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Abstract We show that tris base (TB), a widely used buffer
substance, can act as a reducing agent to synthesize multi-
branched gold nanoparticles (mb-AuNPs) from tetrachloro-
auric acid in a one-step process. The method is simple, fast,
and inexpensive and produces mb-AuNPs that are virtually
monodisperse, have a size of about 90 nm and typically >6
branches. Their UV-vis absorption peaks can be fine-tuned
from the visible to the near-infrared (NIR) region by
controlling the concentration of TB. The mb-AuNPs
represent an efficient substrate for surface-enhanced Raman
scattering (SERS), with an enhancement factor of 1.2x10°.
They were applied as substrates for SERS-based imaging of
kidney cells.

Keywords Multi-branched gold nanoparticles - Tris base -
Synthesis - Surface-enhanced Raman scattering -
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Introduction

Over the past decade, increasing interest and research
investigations have been focused on gold nanostructures
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owing to their unique physicochemical properties and
potential applications in catalysis [1, 2], biosensing [3-5]
and SERS detection [6—8] etc. The unique physicochemical
properties of gold nanostructures are greatly affected by
their size, shape, and crystal structure, and therefore it is
possible to tune the properties of gold nanostructures by
tailoring the morphology of gold nanostructures [9]. These
mb-AuNPs, as excellent SERS substrates, have higher
SERS activity than the sphere-shaped gold nanoparticles
(ss-AuNPs) because of the strong enhancement of the
electromagnetic field at the tips of the NPs [8, 10, I1].
Many different shapes of AuNPs have been developed,
including spheres, nanopeanuts, tetrapods, dendrite-like and
flower-shaped NPs [12—15] etc. Conventionally, mb-AuNPs
are successfully synthesized through seeding growth
approaches with the help of some directing agents including
the surfactant [16—18], electrochemical method [19, 20],
hydrothermal method [21], vapor phase polymerization
method [22] and seedless in situ growth method [10, 23].
However, only a few reports are available on facile
synthesis of mb-AuNPs by seedless in situ growth with
small biomolecules. In addition, other methods proved to be
much more complicated, time-consuming and used intrin-
sically cytotoxic surfactants [24]. Recently, controlled
synthesis of various shaped gold nanostructures with
“clean”, environmentally friendly or tractable surface is
one of the new development trends in nanomaterials’
biological applications [9, 25, 26]. It will be highly
desirable to develop a simple, rapid and low-cost method
for the synthesis of mb-AuNPs in aqueous solutions. Raj’
group prepared flower-like Au NPs using a relatively
“green” chemical, 2-[4-(2-hydroxyethyl)-1-piperazinyl]
ethanesulfonic acid (HEPES), as both reducing and shape
directing agents, and the obtained products showed excel-
lent electrocatalytic activity toward the oxidation of
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methanol and the reduction of oxygen [27]. More recently,
Xie et al. synthesized mb-AuNPs with a high yield and good
monodispersity using HEPES, and proposed that piperazine
in the HEPES molecule was responsible for forming highly
branched Au nanocrystals [8, 28]. Nevertheless, it still
remains a challenge to develop facile, low-cost and
template-free methods for preparing anisotropy Au NPs.

Tris base (TB), as a common organic compound, has
been extensively used as a component of pH buffer
solutions and is usually employed to prepare an important
organic intermediate, Schiff base. The TB molecule
possesses three hydroxyl groups which can serve as the
active group to reduce noble metal ions forming nano-
crystals [29]. Here, we report a facile method for preparing
high-quality mb-AuNPs using TB as the ideal reducing
agent without any surfactant or seed. The effects of
experimental variables on the morphology of the products
were systematically investigated and the formation mecha-
nism of mb-AuNPs is also discussed. As a SERS-active
substrate, the mb-AuNPs showed high SERS activity and
were successfully applied in cell imaging.

Experimental
Materials

Hydrochloroauric acid trihydrate, tris-base, ethylene diamine,
glycerol, 2-Amino-2-methyl-1,3-propanediol, 1,3-Propanediol
and ethanol were purchased from Shanghai Chemical Reagent
Co. (Shanghai, China. http://sinoreagent.cn.alibaba.com). 4-
mercaptobenzoic acid (4-MBA) was obtained from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan. http://www.tci-
asiapacific.com). All other chemicals were of analytical
grade. Cow kidney cell was provided by the College of
Veterinary Medicine, Huazhong Agricultural University. All
of the solutions were prepared with ultrapure water.

Synthesis of multi-branched gold nanoparticles

All glassware used in the preparation of mb-AuNPs were
cleaned with freshly prepared aqua regia and rinsed thor-
oughly with ultrapure water. In a typical synthesis, 0.09 g TB
was dissolved in 5 mL of ultrapure water, and 100 pL of
48 mmol'L™" HAuCl, solution was added under magnetic
stirring for 15 min, followed by adjusting the pH to 11 by
dropwise addition of 1.0 mol-L ™' NaOH solution. Afterward,
the reaction vessel was transferred to a water bath and
maintained at 60 °C for 60 min. The solution color changed
from light yellow to purple and finally blue-green. The
products were purified for three times by centrifugation at
8000 rpm, and the resultant precipitates were re-dissolved in
ultrapure water for further use.
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Characterization

The UV-vis absorption spectra of mb-AuNPs were recorded on
a Thermo Nicolet 300 spectrophotometer (Thermo Nicolet, US.
http://www.thermoscientific.com). The morphologies of mb-
AuNPs were obtained from a transmission electron micro-
scope (TEM, Hitachi, Japan. http://www.hitachi-hitec.com)
after placing a drop of the purified products onto a Cu grid.
Scanning electron microscopy (SEM) images were preformed
with an S-4800 (Hitachi, Japan. http://www.hitachi-hitec.com)
operating at 5 KV. X-ray diffraction (XRD) analysis of mb-
AuNPs was carried out with a Rigaku D/MAX-RB diffrac-
tometer (Rigaku, Japan, http://www.rigaku.com) with Cu Ko«
radiation (A=0.15406 nm). FT-IR spectra were collected on a
Nicolet Avatar-330 spectrometer (Thermo Nicolet, US. http:/
www.thermoscien9tific.com) with 4 cm™' resolution using
the KBr pellet technique. SERS were obtained using an Invia
Raman spectrometer (Renishaw, UK. http://www.renishaw.
com) equipped with a confocal microscope (Leica, German.
http://www.leica-microsystems.com). The excitation source
(He-Ne laser (633 nm)) was used in the experiment. For the
measurement of enhancement factors (EF), a 20 x objective
lens was used to focus a laser spot on a capillary tube with a
power of approximately 20 mW. The Raman spectra were
collected for 10 s exposure times, 2 accumulations in the
range of 400-2000 cm .

Results and discussion

Synthesis and characterization of multi-branched gold
nanoparticles

In order to demonstrate the reducing ability of TB, UV-Vis
absorption spectra were applied to investigate each of the
resulting NPs during the experiments. As shown in Fig. 1,
the HAuCl, solution has an intense absorption band at
292 nm due to the metal to ligand charge transfer band from
the AuCly-complex [30, 31], and the colorless TB solution
has no specific absorption band in the visible region (curve
a, Fig. 1). When TB was added to the HAuCly solution, the
solution color faded. The appearance of a new absorption
peak at 330 nm as seen in curve c in Fig. 1 might be
explained by the formation of TB-Au complex. However,
with the help of heating at 60 °C, the maximum surface
plasmon absorbance peak of Au NPs was observed at
650 nm in the presence of TB (curve b, Fig. 1), while there
was no obvious absorption peak after 500 nm without the
addition of TB (curve d, Fig. 1). The result was consistent
with the absorption features of mb-AuNPs prepared by
other reported methods [8—10]. Moreover, the color change
of the reaction solution partially confirmed this hypothesis.
As indicated by the inset in Fig. 1, the aqueous gold chloride
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Fig. 1 UV-Vis absorption spectra of different precursor solutions and
the mb-AuNPs. Curves a and d show the absorption spectra of TB
(0.15 mol'L™") and HAuCl, solution (0.96 mmol-L™"), respectively.
Curve ¢ and b show the absorption spectra of the mixture of HAuCly
solution with TB before and after heating. The inset shows three
different color photographs: b, mb-AuNPs solution after 60 min of
heating (pH=11); ¢, HAuCl, solution with TB before heating; d,
HAuCly solution

solution turned gradually from light yellow at the very
beginning to blue-green when reacted at 60 °C for 60 min.
These results preliminarily inferred the formation of gold
nanostructures from the reduction of HAuCl, by TB.

TEM and SEM were employed to confirm the morphol-
ogy and structure of the metal nanostructures. As shown in
Fig. 2, these mb-AuNPs are nearly monodisperse NPs with
an average size of 90 nm, and most of them possess more
than six branches. The roughened surface determined by
the branches and the cavities of multi-branched NPs
increases the particle total surface area which may provide
many ‘hot spots’ due to localized electromagnetic field
enhancement. Figure 3 displays the XRD pattern of the mb-
AuNPs. Five peaks including 38.11°, 44.35°, 64.56°,
77.53°, 81.7°, could be respectively assigned to the
reflections of (111), (200), (220), (311), and (222) faces
from the centered cube structure of metallic gold. The result

Fig. 2 TEM and SEM images
of the mb-AuNPs by the reduction
of AuCl; ions (0.96 mmol-L™") in
0.45 mol'L™" TB solution
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Fig. 3 The XRD pattern of the mb-AuNPs by the reduction of
AuCl; ™ ions (0.96 mmol-L™") in 0.45 mol'L™" TB solution

confirmed the crystallinity of the mb-AuNPs [32]. In
addition, the intensity ratio (0.35) of the (200) diffraction
peak to the (111) diffraction peak is lower than that of bulk
material (=0.53), indicating that the product is primarily
dominated by (111) faces [33].

Effect of the pH of solution

It is worth pointing out that the pH of solution had great
effects on the formation of gold nanostructures in this
reaction system. To better understand the reducing capacity
of TB, we varied the pH of HAuCl, solution containing
0.15 mol'L™' TB from 3 to 11, as shown in Fig. SI
(Electronic Supplementary Material, ESM). When the pH
values of HAuCl,-TB solution were lower than 8, no gold
nanostructures formed after 1 h or even more time. When
the pH was adjusted to 9 and 10, the solution color turned
to fuchsia and violet blue after 2 h of heating,
corresponding to the absorption peaks at 596 and 608 nm,
respectively, which indicated the formation of Au NPs.
Nevertheless, at a pH of 11, the absorption of Au NPs was
located at 652 nm after 60 min of reaction. The shorter
growth time suggested that the reducing ability of TB might
be improved in the presence of extra OH  ions [31, 34, 35].
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Effect of concentration of tris base

In the following experiments, it was found that the size and
morphology of the NPs depend greatly on the concentration
of TB. As shown in Fig. S2 (ESM), with the increase of TB
concentration from 0.0017 to 0.45 mol-L™!, the maximum
absorption peak of the products shifted from 528 to
758 nm, which indicated that the Au NPs might gradually
evolve from a sphere to a multi-branched shape [9]. Briefly,
at low TB concentration (0.0017 mol-L™"), the synthesized
products exhibited spherical nanostructures, and their sizes
varied within 30 nm (Fig. S2 A, ESM). When the TB
concentration increased to 0.012 mol-L™', irregularly
shaped NPs were observed (Fig. S2 B, ESM). With
increasing TB concentration, the morphology of the NPs
evolved from an irregular shape to a multi-branched shape,
and eventually grew into long multi-branched nanostructures
(Fig. S2 (C-E), ESM). Hence, we carefully chose the TB
concentration in the synthetic process.

The formation mechanism of multi-branched gold
nanoparticles

The formation of mb-AuNPs could be attributed to the
direct reduction of HAuCl, by the TB molecule since there
was no other reducing agent in the system. El-Sayed et al.
[36] provided two reasonable explanations for the forma-
tion of faceted particles: (i) the growth rates vary at
different planes of the particles; (ii) particle growth
competes with the coordinating action of stabilizers. On
the basis of these explanations, a possible growth mecha-
nism of mb-AuNPs was proposed as shown in Fig. 4c.
First, HAuCl, was reduced to a gold atom by TB in the
solution at 60 °C, these gold atoms spontaneously coa-
lesced to form Au clusters and then gradually grew into
small Au NPs. Second, the small gold NPs further
agglomerated into anisotropic gold nanostructures due to
the reduced surface energy [8]. Finally, with the addition of
increasing amounts of TB, the anisotropic feature of gold

>
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Fig. 4 a UV-Vis absorption spectra of Au NPs as a function of
reaction time. The HAuCly; and TB concentrations were 0.96 m
mol'L™" and 0.15 mol-L™!, respectively. b TEM images of the
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nanostructures grew further because the amino group of
molecular TB was adsorbed onto the surface of NPs to form
a covalent bond with gold [37]. In order to verify our
hypothesis, TEM and IR spectra were carried out to
characterize the products. As shown in Fig. 4b, the NPs
evolved from a sphere shape to a thumb-like and further to
a long branched shape with the reaction time. The IR
curves of TB and the mb-AuNPs have some similarities,
although some of the bands shift due to surfaced chemi-
sorption, as revealed in Fig. 5, the characteristic absorption
bands at 3340, 3290 and 3190 cm ! are characteristics of
the stretching of the N-H bond vibration modes, while the
absorption band at 1630 and 1590 ¢cm ™' are assigned to
bending vibration of the N-H bond. In addition, the
absorption bands around 2850 and 2920 cm ™' are assigned
to symmetric stretching vibration and asymmetric stretching
vibration of -CH, vibration modes. The absorption band at
1025 cm ! is attributed to stretching vibration of the C-N
bond, that at 1390 cm ' is assigned to tertiary carbon
stretching vibration modes [38, 39]. Mb-AuNPs was also
investigated using a Raman spectrometer. As shown in Fig.
S3 (ESM), the low frequency band at 287 cm™ ' is assigned
to stretching vibration of the Au-N bond [40], while the
bands at 1020 cm ' and 1068 cm™' are attributed to
stretching vibration of the C-N bond and twisting vibration
of -NH, [41, 42]. Considering the IR spectra, the results
indicated that TB molecules were adsorbed on the surface
of the mb-AuNPs because of surfaced chemisorption with
gold during the reaction.

To further confirm the speculation, five different reduc-
tants including 2-amino-2-methyl-1, 3-propanediol, glycer-
ol, ethylene diamine, ethanol and 1, 3-propanediol, were
used to synthesize gold nanostructures under the same
conditions. The resulting products were characterized by
TEM and UV-vis absorption spectra. As shown in Fig. S4
(ESM), mb-AuNPs were only observed in 2-amino-2-
methyl-1, 3-propanediol solution (Fig. S4 A, ESM),
whereas ss-AuNPs were formed in glycerol, 1, 3-
propanediol and ethanol (Fig. S4 (B-D), ESM) solutions,

- Agglomerated -
_

obtained products at 8, 24, 40, and 60 min during the reaction. ¢
Schematic illustration of the main steps involved in the synthesis of
the mb-AuNPs
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Fig. 5 IR spectra of the mb-AuNPs (a) and TB (b)

gold NPs could not be prepared in ethylene diamine
solution. The surface plasmon absorbance band of Au
NPs reduced by 2-amino-2-methyl-1, 3-propanediol was
located at 578 nm, while the absorption peaks of the NPs
reduced by other reductants occurred at 530 nm (Fig. S4 F,
ESM). It is well known that these compounds bearing
hydroxyl groups serve as weak reducing agents which have
been widely used to reduce noble metal salts [29, 43].
Compared with the structure of these compounds (Fig. S4
E, ESM), it becomes clear that TB, 2-amino-2-methyl-1, 3-
propanediol, glycerol, 1, 3-propanediol and ethanol all have
a hydroxyl group except ethylene diamine, while TB and 2-
amino-2-methyl-1, 3-propanediol possess one amino group.
Thus ethylene diamine could not reduce HAuCl, to Au NPs
due to the lack of hydroxyl groups. The amino group in TB
and 2-amino-2-methyl-1, 3-propanediol was responsible for
the adsorption of these molecules to the Au surface, which
stabilized and directed the crystal growth. The amino group

Fig. 6 Optical microscopy of a
single milk cow cell before (c)
and after uptake of the mb-
AuNPs nanoprobes (f). Raman
mapping images of this cell
before (a) and after (d) uptake
of the the mb-AuNPs nanop-
robes. SERS spectra of this cell
before (b) and after (e) uptake of
the mb-AuNPs nanoprobes

L1 - T A

may be most accountable for the formation of mb-AuNPs,
without which ss-AuNPs would form exclusively.

Multi-branched gold nanoparticles as active SERS
substrates for cell imaging

Previous theoretical and experimental investigations had
revealed that mb-AuNPs exhibited intense local electromag-
netic field enhancement, which could serve as SERS
substrates for biological sensing. The Raman spectra of
ethanol, pure MBA in ethanol, MBA adsorbed on the mb-
AuNPs and 50 nm ss-AuNPs are shown in Fig. S5 (ESM).
The Raman vibrations at 520, 1076, 1173, 1394, and
1586 cm™' can be observed in ( Fig. S5 D curve, ESM).
Among them, the prominent SERS bands at 1076 and
1586 cm ! are attributed to the v, and vg, aromatic ring
vibrations, respectively [44, 45]. In curve A of the Fig. S5
(ESM), the characteristic peak at 880 cm™ ' is assigned to in-
plane stretching vibration of C-C-O, the bands at 1052,
1097 cm™" are assigned to out-plane stretching vibration of
C-C-0, the band at 1454 cm™' is attributed to asymmetric
stretching vibration of —CH3 [46]. These Raman bands of
ethanol are not interfered with by Raman bands of MBA at
1586 cm ', In order to estimate their SERS activity, the
equation (EF:(ISERS/IRama.n)/(CSERS/CRa.ma.n)) was used to
calculate the SERS activity of mb-AuNPs and ss-AuNPs
[23]. Where Isgrs and Iraman are the intensity of the vg,
(1586 cm ') in the SERS and normal Raman spectra of the
solution, respectively, Csgrs and Craman are the concen-
trations of MBA in the SERS sample (1.0x10°® mol-L™")
and pure MBA solution (0.1 mol'L™"). The calculated EF
values are 1.2x10° and 5.3x10* for the mb-AuNPs and ss-
AuNPs, respectively. As predicted, the mb-AuNPs exhibited
a stronger SERS signal than the ss-AuNPs. The results were
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very similar to those reported in the literature [8]. Based on
their good biocompatibility and low cyctotoxicity, Au NPs
exhibited a large potential in biological sensing. We
investigated the SERS behavior of mb-AuNPs with cow
kidney cells as model. In the experiment, the mb-AuNPs
were first capped by poly(vinyl pyrrolidone) (PVP) after
labelling with MBA. Here, PVP functions as a capping
reagent to prevent MBA from leaking from the surface of the
mb-AuNPs. It also serves as a solubilizer to increase the
biocompatibility of the nanoprobes [47]. Then, 400 pL of
the mb-AuNPs nanoprobes solution was incubated with cow
kidney cell, followed by fixing the cells on the glass slides
by formaldehyde after 5 h, and finally washing three times
with phosphate buffered saline (pH=7.2). Another group
was used as a control group in the absence of mb-AuNPs
nanoprobes. The microscopy image of a single cow kidney
cell under Raman mapping in Fig. 6 clearly indicates that the
mb-AuNPs nanoprobes were successfully taken up. The
corresponding SERS of the cells are consistent with their
images. At different positions of the cells, SERS of nanop-
robes could be detected (Fig. 6¢), while the control showed
no SERS signal (Fig. 6b). It is indicated that the mb-AuNPs
nanoprobes had great biocompatibility. The conservation of
the SERS effect in cells suggested that the mb-AuNPs
nanoprobes could be suitable for in vitro detection and have
potential for in vivo applications.

Conclusions

In summary, we have developed a facile, low-cost and eco-
friendly method to synthesize mb-AuNPs employing TB
molecules as reductant and directing reagent in the absence
of surfactants and seeds. The morphology and size of the
gold nanostructures were well controlled by varying the
HAuCly/TB molar ratio. The mb-AuNPs possessed a
tunable absorption property ranging from the visible to
the NIR spectrum and high SERS activity. The amino
groups of TB molecules plausibly dominated the growth of
the mb-AuNPs. More importantly, this nanomaterial
exhibited favorable biocompatibility for in vivo cell
imaging. Our preliminary results illustrated that this
material can potentially be applied to biomolecular detec-
tion and photothermal therapy.
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