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ABSTRACT: The vast unexplored virus biodiversity makes
the application of virus templates to nanomaterial synthesis
especially promising. Here, a new biotemplate, Barley stripe
mosaic virus (BSMV) was successfully used to synthesize
organic-metal nanorods of similarly high quality to those
produced with Tobacco mosaic virus (TMV). The mineraliza-
tion behavior was characterized in terms of the reduction and
adsorption of precursor and nanocrystal formation processes.
The BSMV surface-mediated reduction of Pd®*) proceeded via
first-order kinetics in both Pd®*) and BSMV. The adsorption
equilibrium relationship of PACl;H,0~ on the BSMV surface
was described by a multistep Langmuir isotherm suggesting
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alternative adsorbate—adsorbent interactions when compared to those on TMV. It was deduced that the first local isotherm is
governed by electrostatically driven adsorption, which is then followed by sorption driven by covalent affinity of metal precursor
molecules for amino acid residues. Furthermore, the total adsorption capacity of palladium species on BSMV is more than double
of that on TMV. Finally, study of the BSMV-Pd particles by combining USAXS and SAXS enabled the characterization of all
length scales in the synthesized nanomaterials. Results confirm the presence of core—shell cylindrical particles with 1-2 nm
grains. The nanorods were uniform and monodisperse, with controllable diameters and therefore, of similar quality to those
synthesized with TMV. Overall, BSMV has been confirmed as a viable alternate biotemplate with unique biomineralization
behavior. With these results, the biotemplate toolbox has been expanded for the synthesis of new materials and comparative

study of biomineralization processes.

B INTRODUCTION

Directed synthesis of nanomaterials with controllable dimen-
sions remains a subject of immediate concern in nano-
technology.” Biotemplating, the use of naturally occurring
biomolecules to develop nanomaterials of similar morphology,
hierarchical complexity and nanometric precision, is a viable
means to easily and inexpensively produce needed nanoma-
terials on a large scale.” Specifically, the use of viruses as
biotemplates has been pursued as a potent solution due to their
unique advantages for applications in catalysis,“f7
c1rcu1try,8_m chemical sensmg, ® biocatalysis,"* memory
devices,"* and light harvesting.'®'” As many studies of the M13
bacteriophage and the Tobacco mosaic virus (TMV) have
shown, virus templates are particularly exciting due to the wide
range of chemical interactions afforded by their multifunctional
protein surfaces. The potential presence of polar, hydrophilic,
charged, acidic, and basic functionalities on a single template
allow the formation of a wide range of inorganic nanoparticles.
Thus, noble metals,”'*™>° bimetallic materials,’® and semi-
conductors””*® have been mineralized on viruses.

When considered in the context of the numerous virus
species on the planet, the vast range of possibilities for new
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materials from such biodiversity still remains unexplored.”’
TMV, M13, and their engineered variants, remain the prevalent
biotemplates employed in attempted nanowire and nanorod
synthesis. The expansion of the biotemplate toolbox will enable
comparative examination of fundamental processes controlling
mineralization such as precursor adsorption, reduction, and
nanocrystal growth. We have previously reported the hydro-
thermal synthesis of nanorods, which depended on autocata-
Iytic reduction of Pd on the surface of the virus template rather
than using an exogenous reducer.'®
alization on the surface of the virus coat protein (CP)
inherently produces nanowires that are dense, uniform,
Nevertheless, even with
surface-mediated synthesis has not been
successfully applied to reproduce high quality nanowires in
other virus-metal systems.

We propose that the Barley stripe mosaic virus (BSMV) is a
promising candidate to produce high quality nanomaterials.

Localization of biominer-
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controllable, and monodisperse.
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The biological activity of BSMV in host cells has been well-
studied over the last three decades.’>™>° Moreover, its
physiochemical and structural characteristics have recently
been elucidated at 4.1 A resolution.”’ ™’ BSMV virions are rigid
rods consisting of a tripartite positive sense ssSRNA genome
surrounded by CPs of 23 kDa. The particles (virions) are 20.8
or 21.4 nm in outer diameter, with an inner central channel of 4
nm.” They are between 110 and 150 nm long,**" although
particles are known to align end-to-end to produce much
longer rods.””*> The BSMV CP tertiary structure, which is
graphically depicted in Figure 1a, is similar to that of TMV CP

Figure 1. Graphical model of BSMV. (a) BSMV coat protein. (b) Side
view of an assembled BSMV virion. Six turns around the RNA are
shown. (c) Top-down view of a single turn of assembled BSMV coat
proteins (without RNA). Green tubes indicate Alpha helices with N—
C terminal direction. Blue wires are protein side chains and yellow
sheets are protein strands. The red and blue regions seen in panel ¢
indicate local positively and negatively charged regions of the coat
protein. These are notably on the outside or inner hollow of the virus.
Structure was obtained from ncmi pdb and MMDB database and was
developed by Clare et al.**”°

as indicated by the presence and positioning of major alpha
helices, and conservation of key amino acid residues.”” These
CPs assemble around an RNA to form a virion (or particle),
which retains a structural integrity relevant for infectivity up to
~65 °C after 10 min."* Consequently, BSMV can potentially be
applied to surface biomineralization, while retaining its
mechanical robustness, as has been observed on TMV.
Conversely, BSMV offers alternative biotemplating due to its
different physiochemical properties (e.g., isoelectric point) and
other active surface functionalities, which allow for different
chemical interactions compared to TMV. For example, the
BSMYV CP has been reported to consist of two additional long
insertions on the outer surface when compared to the TMV
CP. One of these is a sequence of 10 amino acids (residues 1—
10), located at the exposed N-terminus while the other
(residues 84—94) is an insertion loop which also protrudes
onto the outer surface.”

This study demonstrates that BSMV is a viable biotemplate
for mineralization of palladium (Pd) nanorods. Uniform
BSMV-Pd nanorods at different coating densities were
synthesized by the hydrothermal synthesis. In situ X-ray
absorption spectroscopy (XAS), UV—vis spectroscopy, and
ultra-small-angle X-ray scattering (USAXS) were used to
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characterize the mineralization behavior through precursor
adsorption, reduction, and nanoparticle growth.

B METHODS AND PROCEDURES

BSMV Purification. BSMV purification was performed according
to published protocols.’®**

Virus Coating Procedure. Virus coating was performed in a
CSTR (3.5 mL) reactor vessel with temperature regulation via a
heating block. Na,PdCl, solution (usually between 0.2 mM and 3
mM) was added to the reactor containing a 2 mL virus solution (0.035
mg/mL) after it had been heated to the desired synthesis temperature
in an eppendorf tube. During an ex-situ study (UV—vis character-
ization), 400 uL aliquots of the solution were collected regularly. The
ongoing interfacial phenomena (reactions, adsorption) in these
aliquots were then immediately quenched by separation of the solid
phase with Acrodisc Syringe Filters (Pall life sciences, 13 mm). The
solid phase consists of noticeable (brown aggregates imaged with
TEM) dispersions of Pd and virus particles. The filtrate solution was
diluted 3-fold in water at 4 °C to further reduce interfacial activity. The
absorbance of aliquots at 256 nm representing PdCly(H,0)~ was
measured at 25 °C by a UV—vis spectrophotometer (Varian Cary
100). Since adventitious reactions involving Pd complexes are minimal
under these conditions,* the uptake of the dominant Pd species,
PdCL,(H,0)", was the difference between the concentrations of the
aliquots (incubated with BSMV or TMV) and the concentration of the
control (no virus). Adsorption experiments were performed over
shorter times (within 150s) and 6—8 samples were collected during
this period. For all adsorption experiments, a swift uptake was noticed
and then a plateau was reached. The equilibrium concentration for
adsorption processes was chosen as the concentration after 150 s. Pd
reduction studies were performed in a similar manner but occurred
over longer times (typically between 40 and 180 min). The
quantitative adsorption and reduction studies (adsorption isotherms
and reaction rate studies) reported in this paper were performed only
during the first coating of Palladium, i.e., phenomena caused by
interaction between Pd solution and virion outer surface. Further
coating was performed by collecting particles, washing five times in 10
mL of water and then reincubating in 0.7 mM Na,PdCl, solution. The
continuous coatin§ and adsorption procedure have been adopted from
previous works.**"

In situ X-ray Absorption Spectroscopy Experiments. In situ
XAS experiments were conducted at the Advanced Photon Source
(Argonne National Laboratory, Lemont, IL) 10 ID-B beamline. Pd
precursor solution (3 mM Na,PdCl,) was placed in a continuously
stirred 3 mL reactor with BSMV (0.15—0.5 mg/mL) and then into the
path of X-rays. At the Pd K-edge (24.4 keV), spectra of the solution
contents and reference materials (Pd foil and precursor solution) were
taken in transmission mode. Each spectrum from the reaction was then
analyzed individually, but identically. For the XANES analysis, each
spectrum was fit as a linear combination of the two reference spectra
using WINXAS software.”® EXAFS parameters were obtained by
performing a least-square fit of a Fourier transformed k*-weighted
normalized absorption spectra in R-space.

USAXS/SAXS Characterization and Analysis. Solutions con-
taining nanorods were deposited between two glass slides and placed
in the path of the X-rays. USAXS/SAXS scans of solutions (not dried
samples) were taken. USAXS was performed using a Bonse-Hart
camera at beamline 9ID-C at 21 keV."” SAXS data collection was done
with a Pilatus camera. Standard data reduction was employed to obtain
scattering curves for the scanned nanorods.

USAXS Modeling. The scattering vector is defined as

4z sin 0

yl (1)

where 0 is the scattering angle and 4 is the wavelength of the incident
beam of X-rays.

For the dilute core—shell cylinder population, particle scattering is
defined*® by
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where N is the number concentration of particles, R, is the outer
radius of the nanorod.”' DH(RP) is a distribution function so that
Dn(RP) dR, represents the number of particles between R, and R, +
dR,. P(q,R,) is the form factor for a core—shell cylinder given by

/2
P(q, Rp) = VL /(; f2 (g, @) sin ada
P

3)
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a is the angle between the scattering vector and the cylinder axis. p .
=9 x 107 em™ pyen = 89.3 ¥ 107 cm™ and pygpyene = 12 x 1070
cm™? represent the scattering length density of the core (virus), shell
(Pd) and solvent (water) phases, respectively. R, and R, are the radii
of the core and entire particle. L is the length of the particle. Then the
core volume and total particle volume are

sin x

=aR_ "L,

core core

Vo= Ry, jy(x) =
and J;(x) is the Bessel function of the first kind.

Assuming a uniform coating of Pd on the biotemplate, a distribution
describing the thickness of the metal layer (shell) around the
biotemplate (core) was defined as

D,(t) =D,(Rp — R (5)

Then, the growing Pd shell with a thickness (¢) can be represented in
the Gaussian distribution,

(t=u)?
exp| — 202
o\27 (6)

where y; is the mean of the shell thickness and o is the standard
deviation in the thickness.

The primary nanoparticles at high g were modeled by using the
Beaucage unified equation,

COIE)

D,(t) =

q2 2 252
1 1
I(q) = | G, exp| — =1+ B, exp| — 3g q*l(‘Z)P‘
(7)
where
q
q* =

and G, is the guinier prefactor, B is the power law prefactor, R, is the
radius of gyration, and P, is the power law exponent.

B RESULTS AND DISCUSSION

BSMYV virions (Figure 2a) were coated with a dense, uniform
layer of palladium nanoparticles using the expedient hydro-
thermal synthesis (Figure 2b). Nanoparticles were observed on
the virus template after 20 min of incubation at 55 °C in a
stirred tank reactor with 0.75 mM Na,PdCl,. Figure 3a shows
that the first layer of Pd nanoparticles does not fully coat the
biotemplate after 20 min of incubation. The Fourier transform
of the high resolution transmission emission microscopy
(HRTEM) image of this first layer of particles (inset of Figure
3a) indicates a lattice spacing of 0.22 nm, corresponding to the
(111) crystalline facet of FCC metallic palladium. Therefore,
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Figure 2. Transmission electron microscopy (TEM) images of BSMV
and nanorods. (a) Purified BSMV virions negative stained with uranyl
acetate; (b) BSMV-Pd nanorods collected after five coating cycles with
Pd precursor. Extensive outer mineralization and inner surface (thin
nanowire) mineralization is evident here.

Figure 3. Transmission electron microscopy (TEM) images of single
BSMV-Pd nanorods were collected after incubation of 0.02 mg/mL of
BSMV in 0.75 mM of Na,PdCl,. BSMV-Pd collected after (a) one
coating cycle. Inset in shows the Fourier transform of a high resolution
transmission electron microscopy (HRTEM) image of Pd nano-
particles: (b) two coating cycles; (c) five coating cycles; (d) six coating
cycles.

the observed coating on the BSMV-Pd particles comprises of
Pd©, These particles, which consist of BSMV virions decorated
with isolated small metal nanoparticles, can be applied in
catalysis of organic reactions. The particles were precipitated,
washed five times to remove residual salt, and recoated several
times by reincubation in 0.75 mM Na,PdCl, solution at 55 °C
(Figure 3). As shown in Figure 3d, the BSMV-Pd diameter
could be increased up to 56.8 + 2.7 nm after 6 coatings. These
results show that the exposed BSMV CP surface contained
active subunits, which enabled surface-driven biomineralization
of Pd. The biomineralization behavior of the first layer, which
involves autoreduction of Pd on the BSMV surface, was studied
more closely using UV—vis and in situ XAS.
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In situ XAS analysis was performed with 3 mM Na,PdCl, at
55 °C at four different concentrations of BSMV. Spectra were
collected at the Pd K-edge (24.4 keV) over time.

A first-order reduction in Pd®*) was observed from analysis
of the X-ray absorption near edge spectroscopy (XANES)
region over time (Figure 4a). Efficient use of the expensive Pd
precursor was indicated by the complete (>95%) reduction of
Pd at the end of the synthesis. Figure 4b shows that the rate of
reduction was a linear function of concentration. The negative
control (no virus) signified that the presence of BSMV was
required for the reduction of Pd®"). Thus, X-ray induced
reduction was ruled as unlikely. Extended X-ray Absorption
Fine Structure analysis of the precursor solution indicated a Cl
coordination number of 3.2, thus agreeing with previous reports
that PdCly(H,0)" is the dominant (>85%) Pd species in the
solution.*>* Therefore, the rate law for the reduction of Pd
(Reaction I) on BSMV is given by eq 8. The obtained intrinsic
rate constant (k) was 2.3 + 0.3 h™. Such surface-induced
reduction indicates that the BSMV CP displays functionalities,
or peptides which mediate the reduction of Pd species. This is
corroborated by studies by Tan et al. which showed that
peptides consisting of serine, threonine, arginine, glutamine,
lysine, and tyrosine have higher reductive capability for
AuCl4~>

PACL(H,0) + 2¢~ — Pd® + 3CI” + H,0 1)

d[Pd]

= ko, [Pd*] = k[BSMV][Pd**] ®
where k.= k [BSMV], and k is the intrinsic rate constant
associated with the reduction of Pd®*).

The uptake of PdCL(H,0)~ by BSMV at 25 °C was
determined by UV—vis spectroscopy (Figure S). As seen in
Figures 4ab, there was a swift drop in concentration of
PdCl,(H,0)~ within the first 20 seconds of incubation. This
rapid uptake is followed by a much slower uptake, which can be
fit to a first order reaction in PdCl;(H,0)". XANES analysis
(Figure Sc) indicates that, Pd®") does not significantly reduce
(<5% reduction) during the first S min of incubation.
Therefore, the swift concentration drop represents the
adsorption of PdCl;(H,07), i, sorption without acquisition
of reducing electrons. Furthermore, the adsorption behavior is
observed to approach equilibrium very quickly (as seen in
Figure Sb) enabling the decoupling of the two processes.
Adsorption occurs within the first 20 seconds and then
approaches thermodynamic equilibrium; conversely, the
reduction of Pd occurs over a much longer time period
(about a few hours). The thermodynamic adsorption behavior
of BSMV was studied by incubating different concentrations of
Pd with 7.5 x 1072 mg/mL of BSMV at 25 °C. The saturation
concentration was then assumed to be the equilibrium
concentration for an adsorption process. By sampling the
supernatant after separation of the solid phase, which comprises
the virions with adsorbed Pd species, the equilibrium
relationship between the virus surface and supernatant solution
was obtained. Figure 4c shows that the adsorption behavior is
best fit by a multistep Langmuir isotherm (eq9). In contrast,
the adsorption behavior of PdCl;(H,0™) on TMV at
equilibrium, is best fit by a single step Langmuir isotherm.**

a,[(C, — b) + IC, — bl]
T 1 a,[(C.— b) + IC, — bl]

a,C,
"1+ a,C,

q,=q
)
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where g, and C, are the equilibrium concentration of adsorbing
species on the virus and of solution respectively, g,.; represents
the adsorption capacity, a; is the adsorption intensity and b is
the critical concentration limit for the initiation of the second
isotherm step.

To further elucidate the adsorption behavior, it is important
to note that the reported isoelectric points for BSMV and TMV
are 4.5 and 3.5, respectively.”**> This means that the exposed
outer surfaces have a net negative charge at pH 5. However,
continuum electrostatics theories are not sufficient to describe
adsorption behavior.”® Table S1 shows that the BSMV virion
surface consists of positively charged functionalities, which are
absent on the TMYV virion surface. Therefore, adsorption of
PdCL;(H,0)™ on the TMV is solely driven by covalent
interactions while adsorption on the BSMV surface is driven by
both electrostatic and covalent interactions. This is further
confirmed by the much faster kinetics (<20s in Figure Sb) on
BSMV compared to TMV (x150 s).* Previous molecular
dynamic and experimental studies indicate that when both
electrostatic and covalent relationships are accessible, the
electrostatic interactions generally govern inorganic adsorption
due to greater interaction energies.‘w’58 Ion exchange
chromatography studies involving proteins consisting of Lys,
His, and Arg also confirm this ﬁnding.56 Adsorption is
consequently best modeled by the multistep Langmuir
isotherm®®’ so that each of the sorbing relationships is
represented by a local isotherm. The first local Langmuir
isotherm is determined by ion-pairing between PdCly(H,0)~
and positively charged sites on the virus surface.

From the amino acid residues present on the BSMV surface
(N terminus (residues 1—13), C terminus (residues 191—198),
and the insertion loop (residues 84—94), Lys, and His,; are
viable candidates for this kind of adsorption.’”*® The
adsorption capacity of 180.8 + 10 X 1077 mol Pd/mL
describes this local isotherm. After the positively charged sites
have been neutralized by the binding of the negatively charged
Pd species, covalently driven affinity for Pd species will become
dominant in the adsorption process. Favorable ligand switching
between coordinated chlorine and surface amino acid residues
will drive the adsorption. Prospective residues involved in this
process include Asp,, Sers, The,, Glug, and Tyr,,;, which display
reported pd®*) ligands such as hydroxyl,”°" amines,”* or
aromatics®® at the virion’s outer surface. The observed
adsorption capacity for the second local isotherm is 110 =+
7.2 X 1077 mol Pd/mL, resulting in a total adsorption capacity
of 307.9 + 20 X 1077 mol Pd/mL for the BSMV template,
which is more than double of that of TMV (127 + 10 X 1077
mol Pd/mL) under the same conditions. A higher adsorption
capacity is particularly important in traditional electroless
deposition where an external reducer is employed, because the
degree of metallization is solely dependent on the adsorption
process. Thus, we show that BSMV biotemplating will allow for
greater metallization of metals when this synthetic approach is
necessary, e.g., in biotemplating with Au, Ag, and Cu.
Additionally, as the first report of a multistep adsorption
behavior on a virus biotemplate, this study illustrates the
advantage of using a multifunctionally diverse biotemplate for
mineralization. Hence, sophisticated multifunctional materials
can be created from the two sorbing interactions.

In order to study the particulate system, USAXS and SAXS
were simultaneously used to monitor nanoparticle formation as
new coatings were added to the BSMV-Pd nanorods. The large
q range (0.0001 A to 1.0 A) afforded by combining both
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obtained at high g (g > 0.1). Data reduction and curve fitting were performed using Nika data reduction and Irena curve fitting software.

66—68

techniques, offered the unique opportunity to investigate a wide
size range in a statistically significant way. This included both
the populating Pd primary nanoparticle size and virion-Pd
nanorod dimensions. The scattering relationship for the
nanorods required a core—shell form factor incorporating
scattering contrasts between Pd, carbon and water. A Guinier-
Porod relationship was used to model the primary particles.
Equations 1—7 describe the relevant scattering behavior for a
unified curve fitting.*”%*%

Figure 6a and Figure S2a show that the theoretical model
reasonably describes the observed scattering behavior of the
nanorods. Figure 6b and Figure S2b show the fitted scattering
curves obtained from BSMV-Pd and TMV-Pd nanorods,
respectively. From the volume fraction (Table S2) of Pd
nanoparticles in solution, the Pd amount on the nanorods is
observed to increase upon coating. The core diameter, which
was modeled as a carbon tube, retains diameters of 22 nm, for
BSMV, and 18 nm, for TMYV, through all coatings. The
estimated particle length of BSMV and TMV are 150 and 300
nm respectively, which agree with their published values.*”*">>
Thus, the end-to-end aggregation of the nanorods which is
evident in the TEM images of BSMV in Figure 2, is not
statistically significant while nanorods are dispersed in solution.
Figure 6c indicates that the shell thickness of Pd on BSMV
increased during coating culminating in final diameters from
33.5 + 3.3 nm to 47.0 + 4.5 nm. However, this data (USAXS
characterization) resulted in a slightly smaller estimation of the
particle diameter compared with the TEM analysis obtained
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from mean of diameters of 100 nanorods. Figure 5d shows that
the primary Pd nanoparticles, which are packed on the viruses,
are between 1 and 2 nm in diameter. This is in agreement with
the distinguishable nanoparticle sizes observed after the partial
coating of BSMV in Figure 3(a). Since, the primary particle
sizes remain within this range as more coatings are added, it can
be deduced that particle coalescence is minimal during coating.
The display therefore consists of nonaggregating 1—2 nm
particles along the 60 nm cylinder. This uniform active surface
is uniquely useful for applications in catalysis, battery electrodes
and further electroless deposition. Overall, the observed
scattering behavior confirms the geometry and constituents of
the synthesized nanorods in a statistically relevant way. To our
knowledge, this is the first time that all size levels in a rod-like
mineralized virus have been comprehensively and simulta-
neously analyzed.

B CONCLUSIONS

BSMV has been introduced as a novel biotemplate for the
formation of high quality Pd organic—inorganic nanorods in the
absence of an exogenous reducer. The density of Pd on the
nanorods could be tuned by repeated coating. Adsorption and
reduction of PdCl;(H,0)” by BSMV were decoupled and
individually examined. The virus surface mediated the
reduction of Pd?") via first order kinetics in both Pd®*) and
BSMV, respectively. The adsorption equilibrium relationship of
Pd on the BSMV surface was described by a multistep
Langmuir isotherm suggesting an alternative and promising
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mineralization, which takes advantage of both electrostatic and
covalently driven affinity. The adsorption capacity of Pd species
on BSMV is more than twice that on TMV. Both BSMV-Pd
and TMV-Pd nanorods retain a consistent length and core
diameter as they mediate formation of small 1-2 nm particles
leading to rod diameters, which are controllable and
monodisperse. Taken together, the nanomaterials synthesized
on BSMYV are of similar quality to those on TMV. BSMV also
shows the potential to offer new kinds of mineralization
possibilities via its native amino acid functional groups. This
study has shown the viability and promise of BSMV as an
alternate biotemplate for biomineralization of inorganic
materials. Further work on this biotemplate will involve its
genetic engineering, metallization with other metals, and
exploration of selective inner channel mineralization to produce
superfine nanowires.”’
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