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Plasmonic gold nanorods (AuNRs) coated with four different thickness silver shells (AuNR\Ags) were
synthesized and tested for their efficiency in Surface Enhanced Raman Scattering (SERS) signal
enhancement for biomedical applications. Both AuNRs and AuNR\Ags were prepared using a modified

seed-mediated method and then characterized using TEM, XPS and UV-vis spectroscopy. All four

bimetallic nanorods used in our experiments started from gold nanorod (AuNR) cores (of 36 nm length
and 12 nm diameter) which were coated with a 0, 1, 2, 3 or 4 nm thick layer of silver. SERS spectra were
obtained for each thickness of AUNR\Ag Raman agent using a Raman reporter — organic molecule
p-aminothiophenol (PATP). Moreover, to confirm experimental findings a numerical model was built

using COMSOL Multiphysics and solved for a single AUNR\Ag interaction with light on a silica substrate.
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The highest SERS signal at the incident wavelength of 784 nm, was observed for AUNR\Ags coated with

a 1 nm thick silver shell. The numerical model confirmed experimental findings and predicted the highest
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1 Introduction

Surface-Enhanced Raman Scattering (SERS) is a Raman scat-
tering phenomenon that is highly sensitive and extensively used
for bio-analytical detection." SERS occurs when a nanoparticle
exhibits a localized surface plasmon resonance (LSPR) under
electromagnetic wave irradiation. At the resonance frequency,
during an optical exposure, the quasi-free electrons of the
nanoparticle start to oscillate vigorously, generating an intense
new localized electric field (near-field enhancement), usually
known as a confined or trapped electromagnetic field.” At the
ultraviolet-visible (UV-vis) and near infrared (NIR) wavelengths,
LSPR is possible for nanoparticles with a negative relative
permittivity such as gold and silver.® Apart from SERS,>*” the
LSPR phenomenon is also used in nanophotonics,®**" nano-
electronics*>*® and other applications.**” In SERS, the Raman
signal of small organic molecules is amplified hundreds to
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near-field enhancement in the vicinity of nanoparticles on top of a silica substrate at 784 nm
wavelength, for an AUNR\Ag with the same 1 nm silver shell thickness.

thousands of times by excitation from the LSPR of a nano-
particle. Optimizing the design of SERS Raman agents is crucial
for achieving the largest enhancement possible."**?" Histori-
cally, SERS Raman agents have taken many different forms*->*
starting with roughened metallic surfaces,* colloidal metallic
suspensions,””** thin metal films, and nanoparticles with
different shapes.”**' Recently, a combination of these forms
and hybrid techniques have been investigated to optimize SERS
substrates.**** Generally silver coated gold nanoparticles have
been used recently to enhance Raman signals for several
applications.**°

In this work, a new class of SERS agent, bimetallic plasmon
nanorods, was designed and synthesized for the use in
biomedical applications. Bare gold nanorods (AuNRs) and gold
nanorods coated with 1, 2, 3 and 4 nm thick silver shells
(AuNR\Ags) were synthesized using a modified seed mediated
method® and characterized using transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS).
LSPR frequencies for each type of AuNR and AuNR\Ag colloidal
solution were determined using UV-vis spectroscopy. The SERS
efficiency was determined using p-aminothiophenol, a thiolated
organic molecule, as the Raman reporter probe.® Finally, for the
verification of the results, a finite element model was used to
calculate the optical response of a single AuNR and AuNR\Ag
during Raman spectroscopy. The findings from the numerical
model were in agreement with the experimental data.

This journal is © The Royal Society of Chemistry 2017
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2 Experimental
2.1 Materials

The following chemicals were purchased from Sigma-Aldrich and
used without further purification: gold(um) chloride trihydrate (99%),
sodium borohydride (99%), t-ascorbic acid (98%), p-amino-
thiophenol (PATP), and polyvinylpyrrolidone (PVP) (MW ~ 10 000).
Silver nitrate was purchased from Fisher Scientific, and hexadecyl-
trimethylammonium bromide (CTAB 99%) from MP Biomedicals.

2.2 Synthesis of gold nanorods

Gold nanorods (AuNRs) were synthesized using the seed-
mediated method developed by Nikoobakht.**' A seed solu-
tion was first prepared by mixing 5 ml of CTAB solution (0.2 M)
with 5 ml of HAuCl, (0.0005 M), after that 0.6 ml of sodium
borohydride (0.01 M) was added, and the solution was stirred
for 2-5 minutes. Preparing AuNRs with an aspect ratio of
around 3 required the following procedure: 5 ml of CTAB (0.2
M) was mixed thoroughly with 150 ul of AgNO; solution (0.004
M), and then 5 ml of HAuCl, (0.001 M) was added and mixed.
Afterwards, 70 pl of ascorbic acid (0.0788 M) was mixed with the
solution, and finally, 12 pl of the seed solution was added. The
mixed solution was kept at 30 °C for 40 minutes without any
further stirring. The AuNRs were purified several times using
a centrifuge at 12 000 rpm for 30 min to remove any chemicals.
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2.3 Coating of AuNRs with a silver shell

Detailed coating procedures can be found in our previous work.®
Purified AuNRs were dispersed in 5 ml CTAB solution, and then
5 ml of 1% polyvinylpyrrolidone solution was added. Silver nitrate
solution (0.001 M) was added in different amounts to achieve
multiple shell thickness; 200, 250, 300, and 350 ul were added
with gentle mixing. Afterwards, 100 pl of ascorbic acid (0.1 M) was
added, and then 200 pl of sodium hydroxide solution (0.1 M) was
added to increase the pH to about 9. The silver ion reduction
reaction required an alkaline medium to begin depositing on the
AuNRs surface. Silver-coated gold nanorods (AuNR\Ags) were
purified several times using a centrifuge at 10 000 rpm and re-
dispersed in deionized water to remove any excess reagents.

2.4 Assembling SERS probes on AuNR\Ag

A small organic molecule was self-assembled on the surface of
the AuNRs and AuNR\Ags. p-Aminothiophenol (PATP) mole-
cules were prepared with 10 mM in absolute ethanol stock
solution. 5 pl of PATP was added to a solution that had 5 ml of
AuNR\Ag and kept under stirring for 3 hours at 45 °C. Any excess
materials were removed using a centrifuge for 30 min.

2.5 Transmission electron microscopy (TEM)

The morphology and size of the AuNRs and AuNR\Ags were
determined using a Transmission Electron Microscope (TEM),
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Fig.1 Schematics of the finite element model. The geometry setup is similar to one that was described in ref. 42. The yellow domain represents
perfect matched layers (PML). The green domain shows a silica substrate. The blue domain represents air. The red cross-section plane shows the

near field enhancement map with a nanoparticle labelled as AUNR\Ag.
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JEM-2100F (JEOL USA, Peabody, Massachusetts, USA) with an
accelerating voltage of 80 kv. Each sample was suspended in
ethanol and a few drops of the suspension were deposited on
holey-carbon coated copper grids, which were allowed to dry for
15 minutes. The average nanorod size and the size distribution
of each sample were determined by using Image] software
(NIH). The TEM was also equipped with an EDAX genesis energy
dispersive spectroscopy (EDS) X-ray detection system for spec-
troscopic analysis.

2.6 UV-vis-NIR spectra

For each class of the prepared AuNR\Ags and AuNRs, UV-vis-NIR
spectra were recorded in the range between 400-900 nm using
a Shimadzu double beam spectrophotometer UV-3600 (UV-
visible-NIR) to record electronic spectra. The spectra were
collected for aqueous solutions (~0.5 mg ml™') and then
normalized to the highest absorption intensity.

2.7 SERS spectra

A few drops of each type of AuNR\Ags and AuNRs, were dried on
microscope glass and left under vacuum for three days. After
that, each sample was scanned from 400-1700 cm™ ' using
a Horiba Raman instrument (Horiba Jobin Yvon LabRam

View Article Online
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HR800, Edison, New Jersey) assembled by He-Ne laser (17 mW)
with a wavelength of 784 nm and three Olympus BX-51 lenses
with a 100x micro-objectives lens connected to a CCD camera.
The spectra were collected using 600-lines per mm gratings with
the same acquisition time. The spectrometer has a three-
dimensional (3-D) (x-y-z) automatic adjustable stage. In all of
the measurements, the Raman spectrometer was calibrated
using the Si-Si Raman signal located at 521 cm ™' Raman shift.
The collected spectral data were smoothed and baselined to
represent the final results.

2.8 Numerical model

The numerical model was built using commercially available
finite element software - COMSOL Multiphysics, version 5.2.
The base model of a nanorod on a substrate interaction with an
electromagnetic field is similar to an example given in the
COMSOL library.”” A schematic of the model’s geometry is
shown in Fig. 1.

An electromagnetic wave with circular polarization was
travelling in the negative Z-direction (see Fig. 1). A rectangular
domain with 1.05 pym width and depth and 9.5 um height was
used to model a nanorod in the air domain on top of the
substrate domain. The dimensions of the AuNR\Ags and AuNRs

a 36.00 nm
Au )112.00 nm
38.00 nm
Au ]14.00 nm
1.0q nm /
T
40.00 nm
Au 14.00 nm
2.0q nm
t
42.00 nm
Au 16.00 nm
3.0q nm
i
44.00 nm
Au Ag\ 18.00 nm
4.00nm /
: ’

Fig. 2 The dimensions of the AuNRs and AuNR\Ags with 0, 1, 2, 3, and 4 nm silver shells and 12 x 36 nm gold cores that were used in the
numerical model, (a—e) respectively. (f—j) HRTEM images: (f) a gold nanorod only, and (g—j) gold nanorods covered with (1, 2, 3, and 4 nm) silver

shells, respectively.
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are given in Fig. 2a-e. The air domain had 4.5 pm height while
the silica substrate was modeled with a height of 4 um. The
silica substrate was modeled with a bulk refractive index of 1.45.
The dielectric constant of the core gold nanorod was defined
using Drude formalism with size-corrections to the bulk

dielectric function of gold.*
Q)pz
w? +iwy,
2
- - .m
. i
w2+ iw (70 + Apy—+ Yrad Vau)

Eau(wa }’) = gbulk(w) +

leff

where ¢pyi is the gold’s bulk dielectric function obtained from
Johnson and Christy** and w, = 9.096 €V is the bulk plasma
frequency. A,, = 1.4 is the broadening parameter size,** l.¢ is
the effective confinement length,* v¢ is the Fermi velocity, v, =
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Fig. 3 (a) Absorbance spectra of colloidal suspensions with core gold
nanorods coated with 0, 1, 2, 3 and 4 nm silver shells, obtained from
the UV-vis-NIR spectroscopic experiment. (b) The fourth power of the
maximum electric field enhancement, (Ee,max)“, in the vicinity of the
nanoparticle on top of a silica substrate. The grey dashed line marks
the 784 nm wavelength of the Raman spectrometer.
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73 eV is the bulk damping, and y,,q = 6.6 x 107 eV nm * is the
radiation damping.*® The dielectric function of silver was
adopted from He and Zeng.*” The model was solved for about

Fig. 4 The plots of the relative electric field enhancement, logyg(Ee) in
the vicinity of the AUNR and AuNR\Ags placed on a silica substrate at
784 nm excitation wavelength. (a) Bare gold nanorod (AuNR) with an
aspect ratio of 3, (b) AUNR\Ag(1) with a 1 nm silver coating, (c) AuN-
R\Ag(2) with a 2 nm silver coating, (d) AuNR\Ag(3) with a 3 nm silver
coating, and (e) AuUNR\Ag(4) with a 4 nm silver coating.

RSC Adv., 2017, 7, 53164-53171 | 53167
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2.5 million degrees of freedom, with a requirement of 220 Gb of
RAM.

3 Results and discussion
3.1 Experimental results

AuNR and AuNR\Ag Raman agents were synthesized using
a modified seed-mediated method® which is based on the
moderate reduction of gold and silver ions in the presence of
detergent-like molecules (CTAB). Five types of the prepared
nanomaterials were found to have unique spectral proper-
ties ideal for use as highly sensitive SERS Raman agents,
especially for biomedical applications.>**®* Raman spec-
troscopy is one of the most effective techniques that can be
applied non-destructively to study various kinds of
medical disorders like cancer for instance,***® as well as for
the determination of trace and single molecular level
analytes.”*

The size and shape of AuNR\Ags on top of a SERS Raman
agent were obtained from HRTEM images, see Fig. 2f-j. The
gold core rod was approximately 36 £+ 0.16 nm long and 12 +
0.13 nm wide, which corresponds to an aspect ratio of ~3. The
silver coating thickness for each class of SERS agent was ~1, 2,
3, and 4 nm approximately. The elemental composition of the
AuNRs and AuNR\Ags was also confirmed using X-ray photo-
electron spectroscopy® (see ESI documentt). The total surface
charge (zeta-potential) for each species of the AuNRs and
AuNR\Ags was determined using ZetaView®, from Electropho-
resis and Brownian Motion Video Analysis Laser Scattering
Microscopy, see Table S2 ESL{
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Fig. 3a shows the UV-vis-NIR spectra of the AuNRs and the
AuNR\Ags with 1, 2, 3 and 4 nm silver shell thicknesses in
colloidal solution. The addition of the silver shell blue shifts the
longitudinal surface plasmon resonance wavelength from
810 nm to 580 nm (see Fig. 3a). The transverse plasmon reso-
nance position also blue-shifted from 514 nm to 380 nm due to
the silver shell. The blue-shifting of the longitudinal and
transverse plasmon resonance spectra has two causes. The
longitudinal surface plasmon resonance of a nanorod depends
on its length-to-width aspect ratio.** In contrast, the dielectric
properties of the silver shell affect the blue-shifting transverse
and longitudinal plasmon resonances. Therefore, changing
a nanorod’s aspect ratio from high to low will shift the surface
plasmon resonance to lower wavelengths (see Fig. 3a), and
varying the length of the nanorod will change the surface
plasmon maximum absorption peak position (the extinction
cross-section position and value).

The optical properties of AuNRs are highly dependent on the
environment in the vicinity of the particle*® and, thus, will be
different when in a homogeneous colloidal solution and when
a single nanorod is on a substrate. Using the numerical model
the optical properties of the nanoparticles in a colloidal solu-
tion (Fig. 3a) and on top of a silica substrate in air (Fig. 3b) were
compared. Fig. 3b shows the fourth power of the maximum
electric field enhancement, (Ee may)’, in the vicinity of a nano-
particle on a substrate calculated using the numerical model. As
anticipated, the longitudinal near-field resonance of the electric
field enhancement blue shifted by between 40 nm and 190 nm.
By comparing the optical properties of nanoparticles in
a colloidal solution (Fig. 3a) and a nanoparticle on top of the
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Fig. 5 SERS signals from Raman agents with bare gold nanorods (AuNRs) and gold nanorods with 1, 2, 3 and 4 nm silver thicknesses (AUNR\Ags).
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substrate in air (Fig. 3b), one can observe that although AuN-
R\Ag(1) with a 1 nm silver shell has longitudinal plasmon
resonance close to the wavelength of Raman excitation at
784 nm (which is marked by the grey dashed line in Fig. 3a), all
of the types of nanoparticles actually appear to be off-resonance
when placed on a substrate. These results confirm the necessity
of accounting for the environment of the nanoparticles** when
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Fig. 6 Experimental SERS signals and numerical calculations of the
field enhancements and extinction cross-sections of AuNRs and
AuNR\Ags with different silver shell thicknesses at 784 nm wavelength.
(a) SERS integrated signal recorded for each kind of SERS Raman agent
using a Raman spectrometer for the peak at 1080 cm™* (see Fig. 5). (b)
The fourth power of the maximum electric field enhancement,
(Ee,max)“, in the vicinity of a nanoparticle on top of the silica substrate.
(c) The extinction cross-section, oex. calculated for each type of
nanoparticle on top of the substrate.
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working on the optimization of the SERS agents, rather then
relying on the spectroscopic measurements of the bulk colloidal
solution.

Fig. 4 shows the relative electric field enhancement, E., in the
vicinity of a nanoparticle on top of the silica substrate at 784 nm
incident wavelength on a log-scale, as well as the surface mesh
discretization of the silica substrate.

The integrated SERS signal for each type of Raman agent
shows that the maximum surface enhanced Raman signal was
obtained from a sample of AuNR\Ag coated with a 1 nm silver
shell, as illustrated in Fig. 5. The experimental results were
compared against numerical predictions. A simulation of the
response of a single nanoparticle on top of the silica substrate
in air to a circularly polarized electric field at 784 nm wave-
length also showed that AuNR\Ag with 1 nm silver thickness
exhibited the highest maximum electric field enhancement,
Ee¢ max, and extinction cross-section, oex, as shown in Fig. 6b and
c. However, the model predicted that the maximum electric
field enhancement for AuNR\Ag with a 4 nm silver shell should
be lower than the maximum electric field enhancements for
AuNR\Ag with 2 nm and 3 nm silver shells, which was not seen
experimentally. The calculated extinction cross-section of the
AuNR\Ag with a 4 nm silver shell was higher than the extinction
cross-sections of the AuNR\Ag with 2 nm and 3 nm silver shells,
which better correlates with the experimental SERS signal
results.

Generally, both the experimental and simulation results
were in agreement and showed that the 1 nm silver-coated gold
nanorods SERS Raman agent generated, at 784 nm, the highest
SERS signal (Fig. 6a) and the highest electric field enhancement
and extinction cross-section (Fig. 6b and c). Based on numerical
simulation of the single nanoparticle on a substrate (Fig. 3b),
the similar qualitative picture of the SERS signal enhancement
versus different silver shell thickness, as in Fig. 6a, should hold
true for wavelengths from 680 nm to 800 nm. Moreover, the
enhancement of the SERS signal will be different for different
studies of the nanoparticles, when the SERS excitation wave-
length will be in the range of 500 nm to 650 nm, where AuN-
R\Ags exhibit LSPR (Fig. 3b).

Raman enhancement factors for the gold nanorod and silver
coated gold nanorods were calculated based on the 1080 cm ™"
peak. All peaks were baselined and the integrated SERS signals
were estimated using LabSpec software (Table 1).

Table 1 Enhancement factors for: PATP (p-aminothiophenol), AUNR
and AuNR\Ags with different silver shell thicknesses at 784 nm
wavelength

SERS integrated Enhancement

Nanorods signal (a.u.) factor

PATP 582 1

AuNR 67847 117
AUNR\Ag(1) 580648 998
AuNR\Ag(2) 175364 301
AUNR\Ag(3) 384545 661
AuNR\Ag(4) 427870 735
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4 Conclusions

Experimental and simulation data for five kinds of gold-
nanorod-based SERS agents were collected to assess their
potential for biomedical applications. A chemical-based assay
was used to synthesize the nanomaterials. Each type was char-
acterized using a high-resolution transmission electron micro-
scope and X-ray photoelectron spectroscopy. Moreover, optical
absorbance was also recorded for each type of colloidal nano-
particle to determine the wavelength of the longitudinal surface
plasmon resonance. Additionally, a numerical model of a gold
nanoparticle on top of a silica substrate in air exposed to
784 nm wavelength circularly polarized light was solved for each
type of nanomaterial in a range of wavelengths. The numerical
model accurately predicted the experimental dependence of the
SERS intensity variation with Ag thickness and, therefore,
precisely predicted the optical properties of the nanoparticles
that were generated in the experiment. All of the AuNR\Ags
produced a superior surface-enhanced Raman spectra in
comparison to the bare AuNRs. However, under 784 nm laser
excitation, the AuNR\Ags coated with a 1 nm silver shell
produced the highest enhancement.
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