon
Ultra-0.5, 3 kDa) was used to remove phage and recover the filtrate. Control solutions without

phage were also prepared in the same manner. Both filtrate and control solutions were analyzed
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using ICP-MS. To determine the uptake of the viral templates, the gold ion concentration of the
filtrate solution was subtracted from that of the control solution for each HAuCl, concentration.
The maximum adsorption capacity, ¢.., and the Langmuir constant, a, were determined by

fitting the slope-intercept form of the Langmuir isotherm

— qmaxaCe
e =T ac,

where ¢, is the gold concentration adsorbed on the phage at equilibrium and C, is the

concentration of gold at equilibrium.**>°

Ultraviolet-visible (UV-Vis) spectroscopy

Ultraviolet-visible (UV-Vis) absorption spectroscopy (ThermoFisher, Evolution 60) was used to
evaluate the phage concentration before and after transformation, as well as the optical properties
of the gold nanomaterial synthesized on filamentous and spheroidal templates. Using a quartz
cuvette with a 10 mm optical path length, measurements were made from 220 nm to 380 nm and
400 to 900 nm to determine the phage concentration and optical properties, respectively. The
concentration of the filamentous and spheroidal templates were quantified via a previously
published protocol.® Due to significant geometric change associated with transformation, the
absorbance spectra of the spheroids were corrected for Rayleigh scattering as described by
Porterfield et al.”' In brief, a two point approximation of wavelength-dependent scattering (A%
was estimated at 340 nm and 360 nm where minimal absorbance was expected from viral

proteins and nucleic acids.
Molecular modeling of pVIII gold-binding peptide fusion

Template structures of pVIII for modeling were acquired from the Protein Data Bank>” using
identifiers 1ifd>* and 1mzt™* for structures before and after chloroform treatment, respectively.
Homology models of pVIII with the gold-binding sequence VSGSSPDS added at the N-termini
of the template structures were prepared using Modeller.”> Molecular visualization and analysis

were performed using UCSF Chimera.”

3. Results and discussion
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A cycle-by-cycle investigation of the transformation process for the gold-binding phage using
circular dichroism (CD) measurements revealed a progressive decrease in molar ellipticity. CD
spectra from the gold-binding phage are shown in Fig. 1. When assembled within the M13

filamentous form, the pVIII protein has an alpha-helix secondary structure.**>"**

Upon
transformation via interaction with chloroform, the pVIII protein undergoes a structural change
which is similar to that experienced during host infection.**** As illustrated in Fig. 2, the pVIII is
believed to shift from a single, somewhat curved alpha-helix to an L-shaped structure composed

of two distinct alpha-helices connected by a loop region.” '

This conformational change has
been associated with a reduction of helicity from 90% to about 60%"°, as well as weakened
chromophore coupling between tryptophan and phenylalanine residues on neighboring
proteins.62 Because the major coat protein accounts for more than 85% of the mass of the viral
capsid®®®* and 99% of the protein mass®, these structural changes dictate the CD spectrum and
can be readily observed.®® The signature ellipticity of an alpha-helix structure within the deep
UV region, includes negative bands at 222 nm and 208 nm.*"***® As shown in Fig. 1, both 222
nm and 208 nm band intensities of the gold-binding phage decreased when vortexed with
chloroform. Specifically, the ellipticity of the 222 nm band steadily decreased from cycle 0 to 6.
Beyond cycle 6, the rate of decrease of molar ellipticity per cycle slowed substantially such that
very little additional reduction was observed. The initial decrease in 222 nm band ellipticity with
cycle number was attributed to the combined effect of diminished helicity and reduced -
stacking interaction between adjacent pVIII molecules. At higher cycle numbers, it is believed

that the majority of the pVIII molecules were converted to the L-shaped structure therefore the

reduction in the negative 222 nm band plateaued.

Cycle-by-cycle TEM images, shown in Fig. S1, revealed that the structurally affected
pVIII proteins detected with CD spectroscopy were not uniformly distributed throughout the
chloroform-treated M13 bacteriophage, but rather, heavily concentrated within specific phage.
That is, whereas some viruses were completely transformed into spheroids within the initial
vortex cycles, other viruses were seemingly entirely unchanged and remained filaments. With
increased cycle number, more spheroids were produced until, at high cycle numbers, spheroids
became the dominant geometry. In addition, a small, gradual increase in spheroid size was
measured with successive vortex cycles (Fig. S2). Although filaments and spheroids were the

most prevalent structures found within the chloroform-treated samples, a few large irregularly-
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shaped assemblies, on the order of a few hundred nanometers, were also observed, particularly at
higher cycle numbers. Such structures may be derived from aggregates of s-forms and/or i-forms
created either during chloroform treatment or TEM sample preparation. Although not evident in

41,46

all reports of chloroform-treated M 13 phage™ ™, the presence of agglomerates and i-forms was

previously described by Olsen et al.*.

Based on CD and TEM data, phage transformed using 5 vortex cycles were selected for
further investigation. These gold-binding phage displayed sufficiently reduced 222 nm band
ellipticity, as well as 100% filament-to-spheroid conversion. In addition, absorbance spectra
indicated that the template concentration was essentially retained (99.8%, Fig. S3) post
transformation. Fig. 3 shows the morphology of the filamentous and the spheroidal gold-binding
phage before (0 vortex cycles) and after chloroform treatment (5 vortex cycles), respectively.
Prior to chloroform treatment, the gold-binding phage were filaments 912 + 14 nm long. This is
slightly larger than the unmodified, M13 wild-type phage which is approximately 880 nm long.®*
The length of filamentous phage is determined by the enclosed genome and can range from 50 to
2000 nm or more depending on the scope of the genetic modification.”” ' As is apparent in Fig.
3 and reinforced by Fig. S4, the significantly contracted gold-binding spheroids had a rounded,
slightly deflated characteristic shape. The average size (59 + 16 nm) and size distribution of the
spheroids is shown in Fig. 4. The s-form size was consistent across samples (Fig. S5). For
comparison, wild-type M13 phage were transformed using the same procedure and the
corresponding spheroid size distribution is shown in Fig. S6. The spheroidal wild-type phage
were slightly smaller than the s-forms produced from gold-binding phage (53 + 9 nm), in
addition a significant number of wild-type filaments (~44%) were still present. Discrepancies in
spheroid size and conversion efficiency may be associated with differences in interaction among
modified (gold-binding) and unmodified (wild-type) pVIII coat proteins within the viral capsid.
Further studies are necessary to better understand the role of peptide fusions on template
transformation. Initial phage concentration had a small impact on spheroid size (Fig. S7) and
conversion efficiency. Increased template concentrations of 5 x 10® pfu/ul and 1 x 10° pfu/ul
produced spheroids 61 + 18 nm in size with ~98% efficiency and spheroids 65 + 20 nm in size

with ~96% efficiency, respectively.

Page 8 of 24



Page 9 of 24

O 00 N o U b~ W N

N N RN NN R B R R R R R R R R,
2 W N RP O O 0O N O U M W N L O

25
26
27
28
29
30
31

Nanoscale

The peptide, VSGSSPDS, has demonstrated affinity for gold when incorporated as a
pVIII insert within the filamentous M13 bacteriophage.’® Yet, because the affinity of displayed
peptides can be dependent on peptide-protein interactions along the phage body™, the binding
capabilities of the VSGSSPDS pVIII peptide fusion were examined following chloroform
treatment. As such, s-forms were incubated with 5 nm colloidal gold solution. As shown in the
low magnification TEM image in Fig. 5(a), following incubation both small groups and larger
clusters of colloid were observed. While the smaller groups of nanoparticles were attributed to
reduced electrostatic repulsion caused by the introduction of buffer salts with the template,
histograms of gold colloid assembly size (Fig. S8) with and without spheroids confirmed the
larger clusters (>60 nm) were strictly associated with the presence of the template. Higher
magnification TEM images of a spheroidal viral template and a large colloidal nanoparticle
cluster are shown in Fig. 5(b) and (c), respectively. The relative size and geometry of the
template and cluster further supported the decoration of spheroids with gold nanoparticles.
Additionally, samples stained with uranyl acetate (Fig. S9) definitively demonstrated co-location
of s-forms and nanoparticle clusters. Repeatability of the formation of gold clusters through
binding was demonstrated across samples (Fig. S10). The colloidal nanoparticles were closely-
packed and randomly arranged on the surface of the viral template. Because the positions of the
gold-binding peptides on the M 13 spheroid surface were likely densely packed without long
range organization, we believe that a one-to-one peptide-to-nanoparticle binding ratio was
prevented and relative disorder promoted. A 24 nm redshift in peak optical absorbance, as
shown in Fig. S11, corroborated the close proximity of the bound nanoparticles on the viral
templates. Despite the estimated 15-fold one-dimensional contraction and the nearly 1.8-fold
surface area reduction associated with spheroid formation, the gold-binding peptide clearly

retained an affinity for gold after chloroform treatment.

To further probe gold-binding characteristics and explore the effects of the viral protein
coat conformational change on mineralization, gold synthesis was completed with both
spheroidal and filamentous M 13 templates. Gold-binding templates were incubated in 250 uM
HAuCl, with a pH near 6.7 for 1 hour. Despite the partial loss of helicity and reduced
intermolecular 7-7 interaction associated with transformation, the s-forms remained stable at
these slightly acidic conditions. NaBH,4 was then added step-wise 4 times, ultimately achieving a

concentration of 62.5 pM. Representative synthesis products are shown for each step-wise
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addition in Fig. 6. At the lowest NaBH4 concentration, 4.2 uM, only gold ions (no nanoparticles)
were observed bound to the spheroidal viral template. With subsequent NaBH, additions, 9.4 to
31.3 uM, the progressive reduction of gold ions produced several discrete nanoparticles which
then grew in size. Spheroid-templated gold synthesis products stained with uranyl acetate
confirmed particle clusters were associated with viral proteins (Fig. S12). At the highest NaBH4
concentration, 62.5 uM, fused nanostructures with an average size of 86 + 27 nm were produced
on the template. While nanoparticles formed at lower NaBH, concentrations were relatively
isotropic, as gold reduction advanced with step-wise NaBH, additions, highly anisotropic spike-
like features also developed resulting in a range of morphologies (Fig. S13) and wide size

distribution (Fig. S14).

To better elucidate the effect of the gold-binding spheroid on the formation of the spike-
like structures, gold synthesis was performed without a viral template (Fig. S15) and in the
presence of wild-type spheroids (Fig. S16) using a NaBHy4 concentration of 62.5 uM. Neither
condition resulted in protruding, highly anisotropic features. Without a viral template, the
average size of the synthesis products was only 10.2 + 3.9 nm, while little to no nanoparticle

growth was observed on the wild-type spheroids.

As shown in Fig. 6, like the spheroids, at the lowest NaBH,4 concentration, the filaments
only showed evidence of gold ion binding and no nanoparticle growth. The step-wise reduction
of gold ions yielded distinct gold nanoparticles which enlarged with each NaBH, addition
eventually fusing with neighboring nanoparticles in some locations to form either (1) low aspect
ratio ensembles with an average size of 38.2 £ 13.1 nm or (2) high aspect ratio chains with an
average length and width of 71.1 +26.9 nm and 23.6 + 6.1 nm, respectively. In contrast to the
spheroid-templated nanostructures, prior to coalescence, the filament-templated nanoparticles
remained fairly isotropic in structure with an average size of 5.8 = 1.2 nm at 9.4 uM NaBHa,.
Although the same gold synthesis conditions were used for both the M13 gold-binding spheroids

and filaments, very different morphologies were produced.

The UV-Vis absorbance spectra of the highest NaBH,4 concentration synthesis products
were measured and are shown in Fig. 7. Localized surface plasmon resonance (LSPR) was
observed for both viral-templated materials. Among other parameters, LSPR absorption

characteristics are controlled by nanoparticle size, shape, environment, and particle-particle

10
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optical coupling. The optical absorbance of the spheroid-templated gold produced a broad,
feature ranging from 500 nm to 900 nm with a maximum absorbance near 700 nm. This optical
signature was consistent with the broad size distribution of the templated nanocrystalline, spiky

gold nanostructures 86 + 27 nm in size.”> "

In contrast, filament-templated gold displayed an
asymmetric, but well-defined absorbance peak centered at 556 nm with a long wavelength tail
extending beyond 900 nm. Such optical behavior was attributed to the combination of gold
nanoparticle ensembles and chains synthesized on the filament and was in agreement with

76-80

previous reports. The dissimilar spectra of the two templates was a direct consequence of the

disparate morphologies of the spheroid- and filament-templated synthesis products.

Gold ion uptake, one potential source of the observed morphology difference between
gold templated on spheroidal and filamentous templates, was investigated using ICP-MS. The
equilibrium adsorption concentration plotted against gold ion concentration for both template
geometries is shown in Fig. 8, along with corresponding Langmuir isotherm curve. Langmuir fit
parameters, ¢,q and a, are found in Table 1. Maximum gold ion adsorption capacities of 2.7 x
10° mol/mg and 4.3 x 10” mol/mg were calculated for filaments and spheroids, respectively.
The gold ion uptake for the spheroids was 1.6 times more than for the filaments, indicating a
higher apparent affinity for gold. Assuming an equivalent number of gold-binding peptides were
displayed on both M13 geometries, the peptide surface density was estimated to be 1.8 times
larger for spheroids than filaments. This significant difference in gold-binding peptide areal
density was likely responsible for the increased avidity and the ion adsorption capacity of the s-
form. In addition, it may have had an important effect on nanostructure shape and size. The
impact of increased localized peptide density caused by small peptide aggregates or clusters has
been reported for PbSe® and Cu®? nanoparticles synthesized on peptide nanotubes. In the former,
peptide aggregation converted nanoparticle shape from cubes to rods. In the latter, peptide
aggregation controlled Cu nanoparticle diameter and polydispersity. Furthermore, long range
peptide packing density has also demonstrated influence over morphology. Peptide-templated
gold nanoparticles synthesized at the air-water interface of a Langmuir trough showed
morphologies ranging from triangle plates to star-like structure depending on peptide packing
density.™ In the present studies, increased gold ion uptake due to greater peptide surface density
associated with the spheroidal templates is believed to have contributed to increased nanoparticle

density and the formation of spike-like features.

11
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4. Conclusions

In conclusion, we have studied the chloroform-triggered transformation of a gold-binding M13
bacteriophage and the templating properties of the resulting spheroids. The clone, with 100%
display of an 8-mer gold-binding peptide on the pVIII major coat protein, was gradually
converted from filaments to spheroids while monitoring protein ellipticity and viral geometry.
Curiously, using the same procedure, somewhat larger and comparatively more spheroids were
produced from the gold-binding phage than the wild-type phage. A change in pVIII protein-
protein interactions within the viral coat caused by the peptide insert could be the source of size
and conversion efficiency differences. More studies are necessary to better understand this
phenomenon and possibly allow for spheroid size tunability. M 13 spheroids were found to retain
affinity for gold, demonstrating the ability to bind pre-formed colloidal gold nanoparticles as
well as to direct gold synthesis. It was noted that the morphology of the synthesized gold
nanostructures was dependent on the template geometry. Gold-binding M13 filaments yielded a
mixture of isolated gold particle ensembles and chains composed of relatively isotropic
nanoparticles while M 13 spheroids produced nanostructures with anisotropic, spike-shaped
features. The gold ion adsorption of spheroids was determined to be greater than that of
filaments. We believe that this disparity contributed to the observed template-dependent gold
morphological differences. The lower surface area of the spheroids likely increased surface
packing of gold-binding peptides and lead to enhanced gold avidity. Further investigation is
needed to better understand the density and organization of gold-binding peptides on the surface
of the spheroid. Nonetheless, it is interesting to consider the potential of this scaffold to control
gold morphology by modifying peptide surface density through genetic display or chemical
conjugation. Furthermore, the promise and utility of the spheroidal template could be extended to

other inorganic material systems via simple substitution of the displayed peptide.
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Fig. 1. (a) Circular dichroism (CD) spectra and (b) 222 nm molar ellipticity values for gold-
binding M 13 bacteriophage measured as a function of cycle number. The black arrow in (a)
indicates increasing cycle number.
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Fig. 2. Homology models of M13 with a gold-binding peptide (VSGSSPDS) at the N-termini,
NT, (a) pre- and (b) post-chloroform treatment. Both structures share a common sequence, as
illustrated in (c). Residues are colored green, red, and blue to identify aromatic, negative, and
positive residues, respectively. The gold-binding peptide is boxed in magenta.

Fig. 3. Transmission electron microscopy (TEM) images of gold-binding M 13 bacteriophage (a)

pre- and (b) post-chloroform treatment (5 cycles). Samples were stained with 0.5% uranyl
acetate; scale bar: 200 nm.
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Fig. 4. A histogram of the spheroid size distribution following 5 chloroform treatment cycles (N

=100).
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Fig. 5. (a) TEM image of several spheroid-templated gold colloid clusters with excess unbound
colloid; scale bar: 500 nm. Templated nanostructures are indicated by arrows. An individual
gold-binding spheroid (b) without and (¢) with 5 nm colloidal gold nanoparticles arranged on the
surface to form a cluster; scale bar: 20 nm.
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Fig. 6. Comparison of gold nanomaterials synthesized on filamentous (scale bar: 100 nm) and
spheroidal templates (scale bar: 25 nm) following the addition of NaBHj, at different
concentrations. High magnification images of filament-templated materials are shown within the
insets (scale bar: 25 nm).
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Fig. 7. UV-Vis absorbance spectra of gold synthesis products on filamentous and spheroidal

templates using a final NaBH,4 concentration of 62.5 pM.

800 900

0.035 .
0.03
0.025
°
o)
£ o002 |
°
£ 0015 |
4 0.01 e [CP-MS, filaments
A ICP-MS, spheroids
0.005 Langmuir, filaments
Langmuir, spheroids
0 - -
0 0.2 0.4 0.6

|Gold ions| (mM)

Fig. 8. Adsorption isotherm of gold ions onto the M 13 spheroids and filaments.
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Table 1. Equilibrium Coefficients of Langmuir Adsorption Isotherm

Template (Qmax (mol mg'l) a (L mol™) R

Filament 2.7x10° 8782 0.994
Spheroid 43x 107 8509 0.996
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