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Nanosupernova: a new anisotropic nanostructure
for SERS+
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Gold and/or silver nanostars are interesting anisotropic nanoparticles that have been used in surface-
enhanced Raman scattering (SERS). In particular SERS nanotags consisting of gold nanostars and Raman
reporter molecules have been widely utilised in biosensing and bioimaging. To improve the SERS activity
of gold/silver nanostars, this paper details the development of a simple synthesis method that results in
the formation of quasi-spherical SERS nanotags and larger highly anisotropic nanoparticles with a novel
structure, which we have designated nanosupernova. The resulting SERS nanotags and nanosupernova
contain gold/silver nanostars at their core, a self-assembled monolayer of Raman reporter molecules, and
a final silver coating. The silver coating is the essential step responsible for the formation of the two types
of particles, with incubation time, and type of Raman reporter molecule, the defining factor as to which
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forms. We discovered that the Raman reporter molecule, 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB),
plays a crucial role in controlling the morphology of nanosupernova. We believe the larger highly aniso-
tropic nanoparticles will open new applications in material sciences and in optical and electronic devices
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Introduction

Nanoparticles have been extensively investigated over the past
few decades due to their array of important applications
including: cancer treatment,' biosensing and bioimaging,*”
drug delivery,® semiconductors,’ energy production,'® photo-
catalysis,'" and environmental remediation.'*> The biomedical
applications of metal nanoparticles have proven to be of great
interest to researchers, whom especially favour nanoparticles
made from gold, silver and platinum."® Gold in particular dis-
plays excellent physical and chemical stability, good biocom-
patibility, and can be easily functionalised with organic and
biological molecules."*' Given its unique suitability for bio-
medical applications the production of gold nanoparticles has
been well researched and refined. One common biomedical
application of gold nanoparticles is in combination with
Raman spectroscopy for the purpose of biosensing and
bioimaging.>

In the 1970s it was discovered that the Raman spectra
intensity of pyridine could be significantly increased if the
Raman signal was collected on a roughened silver
electrode.’®'” This process became known as surface-
enhanced Raman spectroscopy (SERS) and after further refine-
ment it soon allowed for the detection of analytes at a single
molecule resolution.'® The dramatic enhancement in Raman
signal intensity by SERS is thought to be caused by two mecha-
nisms: the chemical effect (sometimes referred to as charge
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transfer) and electromagnetic enhancement,'® with the latter
contributing the most.>° The electromagnetic enhancement is
the strongest in “hot-spots” which occur at plasmonic nano-
structure junctions and the Raman signal of molecules near
these locations are considerably amplified.*"** Some bio-
molecules of interest are Raman active and can therefore be
attached to the nanoparticle surface and then directly detected
using SERS.>**® However, when the target molecules are
Raman inactive, it requires that the nanoparticles be labelled
with a molecule that exhibits a good and distinct Raman
signal or fingerprint for detection.> These molecules are often
referred to as Raman reporter molecules and nanoparticles
functionalised with such molecules referred to as SERS
nanotags.

It is known that assembling nanoparticles into dimers and
trimers increases SERS signals due to molecular resonance
and electromagnetic enhancements.® It has also been estab-
lished that nanoparticles with sharp edges demonstration
superior SERS activity due to their anisotropic structure and
coupling of the surface plasmon resonance of the particle with
the laser excitation.”” The addition of silver nitrate to gold nano-
particle synthesis has allowed for the fine tuning of SERS
characteristics. One such method of nanoparticle synthesis
involves using HAuCl,, AgNO; and reducing agents such as
ascorbic acid to create tuneable nanoparticles.”®*° The pro-
posed mechanism for this process is that the reduction of the
HAuCl, by the ascorbic acid forms the gold core of the particle
and the reduction of the AgNO; by the ascorbic acid allows the
AgNO; to act as a shaping agent which can be manipulated by
the chemical ratios and method of mixing.® The subsequence
nanoparticles can take the form of nanoflowers, nanoshells,
nanospheres and nanostars, with the nanostars giving the great-
est SERS signal at a laser excitation of 785 nm.?® Once syn-
thesised metallic nanoparticles can be used for either direct
(labelfree) or indirect (SERS nanotags) biosensing or bio-
imaging applications, such as nucleic acid detection,*® protein
biomarkers detection,®" as well as for in vitro detection of cancer
biomarkers,”” and the ex vivo imaging of biopsied tissues.*

To further enhance the Raman signal of SERS nanotags, a
recent innovation has indicated that the addition of a silver
coating on nanoparticles functionalised with Raman reporter
molecules will dramatically increase the SERS signal. For
example, Li et al. has reported the addition 20 times Raman
enhancement with silver coating on gold nanoparticles func-
tionalized by Raman reporter molecules.®® 1In another
example, the silver coating of gold nanostars which had been
functionalised with a Raman reporter molecule, 4-mercapto-
benzoic acid (MBA) gave a significant increase in SERS signal
strength compared with the nanostars alone.*>*°

In addition, interesting applications for larger nano-
particles of around 500 nm have been reported. For example
plasmonic nanoantennae have been created by using optical
trapping to assemble gold nanobursts (approximately 500 nm
in length with sharp and irregular edges) into small clusters
within a liquid crystal medium, which has been employed to
probe the chemical composition of liquid crystal defect cores,
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and detect small amounts of organic molecules by SERS.?” In
addition to SERS applications, nanobursts confined within a
liquid crystal medium, and collocated with quantum dot-in-
rod particles, have been used to study and direct plasmon-
exciton interactions.”” Indeed, there has been significant
general interest in distributions of colloidal nanoparticles in
liquid crystals because of their optical properties and potential
as rearrangeable self-assembling composite materials.*® This
increases the need for unique nanoparticle morphologies with
simple synthesis methods to further the field of nanoparticle
entrapment within liquid crystal mediums as a method for
creating composite materials and for basic research purposes.

To address the need for improved SERS nanotags for bio-
sensing and larger highly anisotropic microparticles for SERS,
material science, and basic research applications, we devel-
oped a simple synthesis method by coating anisotropic gold/
silver nanostars with a thin layer of silver. The proposed syn-
thesis method resulted in the formation of quasi-spherical
SERS nanotags (in the presence of any type of Raman reporter
molecule) and discovered the formation of larger highly aniso-
tropic nanoparticles with a novel structure only in the presence
of 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), named nanosu-
pernova, as they resemble an explosion of a star. The SERS
nanotags are approximately 110 nm in hydrodynamic size,
with a zeta potential of —29.5 + 8.02 mV, an LSPR peak around
425 nm and a SERS intensity of 6-fold higher than that of
gold/silver nanostars coated with Raman reporter molecules
without the additional silver layer which the nanotags possess.
The nanosupernova are approximately 500-1000 nm in hydro-
dynamic size, with a zeta potential of —32.5 + 6.21 mV, an
LSPR peak around 425 nm (however broader than the nano-
tags) and a SERS intensity of 6-fold higher than that of gold/
silver nanostars coated with Raman reporter molecules.

Experimental

Reagents and instruments

The reagents HAuCl4, AgNO3, DTNB, 4-mercaptobenzoic acid
(MBA), 2,3,5,6-tetrafluoro-4-mercaptobenzoic acid (TFMBA),
ascorbic acid and hydroquinone were all purchased from Sigma-
Aldrich (Sydney, Australia). Surface-enhanced Raman spec-
troscopy (SERS) spectra were obtained using a portable Raman
microscope (IM-52, Snowy Range Instruments, WY, US)
equipped with a 785 nm laser. Each sample was measured six
times, with a one second acquisition time, and the average was
used for data analysis. UV-Visible spectroscopy (Jasco, Japan)
was used to characterise the optical properties of the samples
and transmission electron microscopy (TEM, Philips CM10,
Eindhoven, The Netherlands) and scanning electron microscopy
(SEM, JEOL 6480LA SEM, Peabody, Massachusetts, USA) were
used to observe the physical characteristics of the nanoparticles.
The samples for TEM and SEM were prepared by adding a 10 pL
drop of nanoparticle suspension on top of the carbon-coated
copper grid (Zhongjingkeyi Film Technology, Beijing, China),
and letting it settle for 3 min before removing the drop with the
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filter-paper and drying it overnight. For SEM image, the same
TEM grid was used with conducting sticker to connect the grid
and the SEM sample holder. Dynamic light scattering (DLS) was
used to examine the hydrodynamic size of the samples and
zeta-potentials were obtained to examine the surface charge.
Both measurements were taken using a Zetasizer Nano (Malvern
Panalytica, Malvern, UK).

Gold and silver nanostars synthesis

The synthesis of gold and silver nanostars (Au/AgNSs) was
based on the one-pot method proposed by Liu et al.>® Briefly,
1440 pL of 10 mM HAuCl, and 80 pL of 10 mM AgNO; were
added to a 50 mL centrifuge tube containing 40 mL of Milli-Q
water and the tube was vortexed for 30 seconds at 1000 rpm.
240 pL of 100 mM ascorbic acid was added to the tube, the
tube quickly sealed and then inverted 2-3 times. The tube was
again vortexed for 30 seconds at 1000 rpm and the Au/AgNSs
were stored at 4 °C overnight prior to further use (Fig. 1A).

Addition of Raman reporter molecules

1 mL Au/AgNSs were aliquoted into the required number of
1.5 mL centrifuge tubes. 8 pL of 1 mM Raman reporter mole-
cules (DTNB or MBA or TFMBA) were added to each 1 mL Au/
AgNSs sample and then incubated with rotation for 2 h at 60
RPM (Fig. 1B). The Au/AgNSs@Ra samples were then centri-
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fuged for 10 min at 6000 rpm, the supernatant removed, and
the pellet resuspended in 1 mL of Milli-Q water.

Silver coating

To form the silver coating 90 pL of 10 mM AgNO; was added to
1 mL samples of Au/AgNSs@DTNB, followed by 30 pL of hydro-
quinone. The samples were incubated at 21 °C with shaking at
1500 rpm for 10 min, followed by shaking at 750 rpm for 1 h
(SERS nanotags) or 12 h (SERS nanosupernova). The synthesis
procedure resulted in the formation of nanosupernova repro-
ducibly when followed the precise protocol. The SERS nano-
tags and SERS nanosupernova were centrifuged for 10 minutes
at 6000 rpm, the supernatant removed, and the pellet resus-
pended in 1000 pL of Milli-Q water and then stored at 4 °C.
The synthesis scheme is shown in Fig. 1C.

Nanotags and nanosupernova controls

In the first set of controls three samples were made according
to the protocols described above but without the addition of
DTNB (Au/AgNSs@Ag). These samples were observed at 1 h
and at 12 h to determine if stable silver coated Au/AgNSs
formed. In the second set of controls nanotags and nanosuper-
nova were synthesised as per the normal procedure except
there was no addition of hydroquinone.

A. Synthesis of Au/AgNSs

Milli-Q water
—_—

HAuCl and AgNO: Vortex
MR A octer

~—-

B. Synthesis of Au/AgNSs@DTNB

Ascorbic acid ' Vortex
S
Acjahtss i) DTND Rotate ‘“M Au/AgNSS@DTNG * ‘ o
' ' ' ' ' R o - *

C. Synthesis of Nanotags and Nanosupernova

Nanosupernova \

6 7 L] ] w1 12

Hours

Fig. 1 Schematic illustration of the synthesis. (A): synthesis of Au/AgNSs, (B): synthesis of Au/AgNSs@DTNB, and (C): synthesis of SERS nanotags

(Au/AgNSs@DTNB@AQ) and nanosupernova.
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Finite-element method simulation

The structures were drawn by Fusion 360 software (Autodesk, USA,
CA) after analysis of TEM images of different samples. The enhanced
electric field was simulated by solving the governing equations based
on Mie theory and using COMSOL Multiphysics software package
(see https:/www.comsol.com), and finite-element method (FEM).
The refractive index data for gold and silver were taken from Johnson
and Christy’s work® and Hagemann et al.’s work.*° The surrounding
environment was assumed to be water (7 = 1.33). Refractive index of
DTNB was considered as 1.6. A plane wave linearly polarizing along
different directions and propagating perpendicular to the polariz-
ation direction at wavelength of 785 nm was set as the source.

—Au/AgNSs ~—Au/AgNSs@DTNB

0.9
308
=

0.7
8

g 0.6
305

0.4

A 300 350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

—Au/fAgNSs —Au/AgNSs@DTNB

10000

Intensity (a.u.)

B 200 400 600 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)

G 100 nm

Fig. 2 UV-Visible spectra and photograph of the solution (A), SERS
spectra (B) of the Au/AgNSs and Au/AgNSs@DTNB; and the TEM image
(C) of the Au/AgNSs.
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Fig. 3 UV-Visible spectrum and the photograph of the solution (A),
SERS spectrum (B) and TEM Image (C) of the SERS nanotags formed
with 90 pL of 10 mM AgNO3 and 30 plL of hydroquinone and incubated
for1h.

Results and discussion

Synthesis and characterisation of Au/AgNSs and Au/
AgNSs@DTNB

The Au/AgNSs were synthesised successfully across multiple
batches. There was some variability in size and UV-visible peak
wavelengths, but this did not appear to affect the synthesis of
the final SERS nanotags or nanosupernova. The peak wave-
length was around 625 nm (Fig. 2A), and the SERS signal was
negligible as expected (Fig. 2B). DLS showed average hydrodyn-
amic size of around 67.70 + 0.984 nm (Table S1}), meaning the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 The simulated enhanced electric field distribution on the surface
(top row) and around (bottom row) of Au/AgNSs@DTNB and SERS nano-
tags (Au/AgNSs@DTNB@AQ). E is the polarisation direction and K is the
propagation direction. The wavelength of the incident light is 785 nm.
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population was somewhat polydisperse. The zeta-potential of
the Au/AgNSs was —32.3 + 9.62 mV (Table S1f), indicating
stable nanoparticles. The Au/AgNSs have a distinctive blue-
green colour in solution (Fig. S3A and Bf). The morphology of
the Au/AgNSs is shown in Fig. 2C.

Upon incubation with DTNB, the localised surface plasmon
peak of the Au/AgNSs@DTNB red-shifted to approximately
650 nm (Fig. 2A) due to increase in refractive index of the sur-
rounding environment of the Au/AgNSs and the distinctive
DTNB fingerprint was clearly visible on the SERS spectrum
(Fig. 2B, see Table S2t for peaks assignment). This confirms
the successful conjugation of DTNB molecules on the surface
of the Au/AgNSs. No obvious colour change to the solution was
evident upon conjugation of the DTNB molecules (Fig. 2A). No
significant change in size occurred after incubation
(Table S17), which is as expected given the monolayer of DTNB
would be minor compared with the size of the Au/AgNSs. No
significant change in zeta-potential was observed (Table S17).

Silver coating: nanotags (Au/AgNSs@DTNB@Ag)

The silver coating was formed using AgNO; and the silver pre-
cursor and hydroquinone as the reducing agent. Different syn-
thesis conditions were trialled and are detailed in Fig. S1, S2
and Table S3 of the ESL.{
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Fig. 5 UV-Visible spectrum (A), SERS spectrum (B), TEM Image (C) and SEM images (D) of the SERS nanosupernova formed with 90 pL of 10 mM

AgNO3 and 30 plL of hydroquinone and incubated for 12 h.
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It was found that the mixture of 90 pL of HAuCl, and 80 pL
of 10 mM AgNO; with a 30 pL of hydroquinone and Au/
AgNSs@DTNB resulted in the best SERS enhancement
(Fig. S1Bt). In the synthesis of the SERS nanotags, the colour
change did not occur immediately but was achieved by the 1 h
mark, where a visible brown/yellow colour change was
observed (Fig. 3A). The SERS nanotags had a LSPR peak
around 425 nm (Fig. 3A), indicating the formation of silver
coating on the Au/AgNSs@DTNB. The SERS nanotags showed
enhanced SERS signal (6-fold) compared with Au/
AgNSs@DTNB, confirming the positive role of the silver
coating on the SERS performance of the as-designed SERS
nanotags (Fig. 3B). Comparing the SERS spectra before and
after silver coating (Fig. 2B and 3B), we can see that the ratio
between the characteristic SERS peaks of DTNB have been
changed. This change could be attributed to the effect of silver
and possible charge transfer between DTNB molecule and
silver, which makes the SERS spectrum of DTNB different
from when DTNB is adsorbed on gold.*"**> The as-synthesized
SERS nanotags appear as quasi-circular particles under the
TEM (Fig. 3C) and were 108.7 + 0.8 nm in hydrodynamic size
with a good polydispersity index (PDI) of 0.202 (Table S37).
The nanotags had a zeta-potential of —29.5 + 8.0 mV which
indicates that the particles were stable in solution (Table S37).

To explain the observed SERS enhancement, the electric
field distribution around the Au/AgNSs was simulated for
before and after the addition of the silver coating. As it can be
seen in Fig. 4, the electric field can be improved when a layer
of silver has been coated on surface of Au/AgNSs@DTNB. The
dramatic increase in SERS signal after the addition of the
silver coating is likely due to the surface plasmon coupling
resonance effect that takes place between the Au/AgNSs and
the thin silver layer. The DTNB layer acts as dielectric and
therefore, the metal/dielectric/metal gap plasmon cavity
results in the enhanced electric field in the space between the
two metals, which leads more DTNB molecules to be excited.
This enhanced electric field within the nanotags leads to
higher SERS intensity compared with Au/AgNSs@DTNB.*
This effect has been experimentally shown to occur between
gold nanoparticles with a silver coating,** and gold nanostars
with a silver coating,® but to the authors’ knowledge this is
the first instance of it being demonstrated both experimentally
and through simulations between Au/AgNSs and a silver
coating.

Nanosupernova

In the synthesis of Au/AgNSs@DTNB@Ag SERS nanotags with
maximum SERS intensity (i.e., using 90 pL of AgNO; with
30 pL of hydroquinone), the incubation time was 1 h. However,
if we prolong the shaking time to 12 h, the resulting solution
appeared visually identical to the SERS nanotags, where a
broader LSPR peak around 425 nm was obtained (Fig. 5A). The
as-synthesized nanostructures (nanosupernova) also had excel-
lent SERS signals (Fig. 5B). The TEM and SEM images of these
nanostructures revealed that a unique nanosupernova mor-
phology had formed Fig. 5C and D. The additional incubation
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with shaking appears to have allowed the silver coating to
form complex protrusions around the original nanostar core.
The timing and speed of the shaking was found to be of par-
ticular importance to the formation of these protrusions: with

20
16

12 |E|
|Eol

Fig. 6 The simulated enhanced electric field distribution around the
Nanosupernova. E is the polarisation direction and K is the propagation
direction. The wavelength of the incident light is 785 nm.

i

% g
E (¥} 1000 nm

="
Fig. 7 Photographs of the nanotags (A), nanosupernova (B) and the Au/
AgNSs@Ag particles (C). The nanotags and nanosupernova are stable in
solution, however when no DTNB is added the particles aggregate. TEM
images of particles made using the synthesis method for nanotags (D)
and nanosupernova (E), but without the addition of hydroquinone.
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the optimal conditions being 10 min of initial shaking at 1500
rpm, followed by shaking for the remainder of the 12 h at 750
rpm (Fig. S31). Based on the TEM and SEM images the nano-
supernova particles are between 500 and 1000 nm, with some
protrusions within the 100 nm nanometre range. According to
DLS measurements the hydrodynamic diameter of the par-
ticles is 428.5 + 72.2 nm. The zeta-potential of the nanosuper-
nova was —32.5 + 6.2 mV, which indicates that they are stable
in solution. Nanoparticles particles have a morphology that is
different to any previously reported in the literature, with the
added benefit of an internal SERS reference and excellent
SERS signal. The designed nanosupernova have a dramatically
enhanced electric field, when excited by incident light at
different directions. This demonstrates that the enhanced elec-
tric field plays an important role in the SERS enhancement of
the nanosupernova. Based on the simulation results, which
are shown in Fig. 6 and Fig. S4,1 the enhanced electric field
distribution depends on the relative orientation between nano-
supernova and the incident light, where changing the polariz-
ation direction affects the magnitude of enhanced electric
field and its distribution, which is expected in anisotropic
nanostructures with an asymmetric structure. Performing such
a direction-dependent simulations is of great importance since
the nanosupernova particles are randomly distributed in the
solution and the experimental SERS study in this work has
been performed in solution. Our results suggest that the nano-
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supernova can be excited by 785 nm incident laser, no matter
how the particle is orientated in front of laser beam, which
demonstrates its great potential to be used as SERS substrate
in bio applications. Both Au/AgNSs@DTNB@Ag structures
(SERS nanotags and nanosupernova) can be utilised for the
multiplex SERS detection, where the strong SERS intensity is
favoured for the distinction of Raman peaks from the individ-
ual SERS nanotags, leading to improvement of the sensitivity
of the SERS biosensor.*” In particular nanosupernova could be
used as internal SERS tag control in the design of planar SERS
biosensors.**”

The role of DTNB in the formation of nanosupernova

To understand the formation of nanosupernova, control
experiments were performed. Interestingly in the absence of
DTNB, the Au/AgNSs@Ag particles aggregated into large
visible clumps within 1 h of shaking. Photographs of colloidal
solutions ~ comparing the SERS  nanotags  (Au/
AgNSs@DTNB®@Ag) (1 h), nanosupernova (Ag/
AgNSs@DTNB@Ag) (12 h), and Au/AgNSs@Ag (without DTNB)
are shown in Fig. 7A-C. The fact that SERS nanotags and nano-
supernova only formed in the presence of a DTNB monolayer,
demonstrates that DTNB plays a role in the formation of stable
SERS nanotags and nanosupernova.

In another control experiment, hydroquinone was taken
out from the synthesis procedure to test if DTNB was
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Fig. 8 SERS spectra of the MBA SERS nanotags (A) and TFMBA SERS nanotags (B) made with 30 pL AGQNO3 and 30 pL hydroquinone then incubated
for 12 hours. The figure includes TEM images of the MBA nanotags (C) and TFMBA nanotags (D).
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acting as a reducing agent. As indicated in Fig. 7D, quasi-
circular particles (in the absence of hydroquinone) were
formed but were larger and less spherical than the SERS
nanotags made with hydroquinone (1 h). Under the 12 h
reaction, a smaller (appx 300 nm) and less developed pro-
trusions nanosupernova formed in the absence of hydro-
quinone (Fig. 7E).

Control experiments were also conducted to see if other
Raman reporter molecules (MBA and TFMBA) would also
enable the formation of nanosupernova. It was found that
MBA and TFMBA were able to form SERS nanotags, however
under 12 h incubation, which is very similar to that of the
DTNB SERS nanotags at 1 h incubation. The MBA nanotags
showed an approximately 4-fold SERS intensity increase com-
pared with Au/AgNSs@MBA particles (Fig. 8A). SERS spectrum
of TFMBA nanotags was compared with Au/AgNSs@TFMBA
particles Fig. (8B). Both MBA and TFMBA SERS nanotags are
quasi-spherical in shape and approximately the same size as
the DTNB SERS nanotags (1 h incubation), although the
TFMBA showed an approximately 10-fold increase in SERS
intensity due to the more pointed edges than the MBA and
DTNB nanotags (Fig. 8C and D). No nanosupernova structure
formed with the MBA and TFMBA as occurred with the DTNB
after 12 h of incubation. This supports the notion that DTNB
plays a crucial role in the formation of nanosupernova.
Although the applications of nanosupernova is out of the
scope of this work, we hope to investigate their applications in
the future.

Conclusion

This paper has described a simple synthesis method that
results in the formation of novel highly anisotropic nano-
particles — nanosupernova with internal SERS reference and
excellent SERS signal. We demonstrated that the addition
of a silver coating on Au/AgNSs functionalised with one of
a variety of Raman reporters (DTNB, MBA and TFMBA)
forms SERS nanotags that have a dramatically increased
SERS signal when compared to functionalised Au/AgNSs
without the silver coating (6-fold that of gold/silver nano-
stars coated with Raman reporter molecules). In addition,
we have discovered that DTNB seems to have inherent
reducing capacity and plays a significant role in the mor-
phology of the formation of new nanostructure - nanosu-
pernova, which was also controlled by the reaction time
(12 h). The formed nanosupernovas have sizes around
500-1000 nm and show a strong electronic field as demon-
strated by FEM simulation. Furthermore, the nanosuper-
nova can be excited by 785 nm incident laser at all orien-
tations in solution which demonstrates its great potential
to be used as SERS substrate in colloidal applications. We
believe the work detailed in this paper might prove useful
for SERS multiplexing applications and of the new aniso-
tropic nanostructure in material science and other optical
or electronic applications in future.
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