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ABSTRACT

We report a one-pot seedless green method for the synthesis of gold-silver (AuAg) spiky branched nanos-
tars, with gold (90%) being the major component. Here, the zwitterionic surfactant lauryl sulfobetaine
(LSB) is employed in the synthesis of bimetallic nanostars. The concentration of LSB plays an important
role in determining the shape of nano-objects. A minimum LSB concentration of 50 mM is required for
the formation of spiky branched nanostars, the size of which is controlled by increasing the LSB
concentration. Two distinct intense localized surface plasmon resonances in the near-infrared (NIR) and
short-wavelength infrared ranges are observed. The molecular structure of LSB causes LSB molecules to
assemble into spherical micelles that act as a soft template for the growth of the nano-objects. An analysis
of the mechanisms behind the formation of the nanostars suggests that there is a rapid growth of spikes
followed by the formation of a spherical core at the center. AuAg nanostars with evenly spaced spikes
and low branching demonstrate great potential as efficient nanocatalysts, surface-enhanced Raman
scattering-active substrates and for photothermal therapy, active in both the visible and NIR regions.
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1. Introduction

Plasmonic noble metal nanoparticles such as gold and silver
show great potential for optical and biomedical applications due
to their unique optical properties that arise from localized surface
plasmon resonances (LSPRs) [1,2]. These resonances are strongly
influenced by the anisotropy of the particles because most of these
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particles exhibit LSPR peaks in the visible to near infra-red (NIR)
regions [3,4]. The order of anisotropy predominates in branched
nano-objects, which have been referred to as nanostars, nano-
urchins, nanoflowers, and spiky, thorny or multibranched nanopar-
ticles in previous research [5-10]. Branched nano-objects have
generated significant interest for use in biological applications
due to their tunable LSPR in the NIR region, within which blood
and tissue are transparent [5,10]. Furthermore, due to the presence
of multiple hot spots that arise due to the sharp protruding tips
that confine and enhance a local electromagnetic field, this type
of nanoparticle (NP) holds significant promise for use in surface-
enhanced Raman scattering (SERS) and catalysis [11-15]. The core
of a branched nanostructure serves as a nanoscale antenna that
provides high charge density and charge polarization at the small
radii tip of the spikes, enhancing the excitation cross section and
the local electromagnetic fields [7,16,17].

Due to their unique properties, there has been an increasing
number of synthetic procedures proposed for the controlled syn-
thesis of branched nano-objects. Of particular interest is colloidal
synthesis, which commonly involves either seeded growth or
non-seeded homogeneous nucleation [3,8]. The seeded growth
method consists of a two-step reduction process where small
spherical NPs are initially prepared as seeds and added to a growth
solution. Which usually contains silver ions (Ag+) to facilitate sym-
metry breaking [ 18], a weak reductant, shape-directing agents, and
additional gold ions for the growth of nano-objects. In non-seeded
growth, reduction is performed in a single step in which both
nucleation and growth take place together. The materials required
for the preparation of anisotropic NPs using non-seeded method
are usually the same as those present in the growth solution used
in the seeded method.

In various applications, including photothermal therapy,
branched gold nanostructures are particularly common due to
the low reactivity of gold [19]. Silver nanoparticles, on the other
hand, are generally unstable and prone to intense, rapid oxidation
[20]. However, they are also excellent plasmonic materials and can
sometimes produce a stronger plasmonic resonance than their gold
counterparts, especially in SERS applications [21,22]. Hence, incor-
porating a fraction of silver with gold as an alloy is an effective way
to enhance the optical properties of gold while preserving its bio-
compatibility. In addition, due to the bi-functional or synergistic
effects produced by metal-to-metal charge transfer, nanoalloys
exhibit superior properties when compared to their constituent
monometallic elements [23]. The goal of this work is thus to pre-
pare bimetallic gold-silver branched nano-objects using a simple
one-pot synthetic protocol.

In recent years, the non-seeded one-pot synthesis of branched
nano-objects has been investigated as a way to overcome the com-
plications involved in two-step seeded growth [24-26]. However,
there has been a lack of reports on nano-objects with longer and
sharper multibranched structures (something which has not been
achieved using the seeded-growth method either) that can effi-
ciently enhance electromagnetic fields. Therefore, we propose a
one-pot method for the high-yield synthesis of branched nano-
objects with varying branch numbers and lengths, which we refer
to as nanostars. Nanostars are nano-objects with spikes protruding
from a spherical core. Synthesis is achieved using aqueous wet
chemistry method in the presence of the zwitterionic surfactant
lauryl sulfobetaine (LSB). The critical micelle concentration (CMC)
of LSB is 2 mM, at which it forms spherical micelles [27,28]. LSB
consists of a sulfate anion and a quaternary ammonium cation sep-
arated by a short methylene spacer as the hydrophilic polar head-
group and a hydrocarbon chain as the hydrophobic tail [29].

The synthesis of gold nanostars using the seeded-growth
method in the presence of LSB has been reported previously
[28,30], but their yield and uniformity have been poor using this

multi-step process. We are able to optimize the synthetic protocol
to control the number of branches and their length by varying the
concentration of LSB. In addition, because sulfobetaines are a series
of commercially available zwitterionic surfactants with varying
hydrophobic hydrocarbon chain lengths, two other sulfobetaines
with different chain lengths, octyl sulfobetaine (OSB) and palmityl
sulfobetaine (PSB), were also examined under similar conditions to
study the influence of the surfactant on the shape of the resulting
nanostars. In contrast to previously reported studies on the prepa-
ration of nanostars, we report here the preparation of bimetallic
AuAg nanostars. We compare the effect of the three zwitterionic
surfactants on nanostructure formation and determine the forma-
tion mechanisms based on time-resolved transmission electron
microscopy (TEM). Exploiting the localized surface plasmon reso-
nance effects of plasmonic nano-objects holds the key to their
enhanced performance in various applications. Hence, here we
assess the properties of the as-prepared bimetallic AuAg nanostars
by investigating their catalytic activity and surface-enhanced
Raman scattering (SERS) effects.

The potential use of our proposed nanostars in photothermal
therapy (PTT) is also explored in this study. PTT is a minimally
invasive therapeutic approach that converts photon energy into
heat energy to destroy cancer cells [31,32]. PTT is based on the
NIR-light irradiation of nanomaterials such as gold, quantum dots,
carbon nanotubes, and graphene oxide, which leads to the excita-
tion of the nanomaterial and the dissipation of the heat to the sur-
rounding area [33-36]. In particular, anisotropic noble metal
nanoparticles can be directly and effectively delivered to the target
sites and NIR photon radiation applied at a range between 700 and
1400 nm in continuous or pulsed modes to avoid damage to the
normal cells [3], with the wavelength of the emitted photons
affected by the size and shape of the nanoparticles. The high absor-
bance of our as-prepared AuAg nanostars in the NIR region is
expected to be transformed into highly stable heat generation in
a biological environment, thus making them potentially useful in
this treatment. Indeed, biomedical science is currently facing the
serious challenge of drug-resistant cancer cells and microbial
pathogens, which can be overcome by engineering plasmonic
nanostructures such as nanostars [25,37-40]. The treatment of
drug-resistant health conditions using PTT is thus important
because it represents a drug-free, cost-effective treatment method.

2. Experimental section
2.1. Materials and methods

All of the reagents used in this study were of analytical reagent
grade. Hydrogen tetrachloroaurate(lll) trihydrate (HAuCl,-3H,0),
silver nitrate (AgNOs), ascorbic acid (AA), 4-nitrophenol (4-NP),
sodium borohydride (NaBH4;) and 4-aminothiophenol (4-ATP)
were purchased from Sigma-Aldrich. Lauryl sulfobetaine (LSB),
octyl sulfobetaine (OSB) and palmityl sulfobetaine (PSB) were pur-
chased from Tokyo Chemical Industry Co., Ltd. (Korea), and sodium
hydroxide (NaOH) was purchased from Samshun Pure Chemical
Co., Ltd. (Korea). All chemicals were used as received. Doubly dis-
tilled deionized (DI) water (H,0) was used throughout the synthe-
sis process. All glassware was precleaned with aqua regia (a
mixture of HCI:HNOs at a 3:1 vol ratio) and rinsed thoroughly with
DI H,0. The morphology of the nano-objects was observed using a
JEM-2100F (JEOL, Japan) field emission transmission electron
microscope (FETEM) operated at a voltage of 200 kV and equipped
with an energy-dispersive X-ray spectrometer (EDS, Oxford Instru-
ments, Oxford, UK) for elemental analysis. For FETEM imaging, the
synthesized colloids were concentrated by centrifuging at
8000 rpm for 10 min, collecting the residue, and dispersing it in
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1 mL of H,0. The concentrated solution was dropped onto a
carbon-coated copper grid and dried in a vacuum for 24 h before
imaging. UV-Visible-NIR spectra for the as-prepared colloidal solu-
tions were recorded using an UV-Visible-NIR spectrophotometer
(V-770 Jasco, Japan).

2.2. Synthesis of the gold-silver nanostars

The standard synthesis process in this study was carried out in
10 mL batches, with appropriate volumes of LSB dissolved in DI
H,0 (8.45 mL) under stirring in a 70 mL glass vial to produce 25,
50, 75, and 100 mM LSB. After complete dissolution, the stirring
was halted and HAuCl4-3H,0 (0.5 mL, 0.01 M) added to the LSB
solution, followed by mixing using manual agitation. AgNOs3
(0.05 mL, 0.02 M) was also added and mixed again using manual
agitation for about 1 min. Finally, NaOH and AA (0.1 mL, 0.1 M)
were added and mixed until a blackish color was observed. The
mixture was then left undisturbed under ambient conditions for
12 h to allow the gold-silver nanostars (AuAg NSs) to form. For lar-
ger volumes of LSB, the amounts of DI H,O, metal precursors,
NaOH, and AA were increased proportionally.

2.3. Catalytic reduction of 4-Nitrophenol using AuAg nanostars

Prior to each experiment, a 4-NP and NaBH, solution was
freshly prepared. NaBH,4 (150 pL, 0.1 M) and AuAg NS (50 uL) were
sequentially added to an aqueous solution of 4-NP (30 uL, 0.01 M)
in a 3 mL disposable UV cuvette containing 2.77 mL of H,O and
then mixed. Time-resolved UV-Vis absorbance spectra were
recorded using a UV-Vis spectrometer at 1-min time intervals with
a 200-800 nm wavelength scanning range under ambient
conditions.

2.4. Surface-Enhanced Raman spectroscopy measurements

Raman spectroscopy (FEX, NOST, Republic of Korea) measure-
ments were all performed at an excitation wavelength of
785 nm. Top-view spectra were collected (laser power: 60 uW,
accumulation time: 15 s) using a 100X objective. SERS measure-
ments were performed with 1 mM, 4-aminothiophenol (4-ATP)
as a SERS probe molecule. The as-prepared AuAg NSs were washed
via centrifugation at 8000 rpm for 10 min, followed by the re-
dispersion of the residue in 1 mL of DI water. From this colloidal
solution, 50 UL of the NCs were dispersed in 0.45 mL of ethanolic
4-ATP solution and left to stand under ambient conditions for at
least 6 h to allow probe-molecule adsorption by the nanostars.
The samples were then centrifuged to remove the unbound 4-
ATP molecules and the residue washed an additional two times
with absolute ethanol to remove any excess unbound 4-ATP. The
residue was then re-dispersed in 50 pL of ethanol and the solution
dropped onto a Si wafer and dried in the air in preparation for SERS
measurements.

2.5. Photothermal studies

In the first set of experiments, three aqueous solutions contain-
ing AuAg NSs of different sizes were placed in a glass vial and irra-
diated from the top with an 808 nm diode laser with an energy of
200 mW/cm?. The best performing sample in this experiment
(AuAg NS50) was selected and then irradiated from the top at dif-
ferent energy densities (50, 100, 200, and 500 mW/cm?) using the
808 nm diode laser. This was followed by further characterization
at 200 mW/cm? using irradiation from a 680-nm diode laser. An
NIR camera was placed and focused on the point of laser exposure
and images were recorded at specific time intervals. The thermo-

graphs were analyzed using IR Flash software to obtain the average
temperature of the AuAg NS solution.

3. Results and discussion

A one-pot synthetic method designed to replace the commonly
used galvanic replacement reaction method [41] for the synthesis
of AuAg hollow cubic nanostructures was recently developed and
reported by us [42]. Micelles of the biocompatible surfactant
Tween 80 (T80) were used as soft templates for the growth of
the hollow nanocubes and ascorbic acid (AA) was employed as
the reducing agent. Here, we describe a simple one-pot seedless
method for the synthesis of AuAg nanostars (AuAg NSs) using a
modified synthetic process in the presence of the zwitterionic
surfactant lauryl sulfobetaine (LSB). To identify the optimal exper-
imental conditions for the synthesis of nanostructures, UV-Vis-NIR
spectroscopic measurements were used as the primary screening
characterisation tool in conjunction with TEM analysis. Replacing
T80 with LSB, experiments were performed that combined gold
and silver metal ions at a 5:1 ratio in the presence of AA.

Fig S1 shows the UV-Vis-NIR extinction spectra of three differ-
ent concentrations (25 mM, 50 mM and 75 mM of LSB) and TEM
images of the AuAg NSs obtained in the presence of 50 mM LSB.
The plasmon bands in the NIR region for all three concentrations
suggest the formation of non-spherical nano-objects and the
broadness of these bands indicates non-uniformity in size and
shape. Due to the similarities in the plasmon bands, the AuAg
NSs synthesized using 50 mM LSB were examined as a model sam-
ple using TEM; they were observed to have formed of large star-
shaped non-uniform aggregates. AA (pKal: 4.10, pKa2: 11.79) is
known to possess poor reduction ability at low pH. However, the
ability to reduce metal ions increases with increasing pH [43].
We speculate that the non-uniform size and shape of the AuAg
NSs formed here could be the result of the poor reduction ability
of AA. Hence, the reaction was performed under alkaline condi-
tions using equimolar proportions of AA and NaOH. Five different
concentrations (10, 25, 50, 75, and 100 mM) of LSB were examined
to investigate the effect of concentration on AuAg NS formation.
Well dispersed colloids of excellent stability comparable to the
parent nanoparticles were obtained. As shown in the UV-Vis-NIR
results (Fig. 1), differences in plasmon bands were observed for
the five LSB concentrations. A single plasmon band at 527 nm for
10 mM LSB clearly indicates the formation of spherical AuAg NSs.
As the concentration of LSB increased, a hypsochromic shift in
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Fig. 1. UV-Vis-NIR extinction spectra of nano-objects formed at different concen-
trations of LSB.
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the plasmon bands to the NIR region was observed, suggesting the
formation of non-spherical AuAg NSs. For 25 mM LSB, strong
absorption was observed at 563 nm and two shoulder peaks were
observed centered around 670 nm and 1054 nm, indicating the
evolution of non-spherical particles. Above a concentration of
50 mM LSB, maximum absorption occurred in the NIR region,
exhibiting distinct narrow plasmon bands in contrast to the broad
bands observed when only AA was used. For example, in the
50 mM LSB samples without NaOH, a broad plasmon band cen-
tered at 1200 nm was observed. When NaOH was added, the broad
band split into two narrow bands, with one positioned at 949 nm
and the other at 1308 nm (Figs. S1A and 1). The distinct narrowing
of the bands suggests the formation of AuAg NSs of uniform size
and well-defined shape. As the concentration of LSB increased fur-
ther to 75 and 100 mM, the two distinct peaks observed at 50 mM
merged into a single peak positioned at 1098 nm and 1278 nm,
respectively. The hypsochromic shift in the plasmon bands from
527 nm for 10 mM LSB to 1278 nm for 100 mM LSB also suggests
an increase in the size of the AuAg NSs.

The results of the TEM analysis coincide with the extinction
spectra for the different concentrations of LSB. As shown in
Fig. 2, the AuAg NSs formed using 25 mM LSB were small star-
shaped (25 +4 nm) and appeared similar to spherically shaped
nano-objects under low magnification. Above 50 mM, AuAg NSs
with a well-defined star shape were observed, with an increase

AW bt L
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r

in the size and the number of branches with increasing LSB con-
centration. The radius of the star was used as a measure to define
the size of the AuAg NSs by calculating the distance from the center
of the star to the edge of the branchs. The average size of the AuAg
NSs measured from the TEM images using Image] software was
found to be 69 + 13 nm, 88 + 17 nm, and 107 + 16 nm for LSB con-
centrations of 50 mM, 75 mM, and 100 mM, respectively.

STEM-EDX mapping was used to assess the distribution of Au
and Ag elements in the NS (Fig. S2). The EDX results show that
the weight percentage of Au at the center and the edge was above
85% (92:8 and 89:11, respectively), suggesting that the major por-
tion of the AuAg NSs were made up of Au. There was a minor dif-
ference in the atomic ratio of Au:Ag at the centers and edges (87:13
and 82:18 respectively). The above elemental mapping, conducted
using point patterns, suggests that the elemental ratio between Au
and Ag is 6:1 at the centre and 4.5:1 at the edge, which is close to
the feed ratio of 5:1. The ratio obtained using inductively coupled
plasma optical emission spectrometry (ICP-OES) was 7:1. Thus, the
oxidation state of Au and Ag on cubic nanostars exists in the form
of elemental Au and Ag rather than their ions, confirming the com-
plete reduction of metal ions to metal with a ratio close to the feed
ratio.

To study the role of Ag in the formation of the nanostars and to
understand the mechanisms involved in this process, experiments
were performed using four ratios of Au to Ag (5:0, 5:1, 5:5 and

Fig. 2. TEM images of nano-objects formed at different concentrations of LSB: (A) 25 mM, (B) 50 mM, (C) 75 mM and (D) 100 mM. Scale bar = 100 nm. Insets represent the

corresponding single nanostar.
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5:10) with 50 mM LSB. UV-Vis-NIR analysis (Fig. S3) confirmed a
sharp peak at 538 nm and a broad shoulder in the NIR region for
the 5:0 ratio, indicating the formation of randomly shaped NPs
with a broad range of sizes. As the concentration of Ag in the reac-
tion system increased, bathochromic shifts in the LSPR bands were
observed, indicating a decrease in the size of the NPs. In addition, a
decrease in the intensity of the band at 1684 nm was observed. To
examine the shape and the size of the NPs under these conditions,
TEM analysis was conducted. As shown in Fig. S3, there was a
change in the morphology of the nanostars and a decrease in size
(69+13nm, 397 nm, and 17 +9 nm for the ratios of 5:1, 5:5
and 5:10, respectively). For the 5:0 ratio, we observed solid NPs
with multiple shapes and an average size of 77 £ 19 nm. From
the above analysis, it is clear that the presence of a low feed
concentration of Ag is crucial to the formation of star-shaped
nano-objects. However, a high concentration of Ag leads to
nano-objects that are close to spherical. We postulate that, as the
concentration of Ag in the system increases beyond that of Au,
the reduction of Ag ions takes place faster than for the Au ions, thus
the ability of Ag ions to break the symmetry of the initial NPs is
lost.

Overall, we can confirm that reducing the AuAg metal ions at a
5:1 ratio in the presence of equimolar AA, NaOH, and LSB concen-
trations above 50 mM, AuAg NSs can be obtained. The size and the
number of the branches are controlled by the concentration of LSB.
This leaves us with the question of what mechanisms are involved
in the formation of AuAg NSs in the presence of LSB. We believe
that the micellar structure formed in an aqueous medium in the
presence of Au and Ag metal salts and the reducing agents plays
a major role in directing the shape of NPs. To confirm this role of
the micellar structure, we performed the same experiments using
other zwitterionic surfactants to determine if similar AuAg NSs
could be obtained. Two sulfobetaine surfactants with differences
in their hydrophobic chain were selected: octyl sulfobetaine
(OSB; CMC =330 mM), which contains two CH, groups fewer in
its hydrophobic chain than LSB, and palmityl sulfobetaine (PSB;
CMC = 0.01 mM), which has two additional CH, groups. Experi-
ments were performed under the same protocol in the presence
of the corresponding surfactants (50 mM). As a preliminary obser-
vation, we found that the colloid obtained using OSB was reddish
in color, while PSB produced a bluish colloid which soon aggre-
gated and settled at the bottom, indicating poor stability
(Fig. S4C). UV-Vis-NIR and TEM analysis of OSB indicates the for-
mation of small non-uniformly shaped nano-objects that resem-
bled the AuAg NSs (Fig. S4). However, although we used the
same class of zwitterionic surfactants to which LSB belonged, we
were not able to obtain the same star-shaped NPs. Hence, it is clear
that the micellar structure that a particular surfactant forms in the
reaction medium determines the shape of the nano-objects at the
end of the reaction. We believe that, at concentrations of LSB at or
above 50 mM, a micellar structure that favours star-shaped NPs is
formed in the aqueous reaction medium.

Time-resolved UV-Vis-NIR spectroscopy and TEM analysis of
the AuAg NSs obtained using 50 mM of LSB were conducted to
understand the evolution of NP shape and the mechanisms behind
it. The reactants were added as described in the experimental sec-
tion in a vial. After the appearance of the blackish coloration, 1 mL
of the sample was taken and placed in a UV quartz cuvette. Absor-
bance was measured without disturbing the sample in cycles until
maximum intensity had been achieved. As shown in Fig. S5, upon
addition of the reducing agents to the surfactant solution with the
metal ions, reduction takes place instantaneously. LSPR bands
characteristic of anisotropic NPs were observed from the UV to
the NIR region. A weak band at 532 nm, the strongest band at
935 nm, a shoulder band at 1306 nm, and a strong band at
1684 nm were observed. After one hour, the intensity of the bands

increased, with a slight hypsochromic shift in the band at 935 nm
to 910 nm and a bathochromic shift in the band at 1306 nm to
1314 nm. The bands at 532 nm and 1684 nm remained unchanged.
As time progressed further, the band at 910 nm narrowed and
exhibited a hypsochromic shift until it reached a stable point after
6 h, after which there was no change observed in any of the bands.
These results indicate that nucleation and growth take place
instantly within an hour and further definition of the shape of
the NPs takes place over the course of 6 h.

The change in the shape of the NPs was observed from images
taken at different intervals of time using TEM, based on the above
time-dependent UV-Vis-NIR experiment. Four samples were pre-
pared, and the reaction was arrested using centrifugation to
remove the unreacted reactants at different intervals of time: 0 h
(soon after the addition of the reducing agents), 1h, 3 h, and 6 h.
The centrifuged precipitate was concentrated and dropped on a
TEM grid. The TEM image in Fig. S6 identifies the formation of
NPs with branches protruding from its center point. Over the
course on an hour, the core of the branched NPs surrounding the
center point where the branches originated grew into a thicker
spherical structure, eventually leading to the formation of star-
shaped NPs with a spherical core and branches protruding from
the center of the core. After 1 h, there was no significant change
is the shape of the NPs. Based on the UV-Vis-NIR and TEM analy-
ses, we believe that the LSPR band at 1684 nm corresponds to
the branches in the NPs because the band was first observed within
a few minutes of the reaction beginning, and it remained
unchanged throughout. The other bands correspond to the core
of the NPs, which was weak in the early stages of the reaction
intensified after 1 h, as indicated by the TEM images.

Overall, from the above observations, we can propose the mech-
anisms that lead to the formation of AuAg NSs in the presence of
different surfactant concentrations. A schematic representation of
the formation of star-shaped NPs using 50 mM LSB is presented
in Fig. 3. Initially, when LSB is dissolved in water, it forms spherical
micelles, with the head of the surfactant molecules pointing out-
wards and the tail inwards towards the core [44]. Upon the addi-
tion of the HAuCl, salt, the Au®* ions assemble around the stern
layer (head group region of the LSB micelle [44]. Similarly, when
AgNOs is added, the Ag* ions distribute themselves over the Au®*
ions around the head group of the surfactant micelle. When the
reducing agents AA and NaOH are added to the surfactant solution
with the metal ions, nucleation takes place very rapidly leading to
the formation of small spherical AuNPs and AgNPs. The AgNPs
break the symmetry of the AuNPs, allowing additional Au ions to
interact with the nuclei and generating further growth into aniso-
tropic NPs. At a 5:1 ratio of Au:Ag, the Ag ions are distributed at
defined positions far from each other. The AgNPs are able to break
the symmetry of the AuNPs at those positions, and it is only at
these positions that the anisotropic growth of AuNPs takes place,
leading to protrusions at these spots that grow into branches.
The remaining Au ions that are not involved in the branching are
reduced at the center of the branches that lead to the thick spher-
ical core. This finally results in NPs with sharp protrusions from a
thick spherical core (i.e., AuAg NSs).

In Fig. S3, it can be observed that higher concentrations of Ag
led to NPs that were almost spherical in shape. This supports our
proposed synthesis mechanism described above. When the Au:Ag
ratio is 1:1, there is an equal distribution of metal ions, and the
Ag ions are closer to each other. The AgNPs thus become involved
in the nucleation process together with the AuNPs, rather than
facilitating the breaking of symmetry at defined points. Therefore,
the presence of excess Ag ions interferes with the interaction
between the Au nuclei and Au ions, obstructing the growth of ani-
sotropic AuNPs and leading to NPs that resemble spheres. As a
result, the 5:1 ratio of Au to Ag is crucial in the formation of
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Fig. 3. Schematic representation of the proposed micelle formation process using 50 mM LSB and the nanostars that are expected to grow over the micelles.

star-shaped NPs because Ag plays a dominant role in the formation
of the branching that protrudes from the core of the NPs. Without
Ag or with excess Ag, only solid, randomly shaped NPs that resem-
ble spheres can be observed (Fig. S3).

The concentration of LSB plays an important role in controlling
the size of the AuAg NSs (Fig. 2). The NPs formed in the presence of
25 mM LSB are small and star-shaped (25 + 4 nm) and appear sim-
ilar to spherically shaped NPs under low magnification. Above
50 mM, well-defined star-shaped NPs are observed, with an
increase in the size and number of branches. It is believed that,
at an LSB concentration of 50 mM, micelles as presented in Fig. 3
are formed, leading to the formation of the NPs described above.
As the concentration of LSB increases to 100 mM, the size of the
micelles also increases due to an increase in the minimum number
of molecules that constitute a micelle (i.e., the aggregation num-
ber) [44]. As shown in Fig. S7, due to the higher concentration of
LSB molecules in the system, the packing of the molecules in the
LSB is higher. A dense micelle allows for the arrangement of more
metal ions around the micellar structure, which, when nucleated,
grows into a larger NP with a higher number of branches. The
opposite behavior was observed for 25 mM LSB, where less dense
micelles form in the aqueous solution because of the lower aggre-
gation number. Due to the lower concentration of LSB, the interac-
tion between the nuclei and the metals is much easier and more
rapid. This leads to the formation of NPs with a spherical shape
rather than anisotropic NPs, which require a slower reaction rate.
This means that an optimal 50 mM concentration of LSB is required
to obtain well-defined AuAg NSs, the size and number of branches
of which can be increased by increasing the concentration of LSB.
In our previous study [42], when T80 was used in the synthesis
of anisotropic NPs, we observed that, as the concentration of the
surfactant increased, the NPs became smaller. For LSB, we observed
the opposite relationship, in which an increase in the concentra-
tion of LSB led to NPs of increased size. Thus, it can be concluded
that the mechanisms involved in the formation of NPs using differ-
ent surfactants depends on the micellar structure that forms in
that particular system.

The influence of the size and number of branches of three types
of AuAg NSs obtained using different concentrations of LSB (50, 75,
and 100 mM; referred to as AuAg NS50, AuAg NS75, and AuAg

NS100, respectively) was examined based on catalytic activity,
SERS, and photothermal efficiency (Fig. 2). The reduction of
4-nitrophenol (4-NP) by sodium borohydride (NaBH,) in the pres-
ence of a catalyst was chosen as a model catalytic reaction to inves-
tigate the catalytic properties of the as-prepared AuAg NSs. The
reduction process was monitored both visually and using UV-Vis
spectroscopy. A typical 4-NP absorption band appeared at
317 nm, which demonstrated a 'red shift to 400 nm upon addition
of NaBH, due to the formation of 4-nitrophenoloate ions (Fig. 4). The
concentrations of the reactants for the experiment were optimized
at 30 uL of 0.01 M 4-NP, 150 uL of 0.1 M NaBHy, and 50 pL of AuAg
NSs as a catalyst. The concentration of the Au ions used for the syn-
thesis was 0.5 mM, resulting in a final Au concentration of ~80 uM in
the 3-mL catalytic reaction vessel. When the AuAg NSs were added,
the sequential attenuation in the peak intensity at 400 nm was
observed with increasing reaction time, with the gradual appearance
of a new peak at 300 nm and an increase in intensity indicating the
formation of 4-aminophenol (4-AP) [45]. The light-yellow color of
the 4-NP solution changed rapidly to bright yellow with the addition
of the NaBH4 aqueous solution, indicating the formation of 4-
nitrophenolate ions. Subsequently, with the addition of the catalyst,
the color changes from bright yellow to light yellow to colorless due
to the successive reduction of the 4-nitrophenolate ions to 4-AP. The
catalytic reduction rate varied for the three types of AuAg NSs
(Fig. 4). The catalytic activity decreased with an increase in the size
and branching of the AuAg NSs, which could be attributed to their
high effective surface areas [46]. The reduction times for AuAg NS
sizes of 69 + 13 nm (AuAg NS 50), 88 + 17 nm (AuAg NS 75), and
107 + 16 nm (AuAg NS 100) were 8, 13, and 20 min, respectively.
The greater size and number of branches in AuAg NS100 were
expected to increase the number of reaction sites, but steric hin-
drance was a factor in the adsorption of 4-NP molecules onto the
AuAg NSs. However, the evenly distributed gaps between the spikes
of AuAg NSs with less branching meant it was easier for the 4-NP
molecules to adsorb onto the AuAg NSs, particularly at the core.
Thus, due to the higher effective surface area of AuAg NS50,

! For interpretation of color in Fig. 4, the reader is referred to the web version of
this article.
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Fig. 4. UV-Vis extinction spectra recorded during the reduction reaction of 4-nitrophenol with NaBH, in the presence of 50 uL of (A) AuAg NS50, (B) AuAg NS75, and (C) AuAg

NS100.

adsorption of 4-NP molecules onto the AuAg NSs was higher, result-
ing in more efficient catalytic activity compared to AuAg NS75 and
AuAg NS100. We believe a nanocatalytic molecular reduction mech-
anism occurs in the same manner as that explained by Mahmoud
et al. [47]. Initially, NaBH4 reacts with water on the surface of the
nanocatalyst to produce hydrogen and an oxidized form of borohy-
dride. When a 4-NP molecule approaches the surface of the nanocat-
alyst, it is reduced by the adsorbed oxidized NaBH, species.

To confirm the importance of the size of the NPs and the effect
of branching, we analyzed the SERS properties of AuAg NS50, AuAg
NS75, and AuAg NS100. As in the previous analysis, AuAg NS50
exhibited the most advantageous SERS properties in comparison
to the larger AuAg NSs with a higher number of branches. Fig. 5
presents the SERS sensitivity of the AuAg NSs using a 4-ATP
(1 mM) ethanolic solution as an analyte. AuAg NS50, with its
shorter branch length, had a number of SERS-active sites due to
the short junctions between two adjacent NPs [48]. These junctions
act as hot spots by efficiently transporting the intense local electro-
magnetic field from the NPs through the analyte molecules, in
which highly efficient Raman scattering can be observed. On the
other hand, for AuAg NSs with longer branches, the local electro-
magnetic field that originates from the spherical core fades as it
reaches the tip of the branches or the junction between two adja-
cent NPs, leading to weaker SERS signals. Interestingly, AuAg NS75
and AuAg NS100 exhibited similar SERS effects to each other but
not to AuAg NS50, indicating that they are similar in terms of size
and branching (Fig. 2).

The photothermal efficiency of AuAg NSs was evaluated by
measuring the increase in temperature under ambient conditions
induced by irradiating aqueous solutions of AuAg NS50, AuAg
NS75, and AuAg NS100 at a wavelength of 808 nm, which is close
to the NIR LSPR. An elevation in temperature was observed for all
three samples (Fig. 6A), while irradiating pure water and surfactant
solutions with the same laser source at the same power did not
show any increase in temperature. Again, AuAg NS50, with an
average size of 69 + 13 nm and less branching, demonstrated the
best performance; following 300 s of irradiation, AuAg NS50, AuAg
NS75, and AuAg NS100 exhibited temperature increases of 4.4 K,
4.1 K, and 3.6 K, respectively. This result can be explained in terms
of localized light absorption by the AuAg NSs, their conversion of
energy to heat, and subsequent dissipation of this heat to the sur-
rounding environment. For AuAg NS50, the presence of open space
between the spiky branches allowed for more light absorption by
the spherical core. The heat can then be efficiently dissipated out-
wards into the surrounding environment through the spiky
branches, which act as antennas. On the other hand, for AuAg
NS75 and AuAg NS100 the penetration of the spherical core by
the photons is hindered by the greater size and increased branch-
ing of the NPs, lowering their photothermal efficiency.

—— AuAg NS50
AuAg NS75
——AuAg NS100

Intensity (counts)

T T T T T T T T
400 600 800 1000 1200 1400 1600

Raman Shift (cm™)

Fig. 5. Characteristic SERS spectra of 4-ATP on the as-prepared nanostars.

The change in temperature of AuAg NS50 as a function of laser
intensity was then assessed at energy levels of 50, 100, 200, and
500 mW/cm? for an exposure time of 300s. Fig. 6B illustrates
that the temperature increased with higher energy levels. For
50 mW/cm?, an increase of just 0.8 K was observed, but this rose
to 1.6 K, 44K, and 10K for 100, 200, and 500 mW/cm?, respec-
tively. In particular, at a power density of 500 mW/cm?, an initial
sharp increase of 8.8 K was observed within 150 s, followed by a
slower rise up to 10K after 300 s. Due to the steady and gradual
increase in the temperature of AuAg NS50 using a continuous wave
808-nm laser, the effect of a pulsed flow on the overall increase in
temperature was analyzed as a comparison (Fig. 6C). We observed
a lower rise in temperature (2.1 K) when a pulsed laser was used in
comparison to the 4.4 K rise obtained with a continuous wave
laser. It is interesting to note that there was no major drop in the
temperature during the on/off intervals, with the temperature
remaining above 298 K throughout the pulsed exposure time
(300 s). Finally, to examine the effect of photothermal efficiency
in the visible region, AuAg NS50 was irradiated with a 680-nm
laser source at 200 mW/cm? for 300 s. We observed a rise in tem-
perature of 4.1 K, which is similar to that for AuAg NS50 irradiated
with an 808-nm laser (4.4 K). In summary, AuAg NS50 demon-
strated the best performance due to the presence of evenly dis-
tributed gaps between the spikes that acted as antennas to
efficiently dissipate the heat generated from the core of the NPs
into the surrounding environment. These nanoparticles are
expected to cause no toxicity issues when applied in the biomedi-
cal field or as industrial materials since they are stabilised by a
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Fig. 6. (A) The NIR-induced temperature increase of nanostars prepared using
different concentrations of LSB, (B) the NIR-induced temperature increase of AuAg
NS50 at different power densities, and (C) a comparison of the temperature increase
of AuAg NS50 using a visible range laser source (680 nm) and comparison between
continuous wave and pulsed wave NIR laser sources (808 nm).

zwitter-ionic surfactant that is less toxic and safer surfactant than
the cationic or anionic surfactants.

4. Conclusions

In this study, we report a one-pot seedless green synthetic
method that involves the addition and manual mixing of precur-

sors for the preparation of spiky branched gold-silver nanostars
(AuAg NSs) whose size and branching can be controlled. Lauryl sul-
fobetaine (LSB) has been shown to effectively influence the forma-
tion of these AuAg NSs. The effect of LSB concentration on the
shape of the AuAg NSs suggests that micelles play a role in this pro-
cess. The spherical micellar structure is believed to act as a soft
template for the formation of AuAg NSs. The concentration of silver
ions plays a major role in breaking the symmetry of the gold
nanoparticles (NPs) and facilitating the formation of protrusions
from the central core. AuAg NSs are synthesized via the initial for-
mation of these spikes followed by the formation of the spherical
central core. The as-prepared AuAg NSs exhibited tuneable LSPRs
in the NIR region (700-1400 nm) and a unique fixed LSPR that fea-
tures in the SWIR region at 1684 nm. The AuAg NSs exhibited mul-
tifunctional properties, including acting as a nanocatalyst and a
SERS-active substrate, as well as demonstrating photothermal
activity. AuAg NSs with evenly distributed spikes and lower
branching (AuAg NS50) displayed the best performance in these
areas. The catalytic and SERS activity can be attributed to the pres-
ence of a large effective surface area and efficient electromagnetic
field transport through the short junctions between adjacent NPs,
respectively. The spikes of the AuAg NSs act as antennas in effec-
tively dissipating the heat produced at the core to the surrounding
environment following irradiation with a laser source. The AuAg
NSs are photothermally active both in the visible and NIR regions.
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