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Assembly of gold nanoparticles using turnip yellow
mosaic virus as an in-solution SERS sensory

Ha Anh Nguyen,? Isabelle Jupin,® Philippe Decorse,® Stephanie Lau-Truong,?
Souad Ammar {2 and Nguyet-Thanh Ha-Duong {2 *?

A common challenge in nanotechnology is the conception of materials with well-defined nanoscale
structure. In recent years, virus capsids have been used as templates to create a network to organize 3D
nano-objects, building thus new functional nanomaterials and then devices. In this work, we synthetized
3D gold nanoclusters and we used them as Surface Enhanced Raman Scattering (SERS) sensor substrates
in solution. In practice, gold nanoparticles (AuNPs) were grafted on turnip yellow mosaic virus (TYMV)
capsid, an icosahedral plant virus. Two strategies were considered to covalently bind AuNPs of different
sizes (5, 10 and 20 nm) to TYMV. After purification by agarose electrophoresis and digestion by agarase,
the resulting nano-bio-hybrid AUNP-TYVM was characterized by different tools. Typically, dynamic light
scattering (DLS) confirmed the grafting through the hydrodynamic size increase by comparing AuNPs
alone to AUNP-TYMV (up to 33, 50 and 68 nm for 5, 10 and 20 nm sized AuNPs, respectively) or capsids
alone (28 nm). Transmission electronic microscopy (TEM) observations revealed that AuNPs were
arranged with 5-fold symmetry, in agreement with their grafting around icosahedral capsids. Moreover,
UV-vis absorption spectroscopy showed a red-shift of the plasmon absorption band on the grafted
AuNP spectrum (530 nm) compared to that of the non-grafted one (520 nm). Finally, by recording in
solution the Raman spectra of a dissolved probe molecule, namely 1,2-bis(4-pyridyl)ethane (BPE), in the
presence of AUNP-TYVM and bare AuNPs or capsids, a net enhancement of the Raman signal was
observed when BPE is adsorbed on AuNP-TYVM. The analytical enhancement factor (AEF) value of
AuNP-TYMYV is 5 times higher than that of AuNPs. These results revealed that AuNPs organized around
virus capsid are able to serve as in-solution SERS-substrates, which is very interesting for the conception
of ultrasensitive sensors in biological media.

Genetic or chemical modification of the capsid protein subunits
leads to the functionalized outer surface which allows 3D

Nanomaterials sciences have attracted an increasing interest in
the bottom-up synthesis of functional structures based on
biomolecules as nanoscale building blocks (nucleic acid,
proteins, carbohydrates and lipids), because of their ability to
self-assemble and form systems with great structural diversi-
ties." Conjugated with inorganic or organic nano-objects, the
resulting bio-hybrid materials present wide-ranging applica-
tions, such as bioimaging, biosensing, catalysis, energy
conversion etc.>* Viruses are increasingly being used in nano-
technology as 3D scaffolds.>™** Their capsids are composed of
self-assembled protein subunits, and are uniform in shape and
size (20-200 nm in diameter). They also show structural and
chemical stability, monodispersity, and ease of production.
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organization of nanoparticles (NPs). Moreover, plant viruses
show lack of pathogenicity in humans and animals.

Turnip yellow mosaic virus (TYMV) is a non-enveloped plant
virus of 28 nm of diameter. Its structure has been resolved by X-ray
crystallographic analysis and has been studied by electron
microscopy using negative staining.” Its genome is composed of
a single-stranded RNA molecule of 6318 bases which is protected
by a proteinaceous capsid consisting of 180 identical coat proteins
of 20 133 Da, arranged in a T = 3 icosahedron.” TYMV is stable
within a wide diversity of conditions, including temperature from
4 °C to 60 °C, pH value from 4 to 10, and in up to 50% organic
solvent."* Furthermore, Wang's group showed that TYMV capsid
can withstand a variety of reaction conditions, such as EDC/NHS
amidation reaction, or Cu(1) catalyzed “click” chemistry.****
Indeed, this group succeeded in grafting fluorescent molecules
and peptides onto TYMV surface without affecting the assembly of
the capsid. More recently, Cho's group showed that empty TYMV
conjugated with cell penetrating peptide can be efficiently used as
delivery cargo to mammalian cells.'

This journal is © The Royal Society of Chemistry 2019
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Colloidal gold nanoparticles (AuNPs) are some of the most
studied nanomaterials. The size and shape of these objects can
be easily controlled to obtain AuNPs in the range of 1 to 150 nm
with different morphologies that offer unique chemical, elec-
trical and optical properties. In addition to the gold core,
a protective coating that surrounds the core can also be modi-
fied to control particle stability, solubility and interaction with
the biological environment."”” Because of their low toxicity,
AuNP have been exploited for a wide variety of biomedical
applications,'®" including plasmonic photothermal therapy,*
gene and drug delivery,” two photon bioimaging,** cancer
radiotherapy'” and plasmonic biosensing.>* Surface Enhanced
Raman Spectroscopy (SERS) is a surface sensitive technique that
involves inelastic scattering of incident laser energy on a surface
molecule, resulting in vibrational spectral peaks of the mole-
cule. When the analytes, as different as chemical or biological
compounds, were adsorbed onto a rough plasmonic metal,
their Raman signals, are enhanced, allowing their rapid detec-
tion even as traces. Such a feature is particularly useful for the
conception of drugs and pharmaceuticals,**** peptides and
proteins,** DNA* or even microorganisms>**® sensors.

SERS sensitive regions (or “Hot spots”) are created with
highly-ordered assembly of AuNP. Icosahedral viruses are then
good candidates for the bottom-up synthesis of SERS
substrates. Icosahedral AuNP arrangements are not at all easy to
achieve by conventional chemical surface engineering. Most of
the time planar or completely spherical structures are obtained
by such assembling tool.***> Grafting AuNPs to the surface of
the icosahedral-shaped cowpea mosaic virus (CPMV) has been
already achieved and the resulting leading to AuNP-CPMV bio-
hybrids have been successfully used as DNA SERS sensors.** A
mutation on the coat protein allowed the substitution by
cysteine amino acid residue at the surface of the capsid, offering
several positions to covalently bond AuNPs to the CPMV
surface.**¢ Surprisingly, whereas the literature is rich on the
description of such AuNP based bio-hybrids, investigations on
their use as SERS substrates for chemical sensing are seldom.
For instance, several reports exist on the use of the rod-shaped
plant virus Tobacco mosaic virus (TMV), and its various
mutants, as efficient templates for the nano-fabrication gold
nanowires or superlattices wires,*”*® nanotubulars® or nanor-
ings*® but nothing is said on the ability of the resulting bio-
hybrids to be used as SERS sensors in solution.

In this context, the present work wants to fill the gap
between what exist in the literature in terms of nano-bio-
hybrid fabrication and what one can do around their SERS
properties for the design of original sensors. Focusing on the
TYMV virus, we describe here the preparation of a set of
AuNP-TYMV hybrids, their full structural characterization
and their evaluation, and as a proof of concept, through
preliminary assays, as in-solution SERS substrates. Interest-
ingly, we used two alternative chemical strategies to cova-
lently attach AuNP to TYVM. The efficiency of these strategies
to build robust nano-bio-hybrids was also compared. The
first consists on forming an amide bond between the capsid
protein of the virus particle and AuNP surrounded by amine
groups (Fig. 1). The second results from the modification of
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TYMV capsid, so that its surface harbours thiol groups
(Fig. 1). Indeed, TYMV is free from cysteine residues at its
surface and a thiol grafting is specifically required to make it
valuable for AuNP attachment by covalent S-Au bonding

[Fig. 1].

2. Materials and methods
Turnip yellow mosaic virus extraction and purification

Chinese cabbage (Brassica pekinensis cv. Granaat) plants were
grown and inoculated with TYMV as previously described.*
Virus was extracted and purified by differential centrifugation.*?
Infected leaves were homogenized using a Waring Blendor in
5 mL g~ of 10 mM Tris-HCI pH 7.0. The mixture was centri-
fuged at 3200xg for 30 min at 4 °C, the supernatant was
collected and adjusted to pH 4.8 with acetic acid. After over-
night incubation at 4 °C, the sample was centrifuged in the
same conditions. The supernatant was collected and centri-
fuged at 165 000xg in a Type 70 Ti rotor for 3 hours at 4 °C. The
pellet containing virus particles was then resuspended in
10 mM potassium phosphate buffer pH 7.4, and centrifuged at
15 000x g for 15 min at 4 °C. The supernatant was subjected to
another cycle of high speed/low speed centrifugation, filtered
on 0.22 pm and virus concentration was measured using an
absorption coefficient of 8.6 L g ' em " at 260 nm. Virus
particles were stored for months at 4 °C.

The size of the capsid was measured by Dynamic Light
Scattering (DLS) in low-form semi-micro plastic cuvettes (with 4
clear sides and 1 cm path-length) with a Malvern Nano Zeta-
sizer, and confirmed by Transmission Electron Microscope
(TEM) (JEOL JEM 2010 UHR), operating at 200 kV. After staining
with uranyl acetate, the samples were prepared by evaporating
a drop of stained virus in water on a carbon-coated copper grid.
Finally, the isoelectric point was determined by { potential
measurements performed on Malvern Nano Zetasizer (100 pg
mL~"). PDI value and autocorrelation curves are shown in ESI
section (Table S1 and Fig. S17).

Gold nanoparticles synthesis and functionalization

AuNP of 5 nm were purchased from Sigma-Aldrich. The AuNP of
20 and 10 nm were synthetized according to the procedure
described by Turkevich et al.**** Briefly, 50 mL of a solution of
chloroauric acid (HAuCl,) at 2.65 mM is diluted to 200 mL of
boiling water. HAuCl, is reduced by the addition of 25 mL of
trisodium citrate at 20 mM. The mixture was allowed to stir and
boil during 20 min. In this procedure, spherical AuNP of 20 nm
are obtained with absorption maximum at 520 nm. Those of
10 nm were obtained by adding 15 mL of trisodium citrate at
69.36 mM to 150 mL of boiling solution HAuCl, at 1.11 mM, and
then let the mixture 15 min under stirring and boiling.

AuNP were functionalized by adding 1-amino-6-hexanethiol
(500 coating molecules for 1 AuNP).

Gold nanoparticles characterization

Size and shape of AuNP were measured by DLS and TEM using
the same equipments than those cited previously. The DLS

RSC Adv., 2019, 9, 32296-32307 | 32297
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Fig. 1 Schematic representation of the two chemical strategies used to bond AuNP to TYVM.

experiments were performed in solution just after the synthesis
without any concentration steps. Samples for TEM experiments
were prepared by evaporating drops of solution in water on
carbon-coated copper grid.

The surface composition was investigated by X-ray Photo-
electron Spectroscopy (XPS) using a KAlpha' system (Thermo
Fisher Scientific, East-Grinstead, UK) equipped with a micro-
focused and monochromatic Al Ko X-ray source (1486.6 eV, 12
kV) with a X-ray spot size of 400 um. The spectrometer pass
energy was set to 150 and 40 eV for the survey and the narrow
(high resolution-HR) regions, respectively. The spectra were
calibrated against the (C-C/C-H C) C 1s component set at
285 eV. The chemical composition was determined with
Avantage software (version 5.9902), by using the manufacturer
sensitivity factors. The samples were prepared by evaporating
drops of solution in water on the conducting side of ITO
plaques.

Absorption spectra of AuNP were performed at 25 £+ 0.5 °C on
a Cary 4000 spectrophotometer equipped with Pelletier-
thermostated cell-carriers.
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Fig. 2 Variation of { potential against pH of TYMV (red) and TYMV
coated with 6-aminohexane-1-thiol (blue).
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Grafting of AuNP to TYMV

Two different strategies of synthesis were developed based on
EDC activated amidation reaction (Fig. 1). The number of
TYMYV particles was calculated from the molecular mass of the
capsid (3.6 MDa) and that of AuNP from the mass of AuHCl,
introduced during the synthesis and the diameter of the AuNP
(See ESIt). For each strategy, 25 ug of TYMV (~ 0.4 x 10"
TYMV particles) was activated for grafting with 20 mL of 20
nm-AuNP (~ 0.4 x 10" particles per mL), 10 mL of 10 nm-
AuUNP (~ 1.2 x 10" particles per mL) or 5 mL of 5 nm-AuNP
(~ 5.5 x 10" particles per mL), respectively. In practice, for
the first strategy, EDC (1-ethyl-3-(3-dimethylaminopropropyl)
carbodiimide hydrochloride, 2 mM) was added to activate
the carboxyl group on the surface of TYMV capsid (100 pg
mL ") and the solution was incubated at room temperature
(RT) for 15 min, followed by the addition of NHS (N-hydrox-
ysuccinimide, 5 mM). After 30 min, the pre-activated carbox-
ylic TYMV was mixed with AuNP functionalized with 1-amino-
6-hexanethiol as a primary amine source and allowed to react

1,24
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0,8+

0,6 41—

Abs

522 nm
0,4
[NH,~(CH,),-SH] 2 Isosbestic point
0,2
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400 5(IJO 6(IJO 700
Wavelength (nm)

Fig. 3 Absorption spectra of AuNP of 20 nm in the presence of
increasing concentrations of 6-amino-hexane-1-thiol.
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at RT in the dark overnight. For the second, thiol groups were
introduced onto TYMV capsid by the grafting of 1-amino-6-
hexanethiol to the pre-activated carboxylic TYMV with the
same procedure as in strategy 1. AuNP were then added and
incubated for 24 hours to form covalent bond between gold
and thiol groups, leading to the grafting of AuNP to TYMV.

Whatever the grafting strategy, the obtained mixtures were
concentrated to 200 pL in a 100k MWCO centrifugal concen-
trator (Vivaspin® 20, Sigma-Aldrich). Each concentrated sample
was then mixed with 10 pL of thioctic acid (TA, 20 mM in
ethanol) and 20 pL of 10x TBE buffer (890 mM Tris-base,
890 mM boric acid, 20 mM EDTA, pH 8.3) and incubated in
Eppendorf tubes at RT for 30 min. After the TA treatment, the
mixture was transferred to a small-sized 100k MWCO concen-
trator (Vivaspin® 500, Sigma-Aldrich) and concentrated to 60
pL. Both centrifugation steps were performed using a fixed
angle centrifuge at 200xg, at 15 °C.

Separation and purification of the resulting nano-bio-
hybrids were performed by agarose electrophoresis.*® Prior to
electrophoresis, 6 pL of 50% glycerol in water was mixed with
the sample. 33 puL of the mixture was loaded per well in a 1%
low-melting agarose (Thermo Fisher Scientific)/1x TBE

(a)
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electrophoresis gel. The gel was run at 70 V (5 V.em™ ') in 1x
TBE until achieving a clear separation between free AuNP and
TYMV grafted with AuNP bands that could be observed visually
due to the red color of the AuNP. The band corresponding to
grafted TYMV was cut off from the gel, transferred to a 2 mL
Eppendorf tube and incubated at 70 °C in an Eppendorf
Thermomixer R Mixer for 10 min for melting the agarose gel.
The tube was then cooled down to 42 °C and equilibrated for
5 min before the addition of B-agarase (Thermo Fisher Scien-
tific, 1 U of enzyme per 100 mg of 1% agarose gel) for the
enzymatic digestion of agarose at 42 °C for 4 hours. The
sample was then cooled down gradually and incubated over-
night at RT. Grafted TYMV in digested agarose could be stored
at 4 °C for weeks. For further characterization including
absorption spectrometry, DLS, zeta-potential, TEM and XPS
(Fig. S2t), the sample was washed with water using a 100k
MWCO concentrator to remove the oligosaccharides. Absorp-
tion spectra, DLS and XPS measurements of the purified
materials were performed as described in the previous parts of
AuNP and virus characterizations. The samples for TEM were
prepared by placing a drop of the hybrid materials on
a carbon-coated copper grid for 2 min. To avoid aggregation

(b)
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Fig. 4 XPS spectra of AuNP (blue) and AuNP@6-aminohexane-1-thiol (black): (a) survey spectra, (b) HR-Au 4f region, (c) HR-S 2p region and

deconvolution (red) and (d) HR-N 1s region.
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Fig. 5 Agarose electrophoresis of TYMV grafted with AuNPs in different experimental conditions before (a) and after (b) staining with Coomassie
Brilliant Blue G. TYMV grafted with AuNP via peptide bond, lane 1: by EDC in MES 0.1 M pH 5.5, lane 2: EDC/NHS in phosphate buffer 10 mM pH
7.0, lane 3: EDC in phosphate buffer 10 mM pH 6.0, lane 4: EDC in acidic water pH 6.0, respectively; lane 5: free AuNP; lane 6: TYMV grafted with
Au NPs via electrostatic bond; lane 7: ungrafted TYMV. Purple arrow: grafted TYMV. Red arrow: free AUNP. Blue arrow: ungrafted TYMV.
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Fig. 6 Agarose electrophoresis of TYMV grafted with different ratios of AUNP : TYMV (a) lane 1-3: 20 nm-AuNP grafted onto 25 pg TYMV with
the ratio of 10 : 1, 15: 1, 20 : 1, respectively. lane 4: free 20 nm-AuNP. (b) Lane 1, 2 : 10 nm-AuNP grafted onto 25 pg and 50 pg of TYMV to
achieve the ratio of 30 : 1 and 15 : 1, respectively. Lane 3: free 10 nm-AuNP. Purple arrow: grafted AuNP. Red arrow: free AuNP.

due to evaporation, the drop was then wiped off and the grid
was allowed to dry overnight.

The covalent binding between AuNP and TYMV was confirmed
with SDS-PAGE experiment. 40 puL of 1000x concentrated grafted
sample was incubated at 95 °C for 5 min with 10 pL of loading
buffer (10% SDS, 10 mM B-mercaptoethanol, 20% glycerol, 0.2 M
Tris-HCI pH 6.8, 0.05% bromophenol blue) for the denaturation
of the viral particles. The proteins were then resolved on a 15%
polyacrylamide gel at 150 V (15 V em ™) for 3 hours in running
buffer (25 mM Tris-HCl, 200 mM glycine, 0.1% SDS), followed by
similar staining and destaining steps as for agarose gel.

Surface enhanced Raman spectroscopy (SERS)

The SERS experiments were performed in solution using
a Labram HR800 micro-spectrometer, in backscattering
configuration using an excitation line of 633 nm with a power
of 5 mW. The scattered light was collected with a long working
distance objective of 100-fold magnification (0.9 N.A.). The

32300 | RSC Adv., 2019, 9, 32296-32307
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Fig. 7 Absorption spectra of 20 nm-AuNP in the presence of
increasing concentrations of TYMV coated by 6-aminohexane-1-thiol.
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Fig. 8 SDS PAGE. Lane 1 & 2: TYMV grafted with Au NP with
concentration of TYMV (18 and 20 pg mL™in 5 mL of grafting solution,
respectively); lane 3: molecular weight markers: trypsinogen (24 000
Da), a-lactalbumin (14 200 Da); lane 4: TYMV. Green arrow: AuNP
grafted TYMV capsid subunit. Blue arrow: ungrafted TYMV capsid
subunit.

spectral resolution was less than 0.5 cm™'. The accumulation
time for the SERS measurements was set to 3 s with three
repetitions.

3. Results and discussions
Characterization of TYMV and AuNp

The extraction and purification of TYMV virus yields around
700 mg per kg of infected Chinese cabbage leaves. DLS and TEM
experiments show a capsid diameter of 28 nm (Fig. S37), close to
its reported value in the literature.'* The isoelectric point of the
capsid was determined by measuring its { potential at different
pH (Fig. 2) and found to be 3.5 £+ 0.1, in agreement with the
previously reported values.*>*¢ It is consistent with the presence
at the surface of many carboxylate groups from aspartate or
glutamate residues. Indeed, there are 13 acidic amino acids per
subunit of TYMV. These groups may offer the opportunity to
react with amino groups to form amide bonds and to attach by
this way amino modified AuNP (Strategy 1, Fig. 1). Such an
approach was already successfully tested by Wang et al., for the
attachment of fluorescein amine without affecting the capsid
assembly.™

Otherwise, amino-alkyle-thiol molecules can be also used, as
an alternative to site-directed mutagenesis, the amino group
reacting with the TYMV carboxylate ones and the thiol one
reacting with nude AuNP through Au-S bonding. Several studies
had already demonstrated that grafting small molecules or even
peptides did not alter the protein capsid."**® So, for this
strategy, we used 6-aminohexane-1-thiol and we covalently

This journal is © The Royal Society of Chemistry 2019
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bound it to TYMV capsid, in order to modify its surface and
therefore allow it to interact with AuNP (Strategy 2, Fig. 1). We
observed an increase of the isoelectric point value of this
modified capsid compared to the unmodified one (from 3.5 to
8.4 for the un- and modified virus, respectively). As the pI value
found is now close to the pK, values of thiol groups (Fig. 2), we
then assumed that the surface of the capsid was modified and
now exposes thiol groups.

In parallel, DLS and TEM measurements confirmed that we
succeeded to synthetize, by the Turkevich route, spherical
about 10 and 20 nm sized AuNP (Fig. S47). These particles are
mainly covered by citrate species (data verified by XPS exper-
iments, but not shown), which can be easily replaced by 6-
aminohexane-1-thiol, the affinity of gold to thiols being higher
to that of carboxylates. Adding this coating molecule leads to
a red shift from 520 to 522 nm of the plasmonic band, and an
isosbestic point at 624 nm (Fig. 3). Furthermore, DLS experi-
ment of these cationic AuNP indicated (Fig. S4f) that the
replacement of citrate by 6-aminohexane-1-thiol occurs
without any aggregation.

The surface compositions of the Au NP before and after (6-
aminohexane-1-thiol) coating were investigated by XPS (Fig. 4).
High resolution (HR) XPS spectra of Au 4f (Fig. 4b) show 3.7 eV
splitting double peaks at about 83.6/87.3 and 83.9/87.6 eV for
both citrate and 6-aminohexane-1-thiol coated AuNP, corre-
sponding to Au 4f7/2 and Au 4f5/2 energy levels of metallic gold
atoms, respectively. Moreover, the HR-XPS spectra of S 2p and N
1s regions show the absence of any thiol or amine based species
on citrate coated AuNP and their presence on those 6-
aminohexane-1-thiol coated ones. The recorded S 2p signal can
be deconvoluted into three contributions at 161.9/163.1 eV,
164.0/165.2 €V and 167.9/169.1 eV, assigned to the S 2p3/2 and S
2p1/2 peaks of thiol in interaction with gold (grafted), free thiol
and oxidized thiol, respectively, the major one being the first
(Fig. 4c). The recorded N 1s signal is less complex and consists
of a main peak at 400.0 eV assigned to the amine/ammonium
group® carried by the 6-aminohexane-1-thiol attached to
AuNP (Fig. 4d). Altogether these results confirm the capability of
the grafted AuNP to react with TYMV by amidation with its
carboxylic/carboxylate groups.

(a)

_ e S S

=]
.e -

Fig. 9 Agarose electrophoresis of TYMV grafted with AuNP in
optimum condition for (a) strategy 1 (lane 2), in comparison with free
AuNP (lane 1) and (b) strategy 2 (lane 3). Purple arrow: grafted TYMV.
Red arrow: free AuNP.

(b)
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Fig. 10
to TYMV for AuNP (violet) of (b) 20 nm; (c) 10 nm and (d) 5 nm.

Optimization of the AuNP grafting onto TYMV

Using strategy 1, functionalized AuNP were grafted onto the
capsid of the virus via amide bonds by the activation of EDC
with/without NHS in different experimental conditions. The
grafting was analyzed by agarose gel electrophoresis. After the
thioctic acid treatment, AuNP migrates to the positively charged
anode, and separation is observed due to the difference in
size.?® The slower migrating band (Fig. 5a, band #1) corresponds
to TYMV grafted to AuNP, while the faster migrating one (band
#2) corresponds to free AuNP. Staining with Coomassie Blue
revealed a blue band corresponding to non-grafted TYMV
capsid which migrates at an intermediate position (Fig. 5b,
band #3). The grafting experiments were carried in different
media in order to determine the optimal experimental condi-
tions for EDC activated amidation reaction. Even though the
carboxylate activation by EDC shows high efficiency at pH 3.5 to
4.5, EDC is unstable at those pHs due to its hydrolysis. More-
over, the amide bond formation reaches a maximal yield at a pH
comprised between 4.0 and 6.0.***° Therefore, we decided to
perform the grafting experiments at pH 5.5-6.0 with EDC as the
only activator (lane 1 in MES buffer 0.1 M, lane 3 in phosphate
buffer 10 mM and lane 4 in acidic water). To increase the yield

32302 | RSC Adv., 2019, 9, 32296-32307
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(a) Picture of free AuNP (left side) and grafted to TYMV (right side) after gel purification. Absorption spectra of free AUNP (red) and grafted

of this reaction, we also added NHS to EDC reaction. However,
because the amidation of NHS-ester exhibits the highest effi-
ciency at neutral or slightly alkaline pH,***> we adjusted the pH
to 7.0 for the EDC/NHS activated reaction (lane 2 in phosphate

25+

,,|d(TYMV) =28 nm

d(Au5-TYMV) = 33 + 6 nm

d(Au10-TYMV) = 50 £ 8 nm

Intensity

d(Au20-TYMV) = 68 £ 15 nm

T T ™
100 1000 10000

Size d (nm)

Fig. 11 DLS experiments. Particles size distribution of TYMV (black),
TYMV grafted with AuNP of 5 (green), 10 (blue) and 20 nm (red).
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buffer 10 mM). Fig. 5a, lane 3 shows no migration of free or
grafted AuNP probably due to aggregation during the grafting
experiment. Indeed, some aggregations events are observed
when the experiments were performed in buffer solution,
indicating that the salts present in buffer may induce AuNP
aggregation during the grafting reactions. In consequence and
according to Fig. 5, the optimal condition for the synthesis and
purification of the desired nano-bio-hybrid materiel is the
carboxylate activation by EDC in acidic water, without NHS (lane
4).

We considered the most appropriate ratio of AuNP and
TYMV to achieve the highest yield for the synthesis of the new
materials. Fig. 6a shows agarose gel when we grafted the same
amount of carboxylate activated TYMV (25 ng) with 10, 15 and
20 mL of 20 nm-AuNP (lane 1, 2, and 3) corresponding to the
ratio AuNP : TYMV of 10 : 1,15 : 1and 20 : 1, respectively. The
gradual increase in the intensity of band #1 from lane 1 to
lane 3 shows that more grafted products were obtained using
higher quantity of AuNP. Nevertheless, when using higher
volume of AuNP (25 mL per reaction), AuNP aggregates during

(a)
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the concentration step. On the other hand, when the amount
of carboxylate activated TYMV is increased from 25 pg
(Fig. 6b, lane 1) to 50 pg (Fig. 6b, lane 2), another grafting
band (band #1') with lower size compared to the initial one
(band #1) is obtained. It could be due to an incomplete TYMV
grafting. Consequently, we used 25 pg of TYMV and 20, 10 or
5 mL of 20 nm-, 10 nm- or 5 nm-AuNP, respectively to obtain
the best yield for the grafting experiments (Materials and
methods).

For strategy 2, we performed the grafting experiment in
water, considering the salt-sensitivity of the AuNP. Therefore,
after the surface modification of TYMV with 6-aminohexane-1-
thiol, TYMV was washed with water using a 100 K concen-
trator to eliminate excess salts and coating molecule. Adding
the modified TYMV to AuNP leads in the plasmonic band to
a red-shift of 2 nm and an isosbestic point at 565 nm (Fig. 7).
The ratio AuNP : TYMV was identical to that of the strategy 1.

The covalent bonds between AuNP and virus capsid were
confirmed by performing SDS-PAGE experiment (Fig. 8). After
treatment with f-mercaptoethanol at high temperature, TYMV

Fig. 12 TEM images of AuNP of 5 (a), 10 (b) and 20 nm (c) grafted to TYMV. (b) Model of TYMV grafted with AuUNP.

This journal is © The Royal Society of Chemistry 2019
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capsid is disassembled into identical subunits with a size of
about 20 000 Da (lane 4, band #B). This band was also observed
in grafted samples (lanes 1 & 2) as an evidence for the presence
of ungrafted TYMV capsid protein. However, a slower-migrating
band was also observed (band #A) for the grafted samples (lanes
1 & 2). This band represents an increase in size of TYMV capsid
subunits after the grafting experiment. As the denaturing step at
95 °C breaks electrostatic bonds and that B-mercaptoethanol
reduces disulfide bonds, we assume that this slower-migrating
band corresponds to AuNP covalently bound to a protein
subunit of the TYMV capsid.

Finally, with the optimal conditions found previously, we
obtained the electrophoresis results without aggregation and
a clear separation between the grafted (Fig. 9, band #1) and
ungrafted AuNP (band #2) for both strategies. The new mate-
rial was then purified using low-melting agarose gel and f-
agarase. This step required to melt the gel at 70 °C, before the
digestion of agarose by the enzyme. Therefore, even though
the grafting between TYMV and AuNP@6-aminohexane-1-thiol
by electrostatic bonds showed high efficiency (Fig. 5a, lane 6),
we only purified and characterized the nano-bio-hybrid
materials synthetized with covalent bonds.

Characterization of the new nano-bio-materials

The material characterizations gave identical results after the
synthesis according to strategy 1 or 2. Therefore, the results are
presented independently of the synthesis route. After purifica-
tion, the solution of AuNP-TYMV exhibits a different color
(purple), compared to that of the free AuNP with its character-
istic red color (Fig. 10a). UV-visible spectra have been recorded
to evaluate the changes induced in plasmonic AuNP band by the
grafting onto TYMV. Free AuNP show a maximum band at
520 nm for the three different AuNP. When bound to TYMYV, the
plasmon bands are red shifted of 10, 10 and 11 nm for AuNP of
20, 10 and 5 nm, respectively. Moreover, we noticed an
enlargement of these bands, with the broader band for the
larger AuNP (20 nm) (Fig. 10b-d). These spectral modifications
have been also observed previously in the case of AuNP grafted
onto CPMV, the UV-visible spectra exhibit a red shift in the
plasmon absorption band and the appearance of a broad band
in the 600-675 nm region.*® Furthermore, the growth of AuNP
and their organization into the TMV lead to the widening of the
plasmon band.*

Agarose gel indicated that AUNP-TYMV migrate slower than
free AuNP, because of the higher size of the nano-object. DLS
measurements then showed as expected an increase of the size
of AUNP-TYMV compared to the virus capsid (Fig. 11). The
hydrodynamic diameters are 33 =+ 6; 50 &+ 8 and 68 £ 15 nm for
AuNP of 5; 10 and 20 nm respectively. Similar results are
observed with CPMV, when AuNP of 37 nm are covalently bond
to CPMV, the major scattering peak in DLS experiments of this
material is centered at 77 nm.

TEM pictures show the arrangements of AuNP around the
capsid (Fig. 12). The virus could not be stained by uranyl after
AuNP grafting. However, these arrangements are not observed
in the absence of virus (Fig. S5t). In the case of AuNP of 5 nm
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(Fig. 12a), it is possible to obtain virus with 7 to 12 grafted AuNP,
as previously described.** For bigger nanoparticles (10 or 20 nm,
Fig. 12b and c, respectively), the TEM pictures show a 5-fold axis
symmetry, coherent with the icosahedral symmetry of the
capsid.®** As expected, the interspaces between the AuNP
decrease with the size of AuNP (2-4 nm for 5 nm-AuNP, 1-2 nm
for 10 nm-AuNP). Indeed, for the AuNP of 20 nm grafted onto
the capsid, the nanoparticles are juxtaposed and probably
create hot junction spots and could be then excellent substrates
for SERS experiments.

Importantly, we obtained here a nano-bio-hybrid material
that is highly soluble in water, with a zeta-potential value of
—44.2 mV. Moreover, after 3 months the materials present
identical DLS and absorption spectra (Fig. S67), and no aggre-
gation of these objects was observed, indicating that these
nano-objects also show high stability in water.

SERS measurement

We then performed SERS experiments in water with ungraf-
ted or grafted onto the virus AuNP. For the comparison, we
used solutions with the same absorbance at the maximum of
the plasmon band (Abs = 0.4), or with the same quantity of
virus. 1,2-bis(4-pyridyl)ethane (BPE) was chosen as a probe
molecule at a concentration of 107> M. Because the BPE
should be adsorbed onto AuNP to give SERS signal, we used
the nano-bio-hybrid material synthetized by strategy 2.
Indeed, in the presence of the nano-bio-hybrid material
synthetized by strategy 1, no SERS signal are observed (data
not shown), we then assumed that BPE is not adsorbed
because of the presence of 6-aminohexane-1-thiol onto the
surface of our system, the AuNP are in strategy 2 recovered by
citrate species which are less bound to gold than 6-
aminohexane-1-thiol. Free AuNP and in the presence of
0.24 mg mL~"' TYMV show similar Raman spectra (Fig. S71).
The Raman bands of the proteins or RNA are not observed,
probably because the virus is too large to be adsorbed at the
hot spots of our system even at high concentration.”® This

30000
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Intensity

10000

] AuNP-TYMV
ka_.————-—’ AuNP

0 TYMV

T T 1
1500 2000 2500

Raman shift (cm™)

T
1000

Fig. 13 SERS experiments. Raman spectra of BPE at 107! M in solution
in ethanol (green) and at 107> M in the presence of TYMV (blue), 20
nm-AuNP (black) and TYMV grafted to 20 nm-AuNP (red).
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could explain that the Raman spectrum of AuNP grafted onto
TYMV (with an estimated concentration of TYMV of 1 pg
mL ") is identical to two previous spectra (Fig. S77). Fig. 13
shows the Raman spectra of BPE in the presence of free
TYMV, bare AuNP and AuNP-TYMYV hybrids. In the presence
of TYMV, only two bands around 800 and 1600 cm ' are
observed. With AuNP, these bands are slightly increased,
with the appearance of two other peaks around 1000 cm ™'
and 1200 cm ', corresponding to the pyridine breathing and
the in-plane ring modes, respectively. Interestingly, in the
presence of AUNP-TYMYV, the band at 1600 cm ™ * was resolved,
and two peaks appeared at 1639 and 1610 cm ' corre-
sponding to the C=C stretching and the aromatic ring
stretching modes, respectively. Furthermore, the intensity of
each band was enhanced, indicating that this nano-hybrid-
material could be used as an in-solution sensor substrate.
The band intensities increased with the concentration of BPE
adsorbed (from 1077 to 10> M) on our system (Fig. 14A). The
plot of SERS intensity at 1600 and 1200 cm™ " against BPE
concentration (Fig. 14B and C) show a quantification region
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(between 10”7 and 10> M) with a linear relationship, this
can be expressed by log(l1600) = (0.9) x log[BPE] + 8.6 and
log(I1200) = (0.9) x log[BPE] + 8.7. For BPE concentration
higher than 10~° M, the Raman intensity is constant or
slightly decreases, which may be due to the saturation of BPE
adsorbed on the SERS hot spots, or to the instability of the
nano-bio-hybrid material at this high BPE concentration. The
limit of detection of our system is estimated to 10" M of BPE
in solution. The analytical enhancement factors (AEF) are
estimated from Fig. 13 and eqn (1) at 1 x 10* and 2 x 10° for
AuNP-TYMV and free AuNP, respectively.
AEF = (Isgrs/Csgrs)/(Irs/Crs) (1)
with Isgrs, @ SERS signal at Csggrs concentration of BPE, Igg,
Raman signal under non-SERS conditions at Crs concentration
of BPE.
Although the distance between the grafted AuNP was
small enough to create a strong local electronic field, SERS
experiments with the 10 and 5 nm sized AuNP grafted onto
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Fig. 14 (A) Raman spectra of BPE at 10~ (black), 107° (red), 10~ (blue) and 10™* M (green) in solution in the presence of AUNP-TYMV. The curves
are shifted to better see the different curves. Plot of log of SERS intensity at 1600 cm™! (B) and 1200 cm™! (C) against log[BPE]. Errors bars
correspond to standard deviations from 2-3 experiments. (B) Slope, (0.9 + 0.1); intercept, (8.6 + 0.8); r* = 0.89. (C) Slope, (0.9 + 0.1); intercept,

(87 +£0.7); r>=0.92.
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TYMV did not show any enhancement of the Raman
signals (Fig. S8t).

4. Conclusions

In this work, we used turnip yellow mosaic virus particles as
a scaffold to arrange gold nanoparticles in 3D. For the first time,
nano-objects were grafted to TYMV by covalent bonds with two
different strategies. One is an alternative way to mutagenesis to
introduce thiol function at the capsid surface. For large grafted
AuNP, a 5-fold axis symmetry was observed consistent with that
of the icosahedral capsid the new nano-bio-hybrid materials
presented high solubility and stability in water, and SERS
experiments performed in solution showed that they induced
an enhancement of the Raman bands intensity of a probe
molecule (BPE). These results are thus very promising for the
development of ultrasensitive sensors in biological media,
based on the addition onto the AuNP surface of biological
molecules which could lead to specific and selective detections,
and to improve the detection limit. Because we demonstrate
here that TYMV capsid is appropriate for the grafting of gold
nanoparticles, future experiments will aim at grafting onto
TYMYV viral particles other types of nanoparticles in order to
enhance their intrinsic properties.
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