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ABSTRACT: Biotemplated mineralization is a promising and
ecofriendly approach to manufacture metal nanoparticles and
composites with precise size control. Plant viruses are suitable
templates for biomineralization because they are chemically robust
and highly scalable through molecular farming. Here, we report a
gold-nanoparticle-coated tobacco mosaic virus (TMV) synthesized
in a test tube or in plant extracts making use of a TMV displaying a
gold-binding peptide (GBP). The methods developed are a step
toward engineered living materials, where gold nanowires could be
formed in plant tissues for sensing or energy harvest applications.

■ INTRODUCTION
Nanoparticles offer a wide range of applications spanning the
biomedical, agricultural, and energy storage fields.1 High-
aspect-ratio gold nanorods have gained significant attention
based on their unique physicochemical properties. In
particular, metallic or metal-containing gold nanorods have
unique optical properties.2 The scattering plasmon band of a
gold nanorod falls in the near-infrared region of the light
spectrum3 and can be tailored by altering the size and shape of
the nanorods. This enhanced electromagnetic plasmonic
system makes gold nanorods promising candidates as label-
free sensors,4 therapeutic agents (i.e., cancer photothermal
therapy,5 immunotherapy6), molecular imaging probes,7

photocatalysts,8 and fuel cell materials.9

While the development pipeline of gold nanorods is rapidly
expanding, there is a need for the development of advanced
fabrication techniques. The most common synthesis routes use
electromagnetic irradiation,10 chemical reduction,11 and top-
to-bottom fabrication methods such as laser ablation,12 thermal
evaporation,13 and lithography.14 While highly sophisticated,
these techniques have drawbacks, as they are expensive and
time-consuming, require hazardous reaction conditions, and
often yield toxic byproducts. The development of approaches
yielding gold nanorods following the green chemistry principle,
i.e., synthesis with maximized yield while minimizing toxicity
and pollution, is an important goal in materials chemistry. An
approach toward this goal is found in biotemplating or
biomineralization and an intriguing template material with
high-aspect-ratio soft matter nanorods formed by plant viruses
and bacteriophages.15−17

To date, biotemplating approaches have focused on test tube
reactions using purified viral nanoparticles. However, recent
studies have reported that metallic nanoparticles can be
produced using plant extracts. Bioactive compounds, such as

polyphenols, terpenes, organic acids, and enzymes, serve as
reductants within the plant extracts to reduce and stabilize gold
nanoparticles from precursor salts.18 Gold nanoparticles of
distinct shapes, although mostly of spherical and triangular
shape, have been reported making use of various plant
bioactive molecules from different plant species.19

Here, we sought to investigate whether the high-aspect-ratio
nanorods from the tobacco mosaic virus (TMV) could serve as
a template for gold nanoparticle synthesis in plants. The
establishment of these techniques would yield a route toward
the biosynthesis of metallic nanoparticles in plants, either for
harvest, purification, and use or the in planta synthesis of gold
nanowires may allow the production of conducting and/or
sensing elements to interface plants with technology. For
example, the use of carbon nanotubes as sensor devices in
living spinach plants was reported;20 however, here, the
nanoparticles have to be manually infiltrated, which may make
in-field applications an unattainable option. The use of plant
viruses and the expression of virus-like particles in plants may
be a platform for engineered living plants enhanced with
electronic components.
As proof of concept, we demonstrate biotemplating of TMV

in plant extracts. TMV is a 300 nm × 18 nm rod-shaped plant
virus.21 It is composed of 2130 identical coat proteins with a
single-stranded, positive-sense RNA embedded into the
protein scaffold.22 For this work, we made use of native
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TMV (TMVwt), a lysine-added mutant of TMV, termed
TMVLys,23 and a gold-binding-peptide (GBP)-modified TMV,
termed TMV-GBP. The lysine group equipped on every coat
protein provides chemical addressability; we used a cysteine-
terminated GBP for conjugation to the lysine side chains via a
bifunctional N-hydroxysuccinimide (NHS)−PEG4−maleimide
(SM-PEG4) linker (SM-PEG4). First, we verified gold binding
to TMV-GBP, either by binding TMV-GBP to gold surfaces or
binding gold nanoparticles to TMV-GBP. Then, we demon-
strated the test tube and ex planta mineralization to TMV-
GBP. The resulting composite material, Au-TMV-GBP, was
characterized using a combination of spectroscopy and
microscopy techniques.

■ RESULTS AND DISCUSSION
The synthesis scheme of gold-binding TMV (TMV-GBP) is
shown in Figure 1A. The solvent-exposed lysine groups on the
TMV lysine (TMVlys) variant were first modified with a
bifunctional SM-PEG4 linker. The maleimide group was then
further reacted with the cysteine-terminated GBP peptide,
VSGSSPDSGGGC (MW = 1008.03 Da; the cysteine-reactive
group was added via a GGG spacer). The discovery and
application of the GBP peptide have been reported else-
where.24

Post-synthesis, size exclusion chromatography (SEC) and
transmission electron microscopy (TEM) were used to

examine the structural integrity of TMV-GBP. The elution
profile from the Superose 6 Increase column was consistent
with intact TMV being released from the column at an 8 mL
volume (Figures 1A and S1); the A260-to-A280 ratio of 1.2 is
also consistent with intact TMV-GBP being produced. The
secondary peak at 15 mL is indicative of free coat protein or
particle breakage but only makes upto ∼5% of the nanoparticle
preparation. This peak is also apparent in the starting material
with ∼10% broken TMVlys particles observed by SEC. Thus,
data indicate that the conjugation reaction does not affect the
particle integrity. TEM imaging (Figure 1D) was in agreement
with SEC data showing the typical high-aspect-ratio nanorods
of TMV; there were no differences comparing TMV vs TMV-
GBP. The appearance of longer rods (>300 nm) may be due to
drying processes; there is a tendency for TMV particles to align
end-to-end.
To verify the covalent attachment of the GBP peptide to

TMV, we characterized TMV coat proteins using denaturing
gel electrophoresis (SDS-PAGE, Figure 1C). The coat protein
band was detected for all TMV formulations (at ∼18 kDa); for
TMV-GBP, an additional, higher-molecular-weight band
appeared at ∼20 kDa, which is consistent with the weight
increase from GBP conjugation. Band analysis using ImageJ
software indicates that ∼33% of the coat proteins were
conjugated with the GBP peptide. A coat protein dimer was
also apparent on SDS-PAGE for the TMV-GBP formulation

Figure 1. Chemical conjugation of a gold-binding peptide (GBP) to TMV and characterization of TMV-GBP. (A) Synthesis scheme to obtain
TMV-GBP. (B) Size exclusion chromatography (SEC) of TMV-GBP showing the typical elution profile of intact TMV. (c) SDS-PAGE of wild-
type TMV (TMVwt), lysine-added TMV (TMVlys), and TMV-GBP displaying the GBP. (d) TEM image of negatively stained TMVwt and TMV-
GBP (scale bar: 400 nm).
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Figure 2. TMV-GBP gold affinity and reduction. TMV binding to gold surfaces (A, B). Gold nanoparticle binding to TMV (C, D) and gold
mineralization was tested. (A) QCM-D analysis of TMVwt (black), TMVlys (blue), and TMV-GBP (red) binding to a gold-coated sensor (n = 3);
(left) change in frequency and (right) dissipation shift for the third overtone of the resonance frequency in each experiment are shown with
different dashed patterns. (B) Layer thickness was calculated with Sauerbrey’s equation and mass calculated was calculated using a viscoelastic
model, the Voigt model. (C) Immunocapture TEM of TMVwt, TMVlys, and TMV-GBP upon interaction with 5 nm gold nanoparticles (scale bar:
200 nm). (D) ICP-MS of the precipitant from the gold nanoparticle binding test using TMVwt, TMVlys, and TMV-GBP (n = 5). (E, F) Two-step
biomineralization by the gold nanoparticle seeding followed by gold reduction from precursor salts onto TMVwt, TMVlys, or TMV-GBP. (E)
Absorbance scan and (F) immunocapture TEM (scale bar: 500 nm).
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(<4%); this is frequently observed for chemically modified
TMV21 and explained by possible entanglement of the peptide-
modified coat proteins.
With TMV-GBP in hand, we tested its properties to bind to

gold surfaces, bind gold nanoparticles, and serve as a template
for biomineralization. First, TMV vs TMV-GBP binding to
gold surfaces was monitored using a quartz crystal micro-
balance with dissipation monitoring (QCM-D) using gold-
coated sensors. QCM-D measures mass changes in real-time at
nanoscale resolution by measuring the resonance frequency
created by the alternating voltage; changes in dissipation
(energy loss) provide insights into the viscoelastic properties.25

Based on QCM-D (Figures 2A,B and S2), TMV-GBP
absorption onto the gold surface yields a 2730 ± 708 Hz
shift, which is more prominent than 159 ± 24 and 1077 ± 481
Hz shifts measured for TMVwt and TMVlys. The mass of the
deposited material was calculated using the Voigt model, a
viscoelastic model that is appropriate to use when energy loss
in the system is high (large changes in dissipation).26 The
thickness of the virus layer, however, was calculated using
Sauerbrey’s equation to exclude mass from water molecules
trapped within the hydrophilic virus particles; this analysis is
consistent with prior QCM-D studies using plant virus
assemblies.27 Using this analysis, 12,045 ± 1434 ng cm−2

TMV-GBP was absorbed on the gold sensor surface, forming a
363 ± 106 nm thickness, whereas 664 ± 185 ng cm−2 TMVwt
(84 ± 52 nm) and 3875 ± 2459 ng cm−2 TMVlys (530 ± 79
nm) were deposited. QCM-D indicates that TMVwt and
TMVlys were nonspecifically absorbed on the metallic

surface�this is consistent with previous reports and may be
explained by gold−protein interactions through solvent-
exposed carboxylic acid and hydroxyl groups.28,29 The
increased binding of TMVlys vs TMVwt may be explained
by the altered surface charge as a result of the lysine corona or
a weak covalent and van der Waals interactions30 between the
nitrogen of the lysine residue and the gold substrate. It is worth
noting that TMVlys deposition results in larger thickness albeit
smaller mass change compared to TMV-GBP. In other words,
the frequency change for TMVlys is small but accompanied by
a large dissipation change, indicating that less material is more
loosely bound. This is in stark contrast to TMGV-GBP and
indicates that the engineered gold-binding TMV-GBP indeed
has a stronger affinity to the gold substrate as a function of the
GBP.
Second, we assayed the efficiency of 5 nm gold nanoparticles

to bind to TMVwt, TMVlys, and TMV-GBP. A gold
nanoparticle solution was prepared by adding 10% by volume
1 M NaCl solution in 10 mM PBS to 5-nm-sized gold
nanoparticles (OD = 1 in 10 mM PBS). The gold
nanoparticles were then mixed with TMVwt, TMVlys, and
TMV-GBP (500:1) for 10 min at room temperature. TEM
imaging (Figure 2C) was then performed analyzing the
reaction mixture. Immunocapture was performed by using
TEM grid-coated anti-TMV antibodies. Imaging confirmed
that indeed gold nanoparticles were bound to TMV-GBP. It
was interesting to note that by TEM, the TMVlys appeared to
be the most efficient gold nanoparticle binder. To gain
quantitative insights and rule out unstable gold binding, gold

Figure 3. Spectral, morphological, and elemental characterization of TMV-GBP post-mineralization in N. benthamiana leaf extracts. (a) Ex planta
mineralization scheme, (b) UV−vis absorbance spectra of gold-mineralized TMV-GBP (mineralization was at a 0.8 mg/mL protein concentration),
and (c) TEM images of TMVwt, TMVlys, and TMV-GBP (at 0.1 m/mL) after gold mineralization in plant extracts (through the addition of
chloroauric acid; scale bar: 200 nm). (d). Bright-field (BF) and EDX mapping of Au, N, and P using TMV-GBP post ex planta gold mineralization
(scale bar: 100 nm; at 0.8 mg/mL).
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nanoparticle-bonded TMV samples (TMVwt, TMVlys, TMV-
GBP) were purified by centrifugation and subjected to ICP-
MS analysis (Figure 2D). Increased Au content was detected
for TMV-GBP: with 1097.0 ± 69.2 ppm Au for TMV-GBP
compared to 769.6 ± 59.4 ppm Au for TMVwt and 521.4 ±
28.4 ppm Au for TMVlys. Thus, we conclude that TMV-GBP
serves as a scaffold to bind gold nanoparticles from the
solution. While TMVlys also appears to be a gold binder, the
interactions may be weaker and less specific.
Third, we subjected TMV-GBP to a biomineralization

experiment to assay whether TMV-GBP can catalyze the
reduction of precursor salts to yield gold nanoparticles. Here, a
two-step procedure was done: first, we seeded 5 nm gold
nanoparticles onto the TMV nanoparticles, and second,
chloroauric acid was then added to be reduced and increase
the gold nanoparticle coverage.31 Optical absorbance scans
(Figure 2E) and TEM images (Figure 2F, again immuno-
capture TEM was performed) highlight significant differences
between the gold reduction of gold-seeded TMVwt, TMVlys,
and TMV-GBP. While the mineralization conditions largely
induced aggregation of TMVwt, coatings with gold nano-
particles of varying sizes were observed for TMV-GBP, with a
higher coating density compared to TMVlys. The optical
properties of gold nanorods are a function of the gold
nanoshell thickness.32 Also, the gold colloidal size and shape
determine the shape of the absorbance spectrum.33 Therefore,
optical absorbance scans were performed within the wave-
length range of 230−1000 nm (Figure 2E). As evident from
TEM, gold was present in all samples, but the peak profiles
differed: The absorbance peaks for gold-coated TMV-GBP and
TMVlys were 616 and 612 nm, respectively, while gold-coated
TMVwt exhibited a right-shifted absorbance peak at 630 nm,
which may be a result of the high degree of aggregation as
observed by TEM.34

Further, the sharpest peak was observed for TMV-GBP; this
sample exhibited a peak width of <220 nm, while the peaks for
TMVlys and TMVwt measured 247 and 259 nm, respectively.
These data indicate the formation of gold-binding products in
all three experimental groups.
Lastly, with the long-term goal of in planta generation of

gold nanowires, we investigated here whether the gold-binding
and mineralization properties could be accomplished in plant
extracts (Figure 3). Nicotiana benthamiana leaves were chosen
because tobacco is a host of TMV.23 Leaf extracts were
obtained and spiked with TMVwt, TMVlys, or TMV-GBP;
then, biomineralization was carried out through the addition of
chloroauric acid (Figure 3A). Spectral analysis indicates
successful gold biomineralization using TMV-GBP, as evident
by the characteristic 558 nm absorbance peak (Figure 3B).
Spectral data were corroborated by TEM imaging, which also
confirmed that gold nanoclusters were deposited on the TMV-
GBP template (Figure 3C). Biomineralization of TMV and
TMVlys was not apparent, therefore confirming the gold-
binding function conferred by the peptide added to TMV-
GBP. These data are consistent with the test tube experiment
data previously reported with purified viral nanoparticles in
buffer and indicate TMV-GBP to be a suitable template for
gold nanowire synthesis. Lastly, we performed elemental
analysis using EDX mapping: bright-field (BF) TEM images
and energy-dispersive X-ray (EDX) elemental mapping are
shown in Figure 3D, and the analysis confirmed the
colocalization of nitrogen (N) and phosphate (P) elements

from TMV and gold (Au) elements from the newly
synthesized gold nanoparticles.

■ CONCLUSIONS
We developed TMV-GBP nanoparticles with affinity to gold
surfaces and gold nanoparticles suitable for gold biomineraliza-
tion. In particular, we demonstrated that TMV-GBP may be a
suitable material, enabling the formation of gold nanowires in
complex media, such as leaf extracts. Future goals are to
perform synthesis of such hybrid materials in planta, which
may lead to engineered living plants enhanced by synthetic
elements. On the other hand, harvesting plasmonic materials
directly from plants could be feasible. The developed approach
might also be adapted for metal mineralization other than gold
to evolve more properties.

■ EXPERIMENTAL SECTION
Gold-Binding Peptide (GBP) Conjugation to TMV. TMV and

its lysine variant (TMVlys) were propagated in and isolated from
Nicotiana benthamiana plants following established protocols.23 GBP
(VSGSSPDSGGGC) was synthesized and obtained from GenScript.
For GBP conjugation, TMVlys was first functionalized with
bifunctional linker SM(PEG)4. Specifically, for every 1 mL reaction,
a 5-fold excess of SM(PEG)4 per coat protein was reacted with 2 mg
of TMVlys in 10 mM potassium phosphate (KP) buffer (pH 7.4) with
10% (v/v) dimethyl sulfoxide (DMSO) for 2 h at room temperature
on an orbital shaker. Excess linker was removed from TMV−
(PEG)4−maleimide by ultracentrifugation at 120,000g for 1 h at 4 °C
over 0.2 mL of 40% (w/v) sucrose cushion. TMV−(PEG)4−
maleimide was resuspended in a 10 mM KP buffer (pH 7.4). GBP
was then added at a 2-fold excess per coat protein to TMV−(PEG)4−
maleimide (2 mg mL−1), and the reaction was allowed to proceed
overnight at room temperature on an orbital shaker. The resulting
TMV-GBP was purified from the reaction mixture by ultra-
centrifugation at 120,000g for 1 h at 4 °C, resuspended, and stored
in 10 mM KP buffer (pH 7.4).

Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). TMV gold binding was monitored by a QCM-D using
gold-coated chips. A gold-coated QSense sensor (Biolin Scientific)
was cleaned by UV/ozone treatment for 10 min, incubated in 25%
aqueous ammonia and a 30% hydrogen peroxide solution for 5 min at
75 °C, followed by another 10 min UV/ozone treatment, and dried
completely under a nitrogen flow. The flow module (Qsense, Biolin
Scientific) and the tubing were cleaned with a 2% (w/v) SDS solution
and Millipore water for 10 min with a 300 μL min−1 flow rate. Then,
0.2 mg mL−2 TMV samples in 10 mM KP buffer were added at a 20
μL min−1 flow rate until the change in frequency and energy loss
profile plateau. The profile was analyzed with Dfind software (Biolin
Scientific).

Gold-Binding Test. Further, 6.204 mg mL−1 TMV samples
(6.204 mg mL−1) were incubated in 1 mL of 5 nm gold nanoparticles
(Thermo Scientific, OD 1 in 0.1 mM PBS) with 10% volume 1 M
NaCl added for 10 min at room temperature.

Gold Nanoparticle Seeding and Biomineralization. A gold
biomineralization synthesis protocol was adapted from the liter-
ature.31 Specifically, in a 1 mL reaction, 1.2 × 1011 TMV particles
were first seeded with 5 nm gold nanoparticles (1:40,000) in 10 mM
KP buffer (pH 7.4). Then, 99.69 μL of 1 M NaCl was added to
increase the ionic strength of the solution. After incubating the
reaction mixture at room temperature for 20 min, 13 μL of a 0.4 mM
HAuCl4 + 1.8 mM K2CO3 mixture was added with 20 μL of 18 mM
HONH2·HCl, vortexed quickly, and incubated for 5 min. The samples
were characterized right away post-synthesis.

Ex Planta Gold Biomineralization of TMV. The plant sap was
obtained from N. benthamiana leaves, and TMVwt, TMVlys, or TMV-
GBP was spiked into the plant sap at a 0.1 or 0.8 mg/mL protein
concentration, and then 1 mM HAuCl4 in 50 mM PBS buffer (pH
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5.0) was added followed by incubation at 37 °C for 48 h. Mineralized
TMV samples were then analyzed by TEM and UV−vis spectrometry.
UV−Vis Spectrometry. The concentration of TMVwt, TMVlys,

and TMV-GBP was measured with a NanoDrop 2000 spectropho-
tometer and calculated with the extinction coefficient 3.0 mL
mg−1cm−1 at 260 nm.21 Absorption spectra were recorded with 200
μL of the sample in a Nunc MicroWellTM 96-well microplate
(Thermo Fisher) using an Infinite M200 plate reader (Tecan) and
plotted with GraphPad Prism 9.
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electropho-

resis (SDS-PAGE). Ten microliters of native and or GBP-conjugated
TMV (1 mg mL−1) were heated at 100 °C for 5 min with NuPAGE
LDS sample buffer (4×) (Invitrogen, Thermo Fisher Scientific) and
loaded into the wells. The samples were run along with the SeeBlue
Plus2 prestained protein standard ladder (Invitrogen, Thermo Fisher
Scientific) in 3-(morpholin-4-yl)propane-1-sulfonic acid (MOPS)
buffer (Thermo Fisher Scientific) at 200 V for 40 min. The gel was
first immersed in a destaining solution composed of 10% acetic acid
and 50% methanol in DI water for 1 h to avoid oversaturated staining.
The gel was then stained with 0.25% Coomassie Brilliant Blue R-250
(Fisher BioReagents) and imaged using a FluorChem R imaging
system (ProteinSimple). Band analysis was performed using Fiji
ImageJ software (https://imagej.net/software/fiji/).
Fast Protein Liquid Chromatography (FPLC). Two hundred

microliters of 3 mg mL−1 TMV in 10 mM KP buffer (pH 7.4) were
loaded onto a KTA pure 25 M1 (Cytiva) equipped with a Superose 6
Increase column (Cytiva). The flow rate was set at 0.5 mg mL−1. The
absorbance at 260 and 280 nm was measured.
Transmission Electron Microscopy. For immunocapture TEM,

TMV affinity grids were prepared as reported in the literature.35

Briefly, a Formvar/carbon film grid (Electron Microscopy Sciences)
was glow discharged with 15 mA current for 30 s under 0.15 mbar in a
PELCO easiGlow glow discharge cleaning system (TED PELLA,
INC.). Three microliters of 10 μg mL−1 rabbit anti-TMV antibody
(Agdia) were added onto the carbon side of the glow-discharged grid
and incubated for 3 min. Ten microliters of TMV samples were then
loaded onto the grid as follows: 10 μL of TMV, TMVlys, and TMV-
GBP (0.5 mg mL−1) with or without gold were incubated on the grid
for 2 min at room temperature. The grids were then washed twice
using 10 μL of water (30 s each time) and then stained twice using 10
μL of 2% (w/v) uranyl acetate (45 s each time). The grid was blotted
dry and imaged with a Gatan OneView camera (Bluescientific)
equipped with a JEOL 1400 plus transmission electron microscope at
80 kV; images were captured using a Gatan 4k digital camera.
Electron dispersive X-ray spectroscopy (EDX) images were obtained
using a Thermo Fisher Talos 200X operating at 200 kV. Scanning
TEM images and energy-dispersive spectrometry (EDS) mapping
were performed by using Thermo Scientific software.
Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS).

The gold concentration was measured with ICP-MS. The reaction
product from the gold-binding test was centrifuged at 14,478g
(Microfuge 16, Beckman Coulter) for 2 min. The precipitant and last
15 μL of the liquid were kept for ICP-MS sample preparation: 5 mL
of 2% v/v nitric acid was added and heated at 95 °C for 10 min.
Further, 1, 10, 100, and 1000 ppb gold standards were prepared with
TraceCERT Gold Standard for ICP (Millipore Sigma) and 2% v/v
nitric acid. The sample was measured with a Thermo iCAP RQ ICP-
MS.
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