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ARTICLE INFO ABSTRACT

Keywords: The employment of biomolecular templates for the synthesizing nanohybrid constructs is expanding, driven by
Plant virus their prospective uses in biosensing and biomedical fields. Gold nanoparticles (AuNPs) and, in particular, their
Plasmonic assemblies are especially preferred for Surface Enhanced Raman Spectroscopy (SERS) because of their ability to
;’;;fiz:fﬁly amplify Raman signals through localized surface plasmon resonances, thus enabling the detection of molecules at
Mineralization exceedingly low concentrations. Our investigative approach is dedicated to studing the role of cysteine mutants

in the nucleation and assembly of AuNPs on Tobacco mosaic virus (TMV-C, carrying T158C mutation) scaffolds.
Employing biomineralization and direct grafting methods, we synthesized these nanohybrids and examined them
using conventional transmission electron microscopy (TEM), in situ liquid TEM, and fluorescence spectroscopy.
We demonstrated that the syntheses obtained with TMV-C give denser plasmonic nanostructures, with is ideal for
SERS applications. The SERS performances of these novel nanohybrids with various AuNPs sizes and densities
were evaluated, revealing excellent enhancement factors for the nanosystems obtained by direct grafting that

highlight their potential for the detection of biomolecules in solution.

1. Introduction

The use of biomolecular templates to prepare hybrid materials with a
significant control over the spatial organization of metallic nano-
particles has emerged as a promising field that interconnects nano-
science with biotechnology. In recent times, the use of these biohybrid
nanostructures has increased significantly, owing to their potential ap-
plications in biomedical imaging, drug delivery systems, biochemical
sensing, and catalysis [1-4]. A promising approach has been to utilize
plant virus capsids as templates for organizing 3D nano-objects, leading
to the creation of novel functional nanomaterials. The nanotechnology
field finds plant viruses fascinating owing to their symmetrical proper-
ties, versatility, consistent size distribution, and capacity for
self-assembly [5,6].

Among many plant viruses, the Tobacco mosaic virus (TMV) has
been widely studied due to its resilient nature to environmental changes
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(to both thermal and chemical treatments) and its ability to be modified
with functional materials. The building blocks of TMV capsids consist of
approximately 2130 uniform coat proteins arranged in a spiral pattern
along a specific RNA strand. This arrangement forms a rod-like structure
measuring 300 nm, with an outer width of 18 nm and an inner space that
is 4 nm wide [7,8]. Its straightforward architecture likely contributes to
its achievements, and its widespread accessibility has facilitated
biochemical and structural investigations [9-12]. Several mutants with
cysteine or lysine amino acids on the outer surface of TMV capsid have
been made, offering rich surface chemistry and various potential func-
tionalizations [11]. TMV is harmless to mammals, biodegradable, and
therefore a potential candidate for applications in the biomedical field
[13-15].

AuNPs exhibit unique plasmonic properties due to the localized
surface plasmon resonance (LSPR) effect, where incident light induces
electron oscillations on their surface, resulting among others, in a strong
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confinement of electric fields in the vicinity of nanoparticle surface [16,
17]. These properties enable their use in various biomedical applications
including sensitive detection through surface-enhanced Raman spec-
troscopy (SERS) [18,19]. The plasmonic response of AuNPs, character-
ized mainly by absorption wavelength and enhancement factor, is
tunable through their size, shape, and also by their assembly. Thanks to
strong electromagnetic coupling, assemblies of multiple AuNPs create
"hot spots" with amplified plasmonic effects, resulting in red shifts and
broadening of the plasmon resonance [20]. In order to synthesize AuNPs
assemblies as efficient plasmonic devices, several bottom-up strategies
have been developed, often leading to arrangements of the NPs in 2D
monolayers or aggregates [21-23]. Despite advancements in dimeriza-
tion strategy [24,25], the reproducibility and the precise control over
aggregate composition and interparticle spaces remain challenging for
larger aggregates.

Many studies have been conducted on the attachment of metallic
nanoparticles (NPs) to TMV in order to control their deposition and
organization. Dujardin et al. used anionic metal precursors (e.g.,
[AuCly], [PtCle] 2’) to graft NPs onto the outer surface of native TMV
virus (TMV-wt) [26]. Lim et al. studied Au(IIl), Pd(II) and Au-Pd alloy
biosorption on the genetically modified model biological template TMV
[27,28]. More recently, through a multiscale study, joining liquid-cell
transmission electron microscopy (LCTEM) and emission and absorp-
tion spectroscopies, we proposed a mechanism for the nucleation and
growth of gold nanoparticles onto TMV-wt capsid, allowing the opti-
mization and control of size and dispersity of the gold assembly [29].

The N-terminal threonine of TMV capsid protein is located on the
outer surface of TMV capsid [30]. In this study, we then mutated this
threonine into cysteine and investigated the use of mutated TMV
(TMV-C) as a template for the synthesis of nanohybrids of AuNPs with a
controlled size and morphology. The two methods used to deposit
AuNPs onto TMV-C surface are: (1) Biomineralization which involves
the reduction of Au®" to Au® after the interaction of the gold salt with
TMV-C (2) Direct grafting, when pre-formed gold nanoparticles are
directly attached onto the surface of TMV-C. We studied the growth
mechanism of NPs on TMV-C using liquid in situ TEM and fluorescence
quenching experiments and compared the results to those obtained with
the native TMV (TMV-wt). Additionally, we examined the plasmonic
properties of TMV-C@AuNPs by performing SERS experiments with 1,
2-di(4-pyridylethylene (BPE) as the reporter molecule. We demon-
strated that the resulting TMV-C@AuNP nanohybrids have the potential
to serve as an efficient and versatile nanotool for SERS applications,
including the detection of biomolecules in solution.

2. Materials & methods

The generation, inoculation and purification of TMV-C were
described in the Electronic Supplementary Material file. Tetra-
chloroaurate(III) acid hydrate HAuCls.xH20 (99.9 %), sodium borohy-
dride (99 %) and trisodium citrate di-hydrate (citrate, 99%) were
purchased from Alfa Aesar and used without further purification. Glacial
acetic acid was purchased from VWR Chemicals. Dextran (average
molecular mass of 67 100 Da) and 1,2-di(4-pyridyl)ethylene (BPE) were
purchased from Sigma-Aldrich.

2.1. Biomineralization of AuNPs over TMV-C

The biomineralization protocol is inspired by the article by Moreira
Da Silva et al. [29] In brief HAuCl, is sonicated with the solution of
TMV-C for 15 min in acetic media (pH 2.4) and kept at room tempera-
ture for 2 h. Then NaBHy is added to reduce metallic cations followed by
the quick addition of 1 ml ethanol to stop the reaction and prevent
ripening phenomena. After the formation of gold seeds onto TMV-C, the
size of AuNPs is increased by cyclic growth. First, 25 pl of HAuCly (0.5
mM) were added and after 1 min, additional 50 pl of NaBH4 (5 mM)
were added in each cycle. For colloidal stability dextran (130 pl, 0.3
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mg/ml) was added to the solution after the last cycle and sonicated for
30 min.

2.2. Direct grafting of AuNPs over TMV-C

The 10 and 16 nm AuNPs synthesis was adapted from Turkevich
et al. [31] (Electronic Supplementary Material). The 5 nm AuNPs were
purchased from Sigma-Aldrich. 1 ml of pre-formed AuNPs surrounded
by citrate as surfactant (abs 0.7) was sonicated for 15 min with 15 pl
TMV-C (0.2 mg/ml) solution and 100 pl of acetic acid (pH 3). After 1 h of
incubation, 130 pl of dextran (0.3 mg/ml) was added as coating agent
and sonicated for another hour. To remove the free AuNPs, the samples
were passed through membrane (MWCO 1 000 000 Da) with centrifu-
gation at 2000 rpm for 8 min.

2.3. Characterization of the nanohybrids

UV-Visible spectra were recorded with Cary 4000 spectrophotom-
eter using 10 mm path length quartz cuvettes. Fluorescence Spectros-
copy (Fluorolog HORIBA JOBIN YVON) was used to determine the
association constant between the TMV-C and HAuCly. Ex situ TEM im-
aging of the NPs was carried out using a JEOL 2100 Plus microscope
operating at 200 kV. To prepare the samples for TEM analysis, 5 pL of the
nanohybrid solution was dropped on a carbon-coated copper grid. In-
situ liquid TEM was performed on an aberration-corrected JEOL ARM
200F microscope operating in STEM mode at 200 KV using a liquid-cell
TEM holder from Protochips. The protocol of these LCTEM in-
vestigations of AuNP growth over the TMV-C (see SI) was previously
developed to study the growth of AuNPs on TMV-wt [29].

Samples for SERS measurements were prepared by mixing 5 pL of
BPE at various concentrations (BPE was first dissolved in Ethanol at
107! M, and then diluted in water at the corresponding concentration,
from 1072 to 1077 M) and 45 pL of a solution of nanobiohybrid with an
absorbance of 0.7. This solution was analyzed in a cuvette of 2 mm
optical path. Raman spectra were recorded using a confocal Raman
microspectrometer Jobin-Yvon LABRAM HR 800 equipped with a
thermoelectric cooled CCD and a motorized XY displacement stage. In
the present study, a continuous wave (CW) 633 nm He-Ne laser was
used for SERS excitation. The laser line (output power 5 mW) was
focused onto samples through a long working distance x10 objective
(0.25 N A) and the Rayleigh scattering signal collected through the same
objective in backscattering mode. The scattered light (accumulation
time 5 s, three repetitions) was filtered with a long pass edge filter.

3. Results and discussion
3.1. Spectrophotometric titration of HAuCl, binding to TMV-C

To determine the affinity constant of gold complex to TMV-C subunit
(Equation (1)), fluorescence experiments were performed by exciting
the virus capsid at 280 nm. The addition of an increasing amount of
HAuCly to a solution of TMV-C in acidic media (pH 2.4) leads to a
decrease of the fluorescence emission without any spectral shift
(Fig. 1A). This quenching was analyzed at 316 nm using a modified
Stern-Volmer equation (Equation (2)). From the intercept and slope of
Fig. 1B, LogK, and n values were found to be 5.95 + 0.15and 1.2 £+ 0.1,
respectively. The n value indicates the stoichiometry of the interaction
between HAuCl, and one subunit of TMV-C capsid. The affinity constant
value is 10 fold higher than that of TMV-wt determined previously
(LogK, = 4.80 + 0.05) [29]. Indeed, given its isoelectric point (pI) value
(around 3.5 and 4.6) [32], the outer surface of TMV-wt is positively
charged at pH 2.4. Therefore, the negative gold salt [AuCly] interacts
with TMV-wt capsid by electrostatic interaction, whereas gold atoms can
form a stronger covalent bond with TMV-C thanks to the presence of
cysteine thiol groups [33].
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Fig. 1. (A) Emission spectra (Aexc = 280 nm) of TMV-C (0.1 mg/mL) in acetic acid 5% (pH = 2.4) at different concentrations of HAuCl, (0-50 pM) and (B) modified
Stern-Volmer plot.
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Fig. 2. STEM bright field image series of AuNPs growth on TMV-C with an electron dose rate of (A) 0.14 e /A% s, (B) 0.55 e /A” s, and (C) 2.2 e /A% 5. The

acquisition time is indicated in the left corner of each image. (D) Total projected surface area of AuNPs normalized by the projected surface area of TMV-C as a
function of time for the three different electron dose rates: 0.14 e /A2 s (in red), 0.55 e /AZ s (in blue) and 2.2 e /AZ s (in black).
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where subTMV-C is a subunit of the capsid, and the affinity constant is
expressed as K, = [subTMV-C-(HAuCly),]/[subTMV-C][HAuCl4]"

log <%%I> =log K, + nlog[HAuCl,] 2)

3.2. In situ TEM

In situ TEM observations were then performed to measure the in-
fluence of cysteine on the growth rate of AuNPs. LCTEM has emerged as
a widely adopted in situ methodology for directly observing the nucle-
ation and growth of metal nanoparticles (NPs) in liquid environment
[34], including interfacial reactions on biological surfaces such as bac-
teria [35], vesicles [36,37] and more recently viruses [29]. Therefore,
biomineralization experiments were conducted under the same experi-
mental conditions as those used with TMV-wt [29]. Briefly, after 2 h of
incubation, a solution containing TMV-C (0.2 mg mL 1) and HAuCl, (1
mM) in 5% acetic acid was loaded into the TEM liquid cell. Gold salt
dissolved in 5% acetic acid (1 mM) was continuously injected into the
liquid cell during acquisition. The reduction reaction was driven by
water radiolysis induced by the electron beam [38,39]. Three different
electron dose rates (0.14 e—/A> s, 0.55 e—/A%s and 2.20 e—/A?s) were
used to study the growth rate of NPs as a function of the concentration of
reducing agents. In Fig. 2, the STEM images show the growth of AuNPs
occurs both on the SiN window of the liquid cell and TMV-C. As previ-
ously observed, the density of AuNPs is much lower in the SiN mem-
brane than on TMV capsid [29], because of the high affinity of the gold
precursors for the virus surface. This is especially true of the TMV-C on
which the density of NPs is several orders of magnitude higher than on
the window. Moreover, the biomineralization only occurs on the outer
surface of the capsid. Indeed, TMV-C consists of the mutation of the
C-terminal threonine to cysteine. Both residues are non-charged, so we
assume that the isoelectric point of TMV-C is similar to that of TMV-wt.
Therefore, at acidic pH, charge of the inner cavity approaches neutrality,
while the outer surface exhibits a positive charge [26,32]. Hence, the
outer surface of the TMV cylinder is expected to be the primary site for
adsorption, thanks to electrostatic interaction between the positively
charged TMV-C and the negatively charged gold complex [AuCl4]" as
well as the presence of thiol allowing Au-S covalent bond. Fig. 2D shows
that the total projected surface area of AuNPs normalized by the pro-
jected surface area of TMV-C increases linearly with time. The growth
rate of gold NPs deduced from the slope of the linear fit of the curves,
increases with the electron dose rate. More importantly, at each electron
dose rate, the growth rate of NPs is higher on TMV-C than on TMV-wt
(Table 1). The nucleation and growth mechanisms of AuNPs are
similar on TMV-wt and TMV-C [29]. At first, gold precursors bind to the
virus surface. Then, the reduction of HAuCl, drives the nucleation and
growth of NPs by monomer attachment on the capsid and finally coa-
lescence phenomena rapidly occur when the NPs get in contact. As the
binding affinity of gold precursors is higher for TMV-C than for TMV-wt,
the higher reduction rate measured on TMV-C is very likely due to the
higher concentration of HAuCl on the virus capsid.

3.3. Biomineralization

We also carried out beaker-scale biomineralization experiments to
compare the formation dynamics of gold NPs on TMV-wt and TMV-C.

Table 1

Rate of AuNP growth. Slope of area(Au)/Area(TMV-C) against time in %/s.
e~ dose rate (e /A% s) 0.14 0.55 2.2
TMV-wt [29] 1.12 £ 0.10 1.75 £ 0.16 3.53 £0.32
TMV-C 1.28 + 0.07 2.59 + 0.08 9.1+1.0
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After 2 h incubation of TMV (0.2 mg/mL) with HAuCly (0.5 mM) and
15 min of ultrasonic bath, NaBH4 (5 mM) is added to form a high density
of seeds at the surface of TMV-C. Then, four sequential injections of
HAuCly (0.5 mM) and NaBHy4 (5 mM) were performed to drive a slow
growth phase minimizing NP coalescence. Besides providing a great
control over the nucleation and growth processes, this protocol with
several reduction cycles allows studying the size distribution and density
of NPs by TEM after each cycle. Fig. 3 shows that the seed size after the
first cycle is lower on TMV-wt than on TMV-C (2.4 nm and 6.3 nm,
respectively). As observed by liquid-cell TEM, the coalescence-driven
growth processes are thus faster on TMV-C, which explains the higher
density of NPs on TMV-wt than on TMV-C (3.3 *10 2 NP/nm? and 2.1 x
1072 NP/nm?, respectively). This tendency is also observed during the
subsequent reduction cycles since the average size of NPs on TMV-wt
increased from 2.4 nm to 5.8 nm in after five cycles, while the NPs on
TMV-C enlarged from 6.3 to 12.4 nm. After 5 cycles, NP density reaches
similar values for both viruses (1.5 and 1.3 x 10~3 NP/nm? for TMV-wt
and TMV-C, respectively) but remains higher with a more uniform NP
size compared to the method described by Lim et al. [27,28]. Some free
AuNPs were also observed after each cycle due to the non-bounded gold
precursors to the capsid which gets reduced to gold nanoparticles on
addition of NaBH4 (Fig. 3A), as already described by Dujardin et al. [26].
Nevertheless, the presence of free NPs was significantly lower when
using TMV-C. The results of these beaker-scale syntheses confirm the
conclusion of spectrophotometry and in situ TEM experiments: the
higher affinity of gold precursors for the external capsid of TMV-C leads
to faster growth processes than on TMV-wt. The gold nanoparticles
grafted through biomineralization on TMV-C were characterized using
transmission electron microscopy (TEM), and energy dispersive X-ray
spectroscopy (EDX) (Fig. 3C and D).

From cycle 1 to 4, the absorbance of plasmonic band increases with
the number of reduction cycles (Fig. 4) confirming the formation and
growth of plasmonic nanostructures on the surface of TMV-C. The cycle
1 spectrum of TMV-C shows a maximum at 535 nm, which is close to the
value found after 5 cycles of biomineralization on TMV-wt [29]. Indeed,
the similar wavelength could be explained by AuNPs of comparable size
(8 nm and 6.3 nm for cycle 5 on TMV-wt and cycle 1 on TMV-C
respectively). After 5 cycles, a red shift is observed from 535 to 541
nm, due to the higher diameter of AuNP on the surface [40]. As previ-
ously observed with TMV-wt, the plasmonic band is red-shifted and
broader compared to AuNPs alone (Fig. 4) due to the plasmonic in-
teractions that occur when nanoparticles are in close proximity to each
other. Despite the low absorbance of the plasmonic band, the size and
uniformity of AuNPs as well as their density on TMV-C are well-adapted
to perform SERS experiments. To increase their stability, Dextran is
added to the solution. Additionally, these nanoparticles are
water-soluble, making them suitable for use as sensors in solutions.

3.4. Direct grafting

To obtain nanohybrids materials with higher plasmonic absorbance,
we synthesized TMV-C@AuNP by directly grafting pre-formed AuNPs to
the outer surface of the capsid at pH 3. The addition of small volumes of
TMV-C to a solution of AuNPs of 10 nm in diameter reduces the intensity
of the absorption spectra (Fig. 5A) with a red shift of the plasmon band
(from 521 to 526 nm) and exposes an isobestic point at 566 nm,
revealing the existence of equilibrium between two absorbing species,
namely free AuNPs and grafted AuNP on TMV-C. In the case of 16 nm
AuNPs, we observed a decrease in absorbance of the plasmon band
without any spectral shift but an increase of shoulder located beyond the
isobestic point at 591 nm (Fig. 5B). These observations strongly imply an
interaction between sulfur atoms of TMV-C and AuNP surfaces [41].
Subsequently, after a filtration step which is necessary to remove free
AuNP (ESM, Fig. S1), TEM images portray TMV-C surfaces coated with
10 nm and 16 nm AuNPs (Fig. 5C and D). As expected, the densities on
TMV-C decrease with the AuNP diameter, from 11.5 x 10~2 NP/nm? for
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Fig. 3. Biomineralization synthesis at the beaker-scale. TEM images, mean size (D,yg) and size distribution graphs of AuNPs after each reduction cycle on (A) TMV-wt

and (B) TMV-C. (C) Electron diffraction pattern from the AuNPs after biomineralization on TMV-C showing the (111), (200), (220), (311), and (222) reflections of
AuNP. (D) EDX spectrum of gold nanoparticles (Cu signals comes from the copper grid).

10 nm to 8.16 x 10~2 NP/nm? for 16 nm. The density for direct grafting
was 6-8 times higher than that observed after the fifth cycle of bio-
mineralization (1.3 x 10~3 NP/nm?). Consequently, the AuNPs are more
closely packed on the TMV surface, potentially creating a larger number
of hot spots to could enhance the SERS signal. The same protocol was

also performed with TMV-wt and after filtration, only few 10 nm AuNPs
were attached to the outer surface of TMV-wt (Fig. S2). This confirms the
major role of cysteine in forming stronger bond between AuNPs and
TMV-C. The same experiments are repeated with pre-formed 5 nm
AuNPs. The changes in absorption spectra are much smaller even if an
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Fig. 5. Absorption spectra of (A) 10 nm or (B) 16 nm AuNPs with increasing
concentrations of TMV-C (from 0 to 14 pLat 0.2 mg/mL). The picture in insert
shows colloid solutions of 10 nm AuNP alone (left) and grafted onto TMV-C
(right). TEM images of (C) 10 nm or (D) 16 nm AuNPs grafted onto TMV-C.

isobestic point is evidenced at 553 nm (Fig. S3A). After the grafting of 5
nm AuNPs onto TMV, TEM images showed that the AuNP are not
juxtaposed (Fig. S3B), despite the density of 14 x 10~> NP/nm? on
TMV-C.

3.5. SERS

The nanohybrids were tested for surface-enhanced Raman spectros-
copy (SERS) using 1,2-di(4-pyridyl)ethylene (BPE) as a molecular probe.
In the presence of bare TMV-C, the Raman bands in the solution of BPE
were not observed, as previously described for Turnip yellow mosaic
virus (TYMV) (Fig. S4) [42]. To conduct a comparative analysis, we
employed solutions exhibiting equivalent absorbance values at the
plasmon band (0.7 abs). With AuNPs alone (Fig. 6A), the Raman spectra
of BPE exhibited characteristic peaks at 1000 em~!, 1200 em ™, 1610
em ! and 1639 cm ™. These peaks correspond to the vibrational modes
associated with pyridine breathing, in-plane ring, aromatic stretching
and C=C stretching modes, respectively. In case of nanohybrids

Journal of Science: Advanced Materials and Devices 9 (2024) 100775

(A)  4x10°-
3x10° 1
>
= 4
o 2x10*4
C
2
1= TMV@AUNP 16 nm
1x10*
TMV@AUNP 10 nm
)\ AN " AN Biomin TMV
04 M\
AuNP
T T 1
500 1000 1500 2000
Raman shift (cm'1)
(B) 20000 - —10*M
—10°M
—10°M
-7
15000 —— 1M
> —10°M
=
2]
C
910000 1
£
5000 | *
0

T T 1
1000 1500 2000

Raman Shift (cm'1)

Fig. 6. SERS experiments. Raman spectra of BPE (A) at 10~® M in solution in
the presence of 10 nm AuNP (red), biomineralized TMV (blue), TMV-C@AuNP-
10 nm (black) and TMV-C@AuNP-16 nm (pink), and (B) at different concen-
trations in the presence of TMV@AuNP-16 nm. The spectra are vertically
shifted for clarity.

prepared by biomineralization, we had used the concentration of
HAuCly at 5 mM during the cyclisation steps to increase the absorbance
of plasmon band. However, the sizes of AuNPs on TMV-C were heter-
ogenous (Fig. S5). Moreover, the major bands in the presence of bio-
mineralized material could be attributed to ethanol, used during the
biomineralization process. Indeed, the Raman spectra of the bio-
mineralized nanohybrid without BPE shows identical peaks (Fig. S6),
and the characteristic bands of BPE (in particular 1200 cmfl, 1610 cm ™!
and 1639 cm ™) are barely noticeable with much lower intensity than
with AuNPs at the same concentration of BPE (Fig. 6A). These low SERS
performances are very likely due to precipitation of the nanohybrid
synthesized by biomineralization method. Fig. 6A also shows the
enhancement in intensity of Raman peaks in the presence of
TMV-C@AuNPs prepared by grafting method, for AuNPs size of 10 nm,
which was not observed in case of TYMV [42]. Indeed, for icosahedral
virus, only few nanoparticles were grafted onto the outer surface, and
the interparticle distance is too large and local electric field intensity is
supposed to be not enough to enhance the Raman signals during SERS
experiments. However, thanks to its rod-like structure of 300 nm,
TMV-C@AuNP shows many AuNPs grafted at its surface and many of
them are juxtaposed and probably create hot junction spots. The same
experiment was repeated with the nanohybrid synthetized seven days
earlier, indicating the stability of the nanohybrid and reproducibility of
the SERS experiments (Fig. S7).

The effect of AuNP size on the solution-based SERS signal was also
investigated. No Raman bands of BPE were observed in the presence of
TMV@AUNP of 5 nm (Fig. S8), probably because the small-sized nano-
particles feature a weak confinement of electric field [43] and the large
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interparticle separation once grafted on TMV-C does not favor electro-
magnetic coupling (Fig. S3B). It was found that nanohybrids with 16 nm
AuNPs exhibited higher signal intensity compared to those with 10 nm
particles (Fig. 6A). For such medium sized nanoparticles (10-100 nm), it
is well established that the quality factor of the localized surface plas-
mon resonance increases with the diameter of spherical particles leading
to stronger electric field enhancement. Besides, for a given excitation
wavelength, the penetration depth which refers to the extent to which
the confined electromagnetic field penetrates into the surrounding me-
dium, increases with the size of the plasmonic nanoparticle. The pene-
tration depth has a critical influence on the coupling between two
closely spaced nanoparticles.

Interestingly, the intensity of the characteristic Raman bands of BPE
in the presence of nanohybrids TMV-C@AuNP-16 nm, shows a non-
monotonous behavior for concentrations ranging from 1078 to 1074 M
(Fig. 6B and S9). As for TMV-C@AuNP-10 nm, the band intensities
increased with the concentration of BPE (from 10 8to 10~° M, Fig. S10),
and then decreased. This may be explained by the bidentate character of
BPE with two nitrogen donors able to form molecular junction between
two neighboring AuNPs [24]. Indeed, Fig. S11 shows UV-visible ab-
sorption spectra of TMV-C@AuNP-16 nm at different concentration of
BPE (ranging from 107® to 10~* M). In the absence of BPE, the ab-
sorption spectrum shows a strong band at 521 nm originating from the
LSPR of grafted but non interacting AuNPs on TMV-C. An additional
small band located at 613 nm can be evidenced which is assigned to
coupled AuNPs grafted on the TMV-C surface. At low concentration and
up to 10°® M of BPE in solution, the absorption spectrum reveal a
remarkable increase of the coupling band at 613 nm, and the concom-
itant decrease of the characteristic band at 521 nm of TMV-C@AuNP-10
nm. The relative intensities of these two bands are strongly impacted by
the concentration of BPE in the medium. Beyond the critical concen-
tration of 10°® M of BPE, the coupling band tends to decrease whereas
the other band increases. It appears that low concentrations of BPE favor
the coupling of AuNPs whereas high concentrations of BPE tend to
separate AuNPs. Such dimerization process between nanoparticles may
involve AuNPs grafted on two distinct virus TMV-C (inter-virus dimer-
ization leading ultimately to aggregation) or very close AuNPs grafted
on the same virus TMV-C (intra-virus dimerization). It is important to
mention that the colloidal suspension is stable over time for at least 24h
(Figs. S12A and S12B), and TEM images indicated no dimerization of
TMV-C regardless of BPE concentration (Fig. S12C) which rules out the
inter-virus ~ dimerization  possibility. = Therefore, the BPE
induced-coupling of AuNPs revealed by these experiments (coupling
band at 613 nm) is more likely due to the intra-virus dimerization of
closely spaced AuNPs. At low BPE concentration, free spaces likely
remain available on gold surface to create BPE molecular junction with
another AuNPs. Conversely, at high BPE concentration, gold surface
being saturated with BPE molecules, the dimerization of nanoparticles
becomes very unlikely. Following this line of reasoning, with less hot
spots, the Raman signal is expected to decrease at high concentration of
BPE.

The analytical enhancement factor (AEF) was calculated by using
Equation (3) for AuNPs of 10 and 16 nm, either free in solution or
grafted onto TMV-C [44].

_ (Isgrs/Csrs)
AEF_i(IRS [Cs) 3

Where Iggrs and Igg are the signal intensities under SERS and non-SERS
conditions measured at the same excitation wavelength and conditions
of acquisition and where the concentration in solution of BPE is Cgggrs
(10~° M) and Cgrs (1o~ m respectively.

The AEF values for 10 nm or 16 nm AuNPs in solution were similar
(0.14 and 0.12 x 10° respectively), but those for TMV-C@AuNPs
nanohybrid are 14 and 23 times higher, respectively (Table 2).
Indeed, it was already reported that assemblies of gold nanoparticles
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Table 2
Analytical enhancement factors in solution of nanohybrids and free
AuNPs.

AEF

(2.8 £0.1)x 10°
0.12 £ 0.02) x 10°
(2.0 £0.1) x 10°
(0.14 + 0.03) x 10°

TMV-C@AuNPs (16 nm)
AuNPs (16 nm)
TMV-C@AuNPs (10 nm)
AuNPs (10 nm)

presented higher enhancement [45]. These AEF values are excellent for
SERS substrates in solution. They were also more significant than the
ones of nanohybrid made from AuNPs with Turnip yellow mosaic virus
(TYMV) as reported by the Nguyen et al. [42]. This increase can be
associated with the higher number of plasmonic hotspots or density of
AuNPs on the surface of the TMV-C.

4. Conclusion

The study showed the impact of cysteine on AuNP nucleation in
TMV-based nanohybrids, targeting advancements in Surface-Enhanced
Raman Scattering (SERS) applications. By employing both biomineral-
ization and direct grafting techniques, we were successful in synthesiz-
ing TMV-C@AuNP nanohybrids with varied AuNP sizes. Notably, the
association constant (K,) for HAuCl4 with mutated TMV-C, determined
via fluorescence quenching methods, was significantly higher compared
to the wild-type TMV. Additionally, the growth rate of AuNPs, assessed
through in situ liquid Transmission Electron Microscopy (TEM), was
markedly higher on the TMV-C variant, thus enabling the synthesis of a
plasmonic nanohybrid featuring a uniform distribution of approx-
imatively 10 nm AuNPs on the TMV-C capsid by biomineralization
method. The presence of cysteine residues on the capsid surface facili-
tated the assembly of 10 nm and 16 nm AuNPs via direct grafting,
producing a soluble plasmonic nanostructure with high optical absorp-
tion. SERS analysis of these nanohybrids, particularly those created
through direct grafting, showed increased signaling with BPE molecules,
highlighting their potential as effective biosensing tools. This work not
only contributes to the development of new materials and strategies for
enhancing SERS analysis but also demonstrates the potential of using
mutated viruses with metallic nanoparticles to design innovative
bifunctional nanomaterials. These findings have significant implications
for biosensing and biomedicine and could inspire similar approaches
across various scientific domains.
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