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Abstract. Functionalized gold nanorods (AuNRs) are innovative tools useful in theranostics,
combining diagnostics and therapy and allowing optimal and personal treatment of patients.
Moreover, AuNRs are studied for use in photothermal therapy and imaging thanks to the peculiar
phenomenon of Localised Surface Plasmon Resonance (LSPR), which allows them to be
identified through spectroscopic techniques in the energy range in which biological tissues are
not active. Their functionalization can involve a variety of molecules, including specific drugs
or peptides, allowing a controlled transport and release of desired drugs. In this framework,
AuUNRs were synthesised and characterised through spectroscopic (UV-Vis-NIR, XPS) and
microscopic techniques (TEM, FE-SEM). Furthermore, their cytotoxic activity was evaluated on
Vero E6 cell line by MTT assay. The data obtained confirm the AuNRs are promising carriers
for antiviral drugs, opening new possibilities of application for biomedical field.

1. Introduction

In medicine today, targeted and specific therapy is very important to reduce all possible side effects due
to the use of high drug concentrations. It is also important to increase the efficiency of diagnosis in order
to intervene rapidly. Functionalised gold nanorods (AuNRs) find numerous applications in the field of
nanomedicine because they respond to these needs: AUNRs are innovative tools useful in "theranostics",
the combination of diagnostics and therapy that allows an optimized and personalized treatment of
patients with different pathologies [**]. This is due to the fact that they are versatile in their synthesis
and possess peculiar chemical-physical properties. In particular, the AuNRs excitation involves the
creation of the peculiar phenomenon of Localised Surface Plasmon Resonance (LSPR) due to the surface
electron excitation, which allows them to be identified by spectroscopic techniques in the energy range
where biological tissues are inactive. Specifically, the anisotropic shape induces two LSPR bands: the
first is a transverse plasmon band corresponding to an electron oscillation along the short axis of the
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rod, at around 520-550 nm and the second is a longitudinal plasmon band, in the range 600-1200 nm.
Depending on the synthesis protocol used, AuNRs with different aspect ratios can be obtained [*].
Similar to all nanomaterials, the AuNRs functionalisation can involve a variety of molecules, including
specific drugs, dyes or peptides, enabling controlled transport and release [** ].

Moreover, in the last decade nanotechnology has demonstrated to be thriving to deliver essential changes
to the development of antiviral therapeutics [**%° ].

Lee et al. investigated a composite (functionalized AuNRs with hyaluronic acid and interferon o (HA-
AUNP/IFN@)), which is an efficient drug delivery system, with long circulation times [%°]. Indeed, after
7 days the composite was still in the murine liver tissue, inducing improvements in the innate immune
system and a response to HCV infection in the liver tissue. Bai et al. prepared glutathione-stabilized
fluorescent gold nanoclusters (AuNCs) that induce different antiviral effects on pseudorabies virus
(PRV) and porcine reproductive and respiratory syndrome virus (PRRSV) [?]. Indeed these AuNCs
could selectively inhibit the propagation of PRRSV (RNA virus) by direct virus inactivation and
blockade of viral uptake but not that of PRV (DNA virus), which indicates the possibility of applying
AuNC:s in the treatment of infection by RNA viruses. More and more the development of new antiviral
systems proceeds through the study of the virus in model cells, such as the Vero E6. In fact, these are
particularly useful for studying the behavior of viruses and in particular of Corona viruses, because, as
is well known, they do not produce interferon [2% ].

In this work hydrophilic AuNRs were synthesised by means of seed mediated method, using
hexadecyltrimethylammonium bromide (CTAB) as stabilizer agent. The modulation of experimental
parameters permits the aspect ratio (A.R.) control and good reproducibility. These AUNRs were analysed
using X-ray photoelectron and Ultraviolet-visible-near spectroscopies (XPS and UV-Vis-NIR) and
Transmission Electron Microscopy (TEM), which demonstrated their structure and morphological-
ultrastructure respectively. Furthermore, cytotoxicity tests were performed on Vero E6 cell line in the
presence of AuNRs to verify their low cytotoxic activity and to evaluate their use as carriers of antiviral
agents.

2. Materials and methods

2.1. Materials

Cetyltrimethylammonium Bromide (C19H42BrN, CTAB, >97% Aldrich), tetrachloroauric acid (HAuCl,
3H,0, > 99.9% Aldrich), sodium borohydride (NaBHa, 99.99% Aldrich), silver nitrate (AgNO3 99.9%,
Aldrich), L-ascorbic acid (C¢HsOs, 99% Sigma); the solvent used was double-distilled H.O. Argon was
used for degassing.

Vero E6 cell line used for cell viability assay derived from the kidney tissue of an adult African green
monkey. This cell line was purchased from the American Type Culture Collection (ATCC) and was
kindly provided by Dr. Andrea Cara from Istituto Superiore di Sanita (I1SS). Cells were grown in DMEM
(Euroclone) supplemented with 10% fetal bovine serum (FBS) (Corning), 1% penicillin (50 U-mL)-
streptomycin (Gibco), 1% non-essential amino acids (Euroclone), 1% sodium pyruvate (Gibco) at 37°C
and in an atmosphere containing 5% CO; and sub-cultured at confluence.

2.2 Instruments

Ultraviolet-visible spectroscopy (UV-Vis-NIR) spectra were recorded with a Shimadzu 2401 PC UV-
Vis spectrophotometer and using quartz cuvettes with an optical path of 1 cm. The X-ray Photoelectron
Spectroscopy XPS analysis was performed with a home-made instrument, consisting of preparation and
ultra-high vacuum (UHV) analysis chambers separated by a slide valve. The analysis chamber is
equipped with a six-degree-of-freedom manipulator and a 150-mm mean radius hemispherical electron
analyser with a five-lens output system combined with a 16-channel detector providing a total instrument
resolution of 1.0 eV measured at the Ag 3d5/2 core level. The samples were introduced into the
preparation chamber and allowed to degas overnight at a base pressure of approximately 10 Torr, prior
to introduction into the analysis chamber. The X-ray radiation used was a non-monochromatic Mg Ka
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(1253.6 eV). The spectra were referred to the C1s signal energy of aliphatic C atoms having a binding
energy BE = 285.0 eV. Atomic ratio values were calculated from the peak intensities. Curve-fitting
analysis of the C1s, N1s and O1s spectra was performed using Gaussian profiles as fitting functions,
after subtraction of a polynomial background.

The morphological-ultrastructural analysis of AuNRs was performed using a transmission electron
microscope (TEM) (Philips EM 208S, FEI Company, Eindhoven, The Netherlands) with a tungsten
source and magnification power up to 200K, equipped with a MegaView IIl camera (Olympus Soft
Imaging Solutions) for image acquisition. A suspension drop of AuNRs was deposited on a formvar-
carbon coated copper grid for subsequent TEM observations.

2.3 AuNRs synthesis

0.2 M CTAB solution, 0.0005 M, 0.001 M HAuCI, solution and 0.01 M AgNO:s solution and 0.078M
ascorbic acid (AA) solution were prepared. The synthesis procedure followed seed mediated method, in
two steps. First step: 5 mL of CTAB (0.2 M) and 5 mL of HAuCl,4 (0.0005 M) were placed ina 100 mL
flask equipped with a magnetic stirring rod and degassed for 5 minutes with Ar. After NaBH4 was added
(600 pL, 0.01 M) and stirred for a further 5 minutes. Second step: CTAB (5 mL, 0.2 M) HAuCl, (5 mL,
0.001 M) and AgNOQ3 (200 L, 0.004 M) were added in a 100 mL flask and degassed for 5 minutes with
Ar. Then ascorbic acid (70 uL, 0.078 M) and seed solution (24 uL) were added. The reaction continues
to be stirred regularly (500 rpm) for 20 minutes. To purify AuNRs, two centrifugations were performed
at 13,000 rpm for 15 minutes.

2.4 Cell viability assay

Vero E6 cell viability was analysed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay according to the following protocol.

Cells were seeded into 96-well microtiter plates (NunclonTM, Nunc, Germany) at density of 1.8*10% in
a volume of 200 pL per well. After 24 h cells were treated with 0.05 pg/mL of AuNRs. After an
incubation period of 24, 48 and 72 h, medium was replaced by new fresh containing 0.5mg/mL MTT
(Sigma, Deisenhofen, Germany). After 2 h at 37°C, unreacted dye was removed and the purple formazan
product was dissolved in 200 ul/well dimethylsulfoxide (Merck, Darmstadt, Germany). Absorbance was
read at 570 nm by using the Fusion Universal Microplate Analyzer (Packard BioScience Company,
Connecticut, USA) supplied at the ISS. The data were expressed as absorbance relative to untreated cells
in the same experiment and standardized to 100%. All data points were performed in triplicate. Results
(average of two to three experiments) are expressed as mean * standard error. Statistical analysis of the
data was performed using Graph Pad PRISM software.

3. Results and discussions

3.1 AuNRs synthesis and characterizations

For the synthesis, the experimental protocol reported in the work of Nikoobakht et al. was followed [*°].
This type of synthesis allowed good control of the shape and size of the AuNRs and thus the achievement
of a stable, low-dispersion and reproducible synthesis. The protocol involves the synthesis in two steps.
In the first step, the seed solution, the solution containing the nucleation seeds, is synthesised. In the
second step, the growth solution run: rod growth begins 10 minutes after the addition of the seed solution
to the growth solution. It is evident how, as the rod grows, there is a change in the colour of the reaction
mixture from transparent, due to the reduction of gold by ascorbic acid, to pinkish, which intensifies
over time to a violet-blue colour [?]. In this second step, silver nitrate is added and aids anisotropic rod
growth [?]. To assess the chemical composition and structure of the AuUNRs XPS experiments were
performed at the C1s, N1s, Ag3d and Au4f core levels on the sample deposited onto a TiO./Si(111)
wafer surface following a drop-casting procedure. The C1s, N1s, Ag3d and Au4f spectra (Figure 1) were
analysed following a peak-fitting procedure, allowing components from chemical elements with
different atomic environment to be identified; all binding energy (BE) peak positions, full width at half
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maximum (FWHM), atomic ratio (relative intensities) values and proposed assignments are reported in
Table 1. The Cls spectrum (Figure 1a) appears to be composite, and at least four spectral components
can be identified by following a peak-fitting procedure: the peak at lower BE (285.0 eV) is due to
aliphatic C-C ascorbate groups and impurities, always found on samples prepared in air; the peaks at
about 286.4 and 287.8 eV are attributed to C-OH and C=O (ascorbate functional groups); the
contribution at 289.2 eV is attributed to COOH impurities on the sample surface [%]. The N1s spectrum
(Figure 1b) has two components: the first at lower BE is associated with C-N nitrogens, the other at
about 400.0 eV, with the protonated nitrogen of CTAB [*°]. The Au4f spectrum (Figure 1c) shows two
spin-orbit pairs (Audfz,, Audfs;,) doublets, of which we take Au4fz, as the reference. The Au4fy, signal
around 83.7 eV is due to the metallic gold atoms at the bulk of AuNRs, while the Au4f;, component at
84.2 eV is indicative for positively charged Au atoms at the nanorod surface [*°]. As for Ag3d spectrum
(Figure 1d), the Ag3ds, signal at 367.3 eV is attributed to Ag(l) ions and the low-intensity signal around
368.1 eV to a low amount of metallic Ag atoms, as suggested by the literature on analogous systems
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Figure 1. XPS spectra C1s (a), N1s (b), Au4f (c), Ag3d (d).

Table 1. XPS data analysis results.
Signal Assignment FWHM BE (eV) /Atomic Ratios
(%)
Cls Cc-C 1.34 285.00 86
C-N/C-O 286.35 8
C=0 287.78 4
COOH 289.15 2
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N1s C-N 1.57 398.94 66
-N* 400.02 34
Ti2p TiO; 1.17 458.47 100
Ag3d AgoAg s+ 0.56 367.32 88
368.07 12
Audf Auo 0.47 83.70 90
AU S + 84.27 10

Through the UV-Vis spectrum, the correct longitudinal growth of the rods can be assessed. In fact, as
shown in Figure 2, the presence of two plasmons, one around 515 nm, the other around 745 nm, confirms
that growth has occurred.

Abs

Figure 2. Uv-Vis spectrum of AuNRs, with the two LSPR at Amax515 nm and 745 nm.

To assess the aspect ratio of the AUNRs, TEM images were acquired. In Figure 3 TEM image of AuNRs
with average size 39 + 4 x 12 + 5 nm was shown. The aspect ratio calculated for the AUNRSs used is 3.2
nm.
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~ 200/nm

Figure 3. TEM image of AuNRs with A.R= 3.2 nm.

3.2 Biological tests

To study the biocompatibility of AUNRs, Vero E6 cell viability was assessed after treatment with 0.05
pg/mL solutions for 24, 48 and 72 h. The results shown in Figure 4 indicate that AuNRs at this
concentration did not induce any significant reduction in cell viability at all incubation times, on the
contrary, they appeared highly biocompatible. This result demonstrated a promising behaviour of
AuNRs, employed at this concentration.

120 0.05 pg/mL
100
80
Z
T 60
=
=
T 40
o
® 20
0
24h 48h 72h

Figure 4. MTT assay: Vero E6 cell viability percentage (referred to 100% untreated cell viability)
after treatment with 0.05 pg/mL AuNRs at different times.

4. Conclusions

In this work AuNRs were prepared by seed-mediated synthesis, in two steps, obtaining
nanodimensions verified by TEM analysis of 39 £ 4 x 12 + 5 nm nm, with A.R. = 3.2 The morphology
and size was verified by UV-Vis-NIR spectroscopy, highlighting the two plasmonic peaks at Amax
515 nm and 745 nm. Furthermore, the structural study using XPS confirmed the stability of the
system. Cell survival studies have been conducted with AuNRs and Vero E6 cells, used in testing
for antivirals. These studies have allowed us to highlight the biocompatibility of AuNRs at a
concentration of 0.05 pg/mL, opening up promising prospects in the transport of antiviral drugs.
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