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Abstract Acanthosphere-like gold microstructures
(AGMs) were synthesized using a facile, two-step,
seed-mediated method and butanediyl-1,4-
bis(dimethylhexadecylammonium bromide) (16-4-16)
as a structure-directing agent. The morphologies and
sizes of the products were controlled during the synthe-
sis process by adjusting the concentrations of 16-4-16,
the AgNOs feed, HAuCly, ascorbic acid, the amount of
Ag seeds and the types of gemini surfactants used
through systematic inquiry; particle sizes ranging from
130 to 800 nm were well prepared. Correspondingly, the
morphology of the products changed between regular
and irregular AGMs, and the products presented a num-
ber of new morphologies, such as open-mouthed
submicrostructures and ribbon nanowires. In particular,
with the increase in the 16-4-16 concentration, the struc-
tural morphology of the thorns clearly changed from a
tip to a lamellar structure. A UV-vis spectroscopic anal-
ysis indicated that the localized surface plasmon reso-
nance (LSPR) peak of the AGMs could be adjusted by
changing the above factors, which extended from 500 to
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1350 nm in the near-infrared (NIR) region, enabling a
tremendous potential for using the AGMs as platforms
for various biomedical applications. Based on the inter-
mediate products, we propose a two-stage growth mech-
anism for the AGMs in which their solid cores and tips
are generated successively. Surface-enhanced Raman
scattering (SERS) measurements indicate that the
AGMs can serve as sensitive SERS substrates; a SERS
detection limit of 5 x 10”7 M is presented for rhodamine
B molecules.

Keywords Seed mediated - Gold microstructures -
Gemini surfactants - Localized surface plasmon
resonance - Nanoparticles - Biomedical applications

Introduction

Gold nanoparticles (NPs) with well-defined nanostruc-
tures have various novel physical, chemical, biological
and electronic properties that are extensively applied in
plasmon-enhanced spectroscopies (Nepal et al. 2013),
biosensors (Guo et al. 2013), drug carriers (Wang et al.
2013a, b, ¢), catalysis (Ke et al. 2014) and imaging (Liu
et al. 2014c, b, c). Gold NPs have highly distance-
dependent optical properties and extremely high extinc-
tion coefficients (Wang and Ma 2009). Thus far, various
gold nanoparticles with different well-controlled mor-
phologies have been developed, including nanoparticles
(Chen et al. 2016), nanowires (Xu et al. 2014), nanorods
(Xu et al. 2015), nanoplates (Chen et al. 2014),
nanoflowers (Jiji and Gopchandran 2015) and
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nanourchins (Sabri et al. 2016). Thanks to their distinct
morphology and optical properties, multibranched gold
nanoparticles have attracted particular attention
(Vijayaraghavan et al. 2016). There is an urgent need
for materials with extinction coefficients in the near-
infrared (NIR) region (Rengan et al. 2015), especially
in the first (650-950 nm) and second biological win-
dows (1000—-1350 nm). In the literature, few materials
have been reported without branched structures that
have absorption peaks within these two windows
(Zaleska-Medynska et al. 2016). These extinction coef-
ficients can be more easily realized using multibranched
nanomaterials. However, highly branched structures are
more difficult to synthesize reproducibly as they are
more complicated structures that are usually polycrys-
talline with diverse crystal domains between the core
and branches.

In the past few decades, scientists have begun to
focus on controlling the synthesis of highly branched
structures with good monodispersity. Sau et al. first
reported the synthesis of multipods of metallic particles
by reducing gold salts in the presence of hexadecyl
trimethyl ammonium bromide (CTAB) (Sau and
Murphy 2004). Years later, urchin-like gold nanoparti-
cles were synthesized by Bakr et al. (2006), and they
exhibited a more regular multibranched nanostructure
morphology. Thereafter, many efforts have been devot-
ed to developing simpler methods for controlling the
synthesis of multibranched gold, silver or alloyed nano-
particles, such as the chemical reduction method (Wang
et al. 2012), hydrothermal method (Liang et al. 2008),
double-sided tape-assisted transfer method (Liu et al.
2014a, b, c), interface method (You et al. 2012), aqueous
synthesis method (Cheng et al. 2014), electrochemical
method (Zhou et al. 2013), particle-mediated method
(Fang et al. 2010; Liu et al. 2013; You and Fang 2016)
and seed-mediated method (Li et al. 2011; Liu et al.
2014a,b, c; Luetal. 2008; Xu et al. 2010). Among these
methods, the seed-mediated method is unique for the
synthesis of inorganic NPs because it can be used to
casily control the shape, composition and structure of
nanoparticles. In addition, this method can be conve-
niently conducted in a quantitative manner (Gilroy et al.
2016). Selecting suitable surfactants as the directing
agents during the synthesis of nanomaterials is tremen-
dously important for the seed-mediated method. The
surfactant can prevent the products from forming de-
posits and enable effective control of the nanoparticle
morphology (Bakshi 2016). However, in the literature,
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the frequent use of surfactants has been limited to a few
conventional surfactants, such as CTAB (Wu et al.
2009), sodium citrate (Han et al. 2012) and polyvinyl-
pyrrolidone (PVP) (Niu et al. 2015). Compared with
traditional surfactants, gemini surfactants have a lower
critical micelle concentration (CMC) and surface ten-
sion (Menger and Littau 1991) and can more easily form
various types of micelles (Samik Hait and Moulik 2002;
Wang et al. 2013a, b, ¢). For gemini surfactants, chang-
ing the head and tail group chemical structures (Jain
etal. 2014) and spacer length (Bhattacharya and Biswas
2011; Xu et al. 2014) easily adjusts the morphology of
the micelles and thus affects the morphology of the
nanoparticles. Based on the above reasons, gemini sur-
factants have more advantages for regulating the syn-
thesis of nanoparticles (Bhattacharya and Biswas 2011;
Guerrero-Martinez et al. 2009; Song et al. 2012) and are
expected to play an important role during the prepara-
tion of new nanomaterials.

In this article, with the assistance of a gemini surfac-
tant, we utilize a two-step, seed-mediated growth meth-
od to synthesize AGMs (spherical microparticles with a
high density of tips on the surface) in high yield. We
control the size and morphology of the products by
regulating the concentration of butanediyl-1,4-
bis(dimethylhexadecylammonium bromide) (16-4-16),
AgNO; feed, HAuCly and ascorbic acid (AA), the
amount of Ag seed and the types of gemini surfactants
used (16-s-16,s =4, 6, 10 and 12, where 16 and s stand
for the carbon atom number in the tail alkyl chain and
the methylene spacer, respectively). The UV-vis spec-
troscopic analysis shows that the localized surface plas-
mon resonance (LSPR) peak of the AGMs can be read-
ily adjusted by changing the above parameters, which
extends from 500 to 1350 nm in the NIR region. This
system is a potential platform for a tremendous variety
of biomedical applications. With the use of gemini
surfactants as stabilizers, the seed preparation does not
require boiling, and the growth process can be complet-
ed in 30 min. In spite of the synthetic methods reported,
a comprehensive study of the mechanism of formation is
still lacking. We comprehensively discuss the role of the
gemini surfactants during the product formation as a
function of the concentration and surfactant type. Fur-
thermore, we provide a probable growth mechanism for
the AGMs according to the data from the intermediates
in which the solid cores and tips are established sequen-
tially rather than simultancously. In addition, the
surface-enhanced Raman scattering (SERS) properties
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of the AGMs are investigated by applying rhodamine B
(RhB) as an indicator molecule, and a low detection
limit is reported (5 x 1077 M).

Experimental section
Materials

Silver nitrate (AgNOj3z, >99.8%), sodium
tetrahydroborate (NaBH,, 98%), hydrogen
tetrachloride(Ill) tetrahydrate (HAuCly-4H,O, >
99.99%), rhodamine B (RhB, >97.5%) and ascorbic
acid (AA, >99.7%) were obtained from Sinopharm
Chemical Reagent Corporation. All chemicals were of
analytical grade and used without further purification.
The cationic gemini surfactants (16-s-16, s = 4, 6, 10
and 12) used herein were synthesized and purified ac-
cording to a previous report (Zana et al. 1991). Ultrapure
water (18.25 M) cm) was created in a Milli-Q system
and was used to prepare all solutions.

Characterization techniques

The products were characterized using field emission
scanning electron microscopy (FE-SEM, Zeiss Sigma
FESEM, 20 KV), UV-vis spectroscopy (Shimadzu, UV-
3600), powder X-ray diffraction (XRD, PANalytical
X’pert Pro, 40 kV), transmission electron microscopy
(TEM, JEM-2100, 200 kV), selected-area electron dif-
fraction (SAED) and energy-dispersive X-ray spectros-
copy (EDS). Dynamic light -scattering (DLS) measure-
ments were recorded using a Zetasizer Nano (ZEN
3600, Malvern Instruments). Raman scattering signals
were collected using Ar" laser excitation at 514.5 nm
from a Renishaw RM1000 Raman spectrophotometer.

Synthesis of the silver seeds

Silver seeds were prepared by reducing AgNOj; using
NaBHy,. Briefly, 100 pL of 10 mM AgNO; was added to
8 mL of 5 mM 16-4-16. Then, 300 pL of an ice-cold
10 mM NaBH, solution was injected into the mixed
solution with vigorous stirring. Stirring was maintained
for 10 min in a water bath (30 °C) to initiate the forma-
tion of quasispherical Ag nanoparticles.

Growth of the AGMs

Scheme 1 presents a brief summary of the synthesis
procedure. Two 50-mL vials were labelled A and B.
Then, 8 mL of 5 mM 16-4-16 was added to these vials.
Next, sample A was prepared by sequentially adding
500 uL of the silver seed solution, 450 puL of 4 mM
AgNO;, 1 mL of 1% (w/w) HAuCly and 500 pL of
100 mM AA with vigorous stirring. Then, after stirring
and keeping the solution undisturbed for 30 s, 500 pL of
the solution in A was removed (to act as the seed for B)
and added to B rapidly. The remaining solutions were
prepared using the same procedure for A. Finally, B was
allowed to stand in a water bath at 30 °C for 30 min. The
target product was gathered by centrifugation at
3000 rpm, using a rotational radius of 6.5 cm
(g =654 N), for 4 min to remove the unreacted reagents.
The precipitate was redispersed into ultrapure water and
centrifuged three times. Finally, the AGMs were diluted
with 3 mL of deionized water for further analysis.

Synthesis of the RhB-tagged AGMs

To evaluate the SERS performance, 175 uL of RhB with
different concentrations ranging from 107> to 107’ M
was mixed together with 175 pL of concentrated AGM
solutions, and the solutions were subjected to ultrasonic
oscillation for 10 s. After mixing, the solutions were
incubated for 24 h. The SERS substrate was prepared by
dropping 15 uL of the mixed solution onto square silica
plates (5§ mm X 5 mm), and the solvent was allowed to
evaporate in ambient conditions.

Results and discussion

The Ag seeds were characterized to verify their sizes (see
Fig. S1). The TEM images revealed that the Ag seeds
were 2—5 nm in diameter with a spherical shape. The UV-
vis absorption spectrum of the Ag seed solution shows a
single absorption band at ~470 nm, which further con-
firmed the spherical morphology of the seed crystals.
The AGMs were synthesized using a seed-mediated
growth method with a low concentration of gemini
surfactant. The low- and high-magnification TEM im-
ages of typical AGMs are shown in Fig. la, b, respec-
tively. These images show that the AGMs were uniform
in morphology and size with a diameter of approximate-
ly 384 nm, as measured using the SEM images. The
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The preparation of the AGMs?

Seod| Seed: 8 mL 16-4-16 (0.005 M) + 100 uL AgNO; (0.004 M) + 300 uL NaBH, (0.1 M)
A: 8mL 16-5-16 (0.005 M) + 500 pL Seed + 450 uL AgNO, (0.004 M) + 1000 L
. HAuCl, (1%) + 500 uL AA (0.1 M)
10 i B¢ 8 ML 16-5-16 (0.005 M) + 500 uL A + 450 uL AgNOS (0.004 M) + 1000 uL
HAuCl, (1%) + 500 uL AA (0.1 M)
A Parameter settings®
Q I.C o= 0.001,0.005,0.01 and 0.025 M; (s= 4)
= g II. V...~ V,= 50, 250, 750 and 1000 pL; (s=4)
30's S L Cyyo=0.1,0.01,0.001 and 0.0001 M; (s= 4)
z IV. Cypucr= 1.5, 1.25, 0.75, 0.5 and 0.1% (w/w); (s= 4)
B = V. Cu,= 1, 0.5,0.085 and 0.075 M; (s= 4)
g' VI.s=4,6,10 and 12;

a. The parameters of A and B that have been given above

are the optimum conditions for preparing AGMs. (s=4)
b. Only the parameters in groups A and B are changed.

Scheme 1 Schematic illustration of the experimental procedure

images show that the surfaces of the AGMs were dense-
ly covered with spike-like tips. The tips and the corners
between the tips could be easily distinguished (Figs. 1b
and 2b).

The chemical composition and crystallinity of the prod-
ucts were determined using XRD and SAED. The XRD
patterns of the AGMs are presented in Fig. le. Four
characteristic diffraction peaks at 38.27°, 44.42°, 64.70°
and 77.61° were indexed and correlated well to the (111),
(200), (220) and (311) crystal planes of the face-centred
cubic (fce) structure of metallic gold (JCPDF no. 04-0784).
The appearance of these peaks indicated that the AGM
was polycrystalline. Peaks for other impurities were not
observed in the diffraction patterns, indicating that the
products were composed of pure crystalline gold. The
structural characteristics of the AGMs were further char-
acterized using SAED. The SAED (Fig. 1c) pattern also
confirmed that the AGM was polycrystalline. The inner-
most directional ring was attributed to the (111) plane. The
extra rings similarly represented the (200), (220) and (311)
planes, which are also shown in the XRD results.

The composition of the AGM was analysed using
EDS. As shown in Fig. 1d, the sample was mostly
composed of metallic gold, and some bromine and
nitrogen were present. The presence of bromine and
nitrogen also indicated that the 16-4-16 molecules
adsorbed on the crystal surface. The presence of the
gemini surfactant may have explained why the product
did not aggregate and remained stable for a long time.

@ Springer

Figure 1f presents the corresponding UV-vis-NIR
spectra of the AGMs. Compared with the single narrow
absorption bands of the gold nanoparticles, the AGMs
exhibited broadly extendable absorption features at 748
and 1145 nm, which enables their use in biomedical
applications. The tips on the AGM surface enhanced
the broad absorbance.

Effects of the 16-4-16 concentration

Surfactants play a significant role in the seed-mediated
growth method. When the concentration of the surfac-
tant changes, the products are directly influenced. Fig-
ure 2 shows the SEM images and UV-vis spectra corre-
sponding to the concentrations of 16-4-16 used through-
out the growth process: 0.001, 0.005, 0.01 and 0.025 M
(keeping other factors constant). The SEM images show
that the morphology of the gold particles changed with
the increasing surfactant concentration, with nearly all
other factors held constant. When the concentration of
16-4-16 was 0.001 M, only irregular nanoparticles were
observed. However, after careful observation, we deter-
mined that these irregular nanoparticles were an assem-
bly of a number of rod-like twigs rather than irregular
spherical particles. When the surfactant concentration
was increased to 0.005 M, exceptionally uniform AGMs
were formed, covered with a uniform distribution of
many short tips. While these tips were only a few
nanometres long, their edges were clearly sharp, and
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Fig.1 a, b TEM, ¢ SAED, d
EDS, e XRD and f UV-vis-NIR
spectra of the AGMs
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the tips clearly increased the roughness of the particle
surface. When the concentration was increased to 0.01
and 0.025 M, the products began to undergo significant
changes in both their structure and size. Although the
structures of the products were also irregular, the
branches outside of the microstructure surfaces were
longer and sharper. Interestingly, at this concentration,
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Fig. 2 SEM images of the Au microstructures synthesized with different concentrations of 16-4-16 at a 0.001, b 0.005, ¢ 0.01 and d
0.025 M. Scale bar = 400 nm. e Normalized UV-vis-NIR spectra
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the tips outside of the product changed into lamellar
branches; this phenomenon was not observed in the
previous products. As the size of the products increased,
the tips on their surfaces became longer petal-like
branches. An ideal concentration of 0.005 M 16-4-16
produced a high yield of AGMs with a uniform
morphology.
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Figure 2e presents the corresponding UV-vis-NIR
spectra of the products after varying the concentration
of 16-4-16. Since the LSPR is closely related to the size
and shape of gold nanostructures (Kelly et al. 2003), the
LSPR absorption peak of the gold microstructures in the
UV-vis-NIR region changed significantly when the con-
centration of the surfactant was changed. With the in-
crease in concentration, the position of the maximum
absorption peak gradually moved to the NIR region,
from 650 to 1350 nm, which is consistent with the
change of the tips on the surface. When the concentra-
tion increased from 0.001 to 0.005 M, the single absorp-
tion peak of the products (650 nm) evolved into two
peaks (748 and 1145 nm); at higher concentrations
(0.01 M or 0.025 M), sharp branches could be observed,
and there was a strong absorption peak that extended
from 400 to 1350 nm.

As suggested in previous studies, when the concen-
tration of 16-4-16 was 0.005 M, which was slightly
higher than its CMC (Singh and Tyagi 2014), the mi-
celles formed at this concentration were mostly spheri-
cal, providing a soft template for the formation of gold
spherical microstructures. However, as shown in
Scheme 2, when the surfactant concentration was just
0.001 M, its concentration was below the threshold for
the formation of spherical micelles, no distinctive mi-
celle morphology was observed, and the product was
disorganized. At higher concentrations (0.01 and
0.025 M), lamellar micelles were formed. According
to the formation mechanism that we summarized, the
solid cores and tips produced were formed in two steps.
When the spherical cores were formed, the lamellar
micelles potentially helped the spike-like protrusions
form on the spherical surface. This is in agreement with
the characteristics of surfactants that favour the forma-
tion of lamellar micelles at high concentrations and the
formation of spherical micelles at low concentrations
(Figueira-Gonzalez et al. 2013; Graciani et al. 2010). In
summary, high surfactant concentrations were condu-
cive to controlling the synthesis of lamellar-like nano-
structures, while lower concentrations favoured the syn-
thesis of spherical nanostructures. Therefore, the pres-
ence of 16-4-16 is exceptionally important for regulat-
ing the structures of the synthetic gold nanomaterials.

Effect of the amount of Ag seeds

Seeds play a crucial role in the seed-growth method, and
the amount of seeds may be one of the most influential
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factors. To explore the effect of the seed dosage on the
formation of the AGMs, keeping the other factors con-
stant, the Ag seed volumes used (including the amount
of solution from A to B) were 50, 250, 750 and
1000 pL. As shown in Fig. 3, with the increase in the
amount of Ag seeds, the most obvious phenomenon was
the change in the particle size, which changed from
800 = 11 to 403 + 4, 290 + 4 and 382 + 4 nm, respec-
tively (as listed in Table 1).

As seen from Fig. 3a—c, when the volume of Ag
seeds changed from 50 to 750 pL, the AGMs exhibited
good monodispersity, and the size gradually decreased.
When the volume of Ag seeds was 50 uL, the average
size of the product was the largest, while the sizes of the
other three groups were close to each other. Different
from the other three products, the size increased when
the volume of Ag seeds was 1000 pL, but the product
was not a good dispersion. Clearly, various particle sizes
were observed (Fig. 3d).

Figure 3e shows the UV-vis-NIR spectra of the prod-
ucts after varying the amount of Ag seeds used. When
the volumes of the Ag seeds were 50, 250 and 1000 uL,
the products exhibited strong absorption peaks in both
the visible and NIR regions, extending from 500 to
1350 nm, which were closely related to the high density
of the tips on the product surfaces. However, when the
seed volume was 750 pL, the product had a strong
absorption peak at approximately 932 nm because the
smaller size of the product resulted in a lower density of
tips. Therefore, the spherical core played a dominant
role in the absorption of light in the band at approxi-
mately 932 nm.

The amount of Ag seeds relative to the concentration
of gold nanoparticles (which were derived from the
reduction of HAuCl, using AA) greatly affected the
particle size. When less seeds were added to the reaction
system, the ratio of gold nanoparticles to the seeds was
high, and the gold nanoparticles accumulated and grew
rapidly with Ag seeds as the centre, resulting in a larger
product size. In contrast, a small ratio of gold nanopar-
ticles to Ag seeds resulted in a smaller particle size.
However, the uneven product sizes observed when the
volume of Ag seeds was 1000 puL was attributed the
excessive amount of Ag seeds greatly reducing the
distances between the seeds. This distance reduction
led to aggregation due to the high surface energy of
the Ag seeds before they grew into AGMs, resulting in
an unequal distribution of seeds and gold nanoparticles.
Then, the seeds became more distributed and
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Scheme 2 The possible
structures of 16-4-16 and the
products formed as a function of
the concentration

gathered more gold nanoparticles to form larger particle
sizes, and vice versa, which resulted in a large difference
in the size distribution of the product.

Effect of the AgNO; feed concentration

AgNOj; is widely used as a feed input to regulate the
morphology of nanomaterials. The vast majority of
studies have shown that changes in the AgNOj; concen-
tration can lead to significant changes in the morpholo-
gy of the product. Figure 4 shows the results of changing
the concentration of AgNO; from 0.1, 0.01, 0.001 to
0.0001 M while maintaining the other factors as con-
stants. Consistent with most of the literature, the change
in the concentration of AgNOj3 had a significant effect
on the product morphology.
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As shown in Fig. 4a, when the concentration of
AgNO; was 0.1 M, all the products were small spherical
particles (as shown in Table 1, the average size was
approximately 205 + 2 nm) with a few short tips on
the surface. When the concentration was reduced to
0.01 M, the particle size and density of the tips in-
creased, while small sections of the particles were bare
(Fig. 4b). Upon further decreasing the AgNO;5 concen-
tration to 0.001 M, the particle dispersion became un-
even. Many small particles were present, which reduced
the average size of the particles (Fig. 4c). Surprisingly,
when the concentration of AgNO; was reduced to
0.0001 M, as shown in Fig. 4d, the surface of the
product became rugged, but the surface of each particle
was smooth. Compared with the above, the average size
of the particles increased, which was attributed to the
irregular edges of the irregular particles.
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Fig. 3 SEM images of the Au microstructures synthesized with different amounts of Ag seed at a 50, b 250, ¢ 750 and d 1000 puL. Scale

bar = 500 nm. e Normalized UV-vis-NIR spectra
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Table 1 Summary of the average diameters and concentrations of the gold nanoparticles synthesized under different reaction conditions

Group Sample Cig4.16 0.005M CMC* Vieed Caaotond c Caa  Average diameter Cnmﬂammes
M) 16-s-16 (mM) (uL) gNOsfeeding = HAuCly Ny (nm)® (x10 2 M)°
M) (%)
I 1 0.001 500 0.004 1 0.1 130 +3 21,520.00
2 0.005 500 0.004 1 0.1 384+3 4.62
3 0.01 500 0.004 1 0.1 388+5 448
4 0.025 500 0.004 1 0.1 587 +2 1.30
i 1 0.005 50 0.004 1 0.1 800 + 11 0.51
2 0.005 250  0.004 1 0.1 403 + 4 4.00
3 0.005 750 0.004 1 0.1 290 + 4 10.72
4 0.005 1000 0.004 1 0.1 382+4 470
1 1 0.005 500 0.1 1 0.1 205 +2 30.40
2 0.005 500 0.01 1 0.1 328+5 7.42
3 0.005 500 0.001 1 0.1 192 +3 37.04
4 0.005 500 0.0001 1 0.1 458 + 14 273
v 1 0.005 500 0.004 1.5 0.1 43247 4.87
2 0.005 500 0.004 125 0.1 352+5 7.50
3 0.005 500 0.004 0.75 0.1 252+5 12.24
4 0.005 500 0.004 0.5 0.1 241 +4 9.36
5 0.005 500  0.004 0.1 0.1 191+5 3.76
\Y% 1 0.005 500  0.004 1 1 327+6 7.49
2 0.005 500 0.004 1 05  419+9 3.56
3 0.005 500 0.004 1 0.085 335+9 6.97
4 0.005 500 0.004 1 0.075 268+3 9.36
\%! 1 16-4-16 0.027 500 0.004 1 0.1 384+3 4.62
2 16-6-16 0.043 500 0.004 1 0.1 757 +7 0.60
3 16-10-16  0.027 500 0.004 1 0.1 590+ 6 127
4 16-12-16  0.020 500 0.004 1 0.1 352+ 6 6.01

?The data of the average particle sizes of all the particles were obtained from DLS measurements

®The concentration of the gold nanoparticle solution was calculated using the following equation:

— Nrw
C= N:VNa

where Nt 1 the total number of gold atoms added to the reaction solution, NV, is the number of gold atoms present in each nanoparticle, Vis
the volume of the product solution and N, is the Avogadro’s constant. The volume of each particle is represented by the volume of the sphere

calculated from the average particle size
¢ Data were derived from De et al. (1996)

Figure 4e shows the corresponding UV-vis-NIR
spectra of the products after varying the AgNO; con-
centration. When the concentration of AgNO; was
0.1 M, the only significant absorption peak was ob-
served at a wavelength of approximately 716 nm, indi-
cating that the corresponding product contained small
spherical particles with a small tip density. However,
similar to the AGMs, the product exhibited a continuous
absorption peak only in the range of 500 to 1350 nm
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when the AgNO; concentration was 0.01 M. When the
concentration decreased to 0.001 and 0.0001 M, the
corresponding UV-vis absorption peak exhibited an ap-
parent absorption peak only between 700 and 900 nm
with a long tail that extended into the NIR region as the
product became inhomogeneous or rugged.

The fact that the adsorption of Ag nanoparticles at the
seed surface active sites led to the formation of AGMs
may be consistent with the above phenomenon. The
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Fig.4 SEM images of the Au microstructures synthesized with different concentrations of AgNOz ata 0.1, b 0.01, ¢ 0.001 and d 0.0001 M.
Scale bar = 500 nm. e Normalized UV-vis-NIR spectra

activity of Ag is higher than that of Au. After AA was
added to the system, AgNOs first reduced into small Ag
nanoparticles and then attached to the active sites of the
seed surfaces. Then, multiple substitution reactions oc-
curred with HAuCly, leading to the formation of the
AGM morphology. This is consistent with the experi-
mental results above, that is, when the concentration of
the AgNO; feed was high, such as 0.1, 0.01, and
0.001 M, more Ag* became distributed around the seeds
to form more tips on the product surfaces. Therefore,
when the AgNO; concentration was 0.1 M, higher con-
centrations of AgNO; could adsorb onto more active
sites and cause the reaction to occur more quickly,
resulting in smaller products. In addition, when the
concentration gradually decreased to 0.01 and
0.001 M, products with large sizes and uneven distribu-
tions were obtained due to the decrease in the active site
adsorption and the unequal distribution of AgNOs.
However, when the concentration was only 0.0001 M,
the small amount of Ag" could not evenly distribute
around the spherical Ag seeds. The Ag™ could only
distribute at a few locations around the seed, and the
resulting product exhibited a smooth surface with a few
rough areas.

Effect of the HAuCl, concentration

As we all know, the change in the concentration of a raw
material has a great impact on the product. Moreover,
the charge of the AuCl, anion formed by the aqueous
solution of HAuCl, was opposite to that of the quater-
nary ammonium gemini surfactant; therefore, the
change in the concentration of HAuCl, had a great

0.1 M

0.01 M

0.0001 M 0.001 M

400 600 800 1000 1200
Wavelength (nm)

influence on the product. Figure 5 shows the results of
changing the concentration of HAuCl, from 1.5 to 1.25,
0.75, 0.5 and 0.1% (w/w), while the other factors
remained the same. Obviously, with the increase in the
concentration of HAuCly, the product gradually evolved
from spherical structures to AGMs, open-mouthed
submicrostructures and ribbon nanowires.

When the concentration of HAuCl, was 1.5%, as
shown in Fig. 5a, the product was roughened spherical
microparticles with a good dispersion. When the con-
centration of HAuCl, gradually decreased from 1.25 to
0.75 and 0.5%, as shown in Fig. 5b—d, the average
diameter of the particles decreased gradually, and the
surface of the product changed greatly. As shown in Fig.
5b, the product had a better distribution of AGMs, and
each particle surface had densely distributed tips. How-
ever, the length and density of the tips on the surface of
the particles became significantly increased and many
particles had bare areas when the concentration was 0.75
or 0.5%; these products did not exhibit good dispersions
(Fig. 5¢c, d). In particular, as shown in Fig. 5e, when the
concentration of HAuCl; was reduced to 0.1%, the
product was completely transformed into ribbon nano-
wires with a diameter of only tens of nanometres and a
length of a few microns, and other products were not
observed.

The information provided by SEM was verified from
the UV-vis-NIR spectra for the products presented in
Fig. 5f. When the concentration of HAuCl, was 1.5%,
the only absorption peak of the spherical product was
located at approximately 720 nm, which was the char-
acteristic absorption peak of the rough gold micro-
spheres. When the concentrations were 1.25, 0.75 and
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Fig.5 SEM images of the Au microstructures synthesized with different concentrations of HAuClyata 1.5,b 1.25,¢0.75,d 0.5 and e 0.1%.

Scale bar = 500 nm. f Normalized UV-vis-NIR spectra

0.5%, the position of the maximum absorption peak
extended into the NIR region. The products presented
a strong absorption peak in the range of 500-1350 nm,
which was closely related to the long and high density of
the tips or sharp edges. However, when the concentra-
tion was 0.1%, the UV-vis spectrum of the nanowires
was significantly different with the others, and the only
strong absorption peak was located at approximately
502 nm.

The above phenomenon may have been directly re-
lated to the electrostatic forces between the cationic
quaternary ammonium gemini surfactant and the
AuCl, anions (Wang et al. 2013a, b, c). When the
concentration of HAuCl, was 1.5%, the high concentra-
tion of AuCl, anions and 16-4-16 resulted in strong
electrostatic interactions that prevented the surfactant
molecules from forming stable micelles and 16-4-16
from acting as a soft template. In addition, the gold
nanoparticles formed by the reduction of AA rapidly
formed spherical particles due to the high surface ener-
gy. However, when the concentrations of AuCl, anions
and 16-4-16 were in the appropriate range, concentra-
tions of 1.25, 0.75 and 0.5%, the electrostatic repulsions
between the molecules of 16-4-16 enabled the formation
of suitable soft templates, such as spherical micelles,
promote the formation of AGMs and open-mouthed
shapes. However, a lower concentration of HAuCly
(C = 0.1%) would cause 16-4-16 to form banded

@ Springer

aggregates, leading to the formation of ribbon nano-
wires. This result indicated that high concentrations of
HAuCl, were not conducive to the production of thorns,
while low concentrations of HAuCl, favoured of one-
dimensional structures, such as nanowires. Only certain
concentration ranges of HAuCl, enabled the formation
of regular AGMs.

Effect of the concentration of AA

AA is a mild organic reducing agent that is commonly
used for synthesizing nanomaterials. Compared with
other reducing agents, AA can maintain a stable reduc-
tion rate, which can be conducive to the growth of a
regular morphology. This behaviour reflects the impor-
tance of selecting the appropriate type of reducing agent
and controlling the rate of reduction to control the
synthesis of nanomaterials. We used different concen-
trations of AA, 1, 0.5, 0.085 and 0.075 M, to reduce
HAuCly to prepare gold micromaterials, without alter-
ing the other experimental factors. Figure 6 shows the
corresponding SEM and UV-vis-NIR spectra of these
products.

As the concentration of AA gradually decreased, the
product regularly changed from bricks to AGMs to
spheres. When the AA concentration was 0.5 M, the
product contained bricks with sharp edges mixed with a
few gold nanoplates (Fig. 6a). When the AA
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Fig. 6 SEM images of the Au microstructures synthesized using different concentrations of AA at a 0.5, b 0.25, ¢ 0.085 and d 0.075 M.

Scale bar = 200 nm. e Normalized UV-vis-NIR spectra

concentration was reduced to 0.25 M, the product
changed from bricks into spherical particles (Fig. 6b)
with many sharp edge protrusions on the surface, which
was unlike other products with only a few tips. When
the AA concentration continued to decrease, as shown
in Fig. 6¢c, d, the product gradually became regular
spherical shapes, and the sharp edges disappeared.
When the AA concentration was 0.085 M, the product
size was larger, and the surface had many long tips, but
when it was 0.075 M, the particle size was small, and the
product appeared to be more rounded without prominent
tips on the surface.

Figure 6e presents the corresponding UV-vis-NIR
spectra. In the UV-vis-NIR spectra, the absorption bands
of the products are different. When the AA concentra-
tion was high (0.5 and 0.25 M), the products had sharp
edges, resulting in a continuous absorption peak in the
range of 500—1350 nm, but due to the uneven distribu-
tion of the product surface tips, the intensity of the
absorption peak gradually decreased after 800 nm.
Clearly, the product exhibited tips when the concentra-
tion of AA was 0.085 M. The corresponding absorption
peak moved closer to the NIR region, resulting in the
product that exhibited two significant absorption peaks
at 750 and 1150 nm. In contrast, the spherical particles
with a smooth surface only absorbed at 600 and 800 nm
when the concentration of AA was just 0.075 M.

The reason for the above phenomenon was attributed
to the reaction speed. As shown above, when the con-
centration of AA was 0.5 M, the high concentration of
AA rapidly reduced HAuCl, into smaller gold nanopar-
ticles. Since the surface energy of the smaller particles
was higher, the rapid aggregation of these small

nanoparticles in the solution was conducive to the for-
mation of sharp edges. Additionally, since the aggrega-
tion rate of these nanoparticles was fast, the product
could not assemble into regular spherical shapes. This
conjecture was verified when the AA concentration
gradually decreased from 0.25 to 0.085 and 0.075 M;
the product tended to form regular spherical particles,
and the sharp edges changed into tips or became
smooth. The reason for this change was the slow aggre-
gation rate of the nanoparticles with a lower surface
energy. Thus, a suitable aggregation rate and a moderate
reduction rate favoured the formation of nanoparticles
with a regular morphology.

Effect of the spacer length of the gemini surfactants

In addition to changing the concentration of 16-4-16,
changing the gemini surfactant type also had an important
influence on the results when all other parameters were
held constant. Scientific research has shown that the struc-
ture of micelles is also closely related to the spacer length
of gemini surfactants (Bhattacharya and Biswas 2011)
Figure 7a— presents the effects of changing the gemini
surfactant type (16-s-16, s = 4, 6, 10 and 12) on the
formation of the AGMs, keeping the other conditions
constant. Interestingly, the gold microstructures exhibited
good monodispersity regardless of the type of gemini
surfactant used. In comparison, as shown in Fig. S2, when
CTAB was used as the stabilizer, the product was mostly
random spherical particles. However, the product sizes
increased approximately with the increase in the spacer
length, and the tip density changed. When the carbon
number of the spacer length was 4 or 12, the tip density
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on the surface of the products was high, and the distribu-
tion of the thorns was uniform. In particular, the use of 16-
10-16 resulted in particle surfaces with almost indistin-
guishable protrusions, similar to a spherical particle. Addi-
tionally, the products synthesized with 16-6-16 appeared as
spheres with dense short tips that were taller than those of
the other products.

Figure 7e shows the corresponding UV-vis-NIR spec-
tra after varying the gemini surfactant type. The products
synthesized using the four types of surfactants exhibited
strong absorption peaks in the range of 500-1300 nm.
‘When the spacer length was 4 or 10, the absorption of the
product exhibited two absorption bands at approximately
700 nm and 1050 nm, and strong absorption occurred at
500-1300 nm for a spacer length of 6 or 12. Comparing
the two sets of spacer lengths, the absorption peaks of the
higher spacer length products (6 or 12) decreased at a
certain wavelength, but the products using shorter spacer
lengths (4 or 10) maintained high absorption in the 600—
1300-nm continuous region.

A brief representation of the possible influences of
16-s-16 (s = 4, 6, 10 and 12) is shown in Scheme 3.
When the surfactant concentration was low, spherical
micelles were formed. The hydrophobic interactions
and charge repulsions due to the quaternary ammonium
salts (Chen 1986) provided space between the gemini
surfactant molecules for the tips to grow between the
hydrophobic chains. When s was below 10, the spacer
was stretched at the air-water interface; when s was 10
or 12, the spacer became too hydrophobic to remain in
contact with water and adopted a folded, archway-like
conformation (Alami et al. 1993). In addition, longer
gemini surfactant spacer lengths brought the surfactant

molecules closer in a crisscross pattern on the surface of
the micelles. This pattern narrowed the intermolecular
gap, preventing the reduced gold nanoparticles from
depositing on the surface of the spherical gold core.
However, when the intermediate chains were too long
(16-12-16), they reacted with the tails to repel the water
phase and again provided space for gold nanoparticle
deposition, as shown in the SEM image in Fig. 3d; the
product surfaces became very rough with different
lengths of tips.

Mechanism of the morphological transformation

We oversaw the formation of the crystals by removing
the solution in group B at different time points during
the reaction for SEM analysis. Figure 8 presents the
SEM and UV-vis images of the intermediate products
observed. Slightly different from previously reported
mechanisms, we believe the growth process of the
AGMs occurred in two stages. The first stage was to
gradually form a uniform solid core consisting of gold
nanoparticles, and the second stage was the generation
of gold tips on the surface of the core to combine into the
acanthosphere-like morphology.

During this process, the AGMs were synthesized
through a two-step, seed-mediated growth method. In
the first step, after the reactants were injected into the
solution, silver nanoparticles dissolved into Ag" along
with the migration of electrons. This dissolution caused a
galvanic replacement reaction between the silver nano-
particles and HAuCl, and led to the formation of small
spherical gold nanoparticles (Sun and Xia 2002). This
reaction occurred because the reduced small gold
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Fig.7 SEM images of the Au microstructures synthesized using a series of gemini surfactants at a 16-4-16, b 16-6-16, ¢ 16-10-16 and d 16-
12-16. Scale bar = 500 nm; inset scale bar = 200 nm. e Normalized UV-vis-NIR spectra
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Scheme 3 An illustration of the effects of the spacer length of the
gemini surfactant on the formation of the products

nanoparticles had a tendency to nucleate on the surfaces
of the silver NPs to lower the energy cost. In the second
step, the growth process of the AGMs began to occur; we
started the timer after all the reagents were added into the
system. As shown in Fig. 8, after all reactants were
combined for 30 s, a series of quasispherical Au NPs
with different sizes was obtained (Fig. 8a), which was

Absorption

considered to be the growth process of the cores. As the
reaction proceeded for 1 min, Au** was reduced to Au
metal due to the AA and grew on the newly formed cores.
In addition to growth via atomic addition, the cores could
directly coalesce into larger crystals via a particle-
mediated aggregation process (Kulak et al. 2007). De-
fects can be observed on the intermediate products in Fig.
8a—c. A large number of defects on the particles could act
as sites for further Au precipitation (Wang et al. 2012).
When the reaction time was gradually increased to
10 min, the Au core grew into primary nanoparticles
and aggregated to form microspheres to reduce the total
energy of the system. Various types of quasispherical
nanoparticles gradually became spherical particles that
were uniform in size. By comparing Fig. 8d—f with the
previous analyses, we found that the growth of each
particle did not occur simultaneously; the particles grew
gradually until they had the same size and morphology.
Obviously, after growing for 3 min, quasispherical parti-
cles with poor dispersibility sequentially became spheri-
cal. Compared with the results after 3 min of growth, after
growing for 10 min, the most noticeable change was that
the sizes of the microspheres became consistent. Simul-
taneously, the number of particles decreased significantly.
This result may have been due to an Ostwald ripening
process (Ostwald 1900), which was driven by the in-
creasing chemical potential of the NPs due to particle
dissolution and ion reprecipitation, leading to an increase
in the particle size but a decrease in the number of
particles. Later, a few tips on the spherical gold particles
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/
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Fig. 8 SEM images of the intermediate products of the Au nanoparticles obtained at different reaction times at a 30 s, b 1 min, ¢ 3 min, d
10 min, e 20 min and f 30 min. Scale bar = 100 nm. g Normalized UV-vis-NIR spectra of the intermediate products
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could be detected using the 16-4-16 molecules, which
indicated the formation of the acanthosphere-like mor-
phology. After 20 min, the acanthosphere-like morphol-
ogy could be markedly distinguished. Structures with
more tips on the surface were produced (Fig. 8¢), and
the sizes of the particles increased compared with those of
the structures obtained after 10 min. Although the AGM
morphology was formed within 20 min, well-developed
gold microstructures composed of longer tips on the
surface were formed after 30 min of reaction time. Pos-
sibly due to silver underpotential deposition (UPD), Ag
(0) and AgBr chemisorbed on the surface of the active
sites of the seed particles during the sequential growth of
the gold atoms, leading to the formation of multibranched
particles (Vijayaraghavan et al. 2016). After the reaction
proceeded for 30 min, particles with acanthosphere-like
morphologies were formed with larger sizes and longer
tips (Fig. 8f). These particles exhibited a better
monodispersity than the intermediate particles.

Conclusions supporting the above-described forma-
tion process were also obtained from the UV-vis spectra
(Fig. 8g). As shown in Fig. 8g, only one absorption peak
existed at approximately 600 nm when the reaction
occurred from 30 s to 3 min, indicating that AGMs were
not formed during this process. When the reaction time
was extended to 10, 20 and 30 min, the absorption peak
shifted to approximately 748 nm, and a new absorption
peak appeared at a longer wavelength (1145 nm, Fig. 1).
This result indicates that the tips started to form signif-
icantly during this process. From the SEM and UV-vis
analyses of the intermediate products isolated at various
time points, it is clear that the evolution of the AGMs
followed a two-stage growth process. However, the
formation mechanisms in our research were not flawless
and require further investigation.

Evaluation of the SERS efficiency

Because the gold NPs exhibited morphology- and size-
dependent SERS characteristics, the SERS performance of
the product was measured using RhB molecules as the
absorbent, which is a food additive that can cause cancer.
Figure 9 shows the SERS spectra of RhB with concentra-
tions ranging between 5 x 10° and 5 x 10™® M in the
presence of aqueous colloidal gold microstructures. The
SERS signal intensities were obtained using an Ar" laser
(A =514.5 nm) as the excitation source. Clearly, from Fig.
9, RhB on the AGMs exhibited intense SERS signals at a
concentration of 5 x 10”7 M. The spectrum clearly exhibits
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Fig. 9 Raman spectra obtained at different target concentrations
(5 x 10°° M~5 x 10" M) of RhB molecules in the presence of
AGMs

peaks at approximately 1198, 1281, 1360, 1433, 1508,
1531, 1567, 1598 and 1648 cm !, which are the pure
RhB Raman vibrations in the 1100~1700 cm™' region
(Kneipp et al. 1999). The peaks at 1360, 1433, 1508,
1531, 1567 and 1648 cm ! were attributed to aromatic
C—C stretching. The peak at 1598, 1281 and 1195 cm™'
were due to aromatic C=C stretching, C—C bridge-band
stretching and aromatic C—H bending, respectively. RhB
Raman features were not found at concentrations of
5x 10"® M or lower. There were two mainly reasons for
the efficient enhancement of the RhB molecule signals.
First, the uneven surface of the AGMs enabled higher RhB
molecule adsorption, which consequently lead to strong
plasmon coupling with adjacent particles (Ndokoye et al.
2016). Second, the most localized and enhanced electric
field areas were found close to the tips, causing strong
electric field enhancement (Fang et al. 2010). When using
AGMs as a Raman substrate, the short sharp tips around
the AGMs created more “hot-spots,” which contributed to
large electric field enhancement as well as an increase in
the Raman signal (Wang et al. 2012). Even though the
AGMs produced a strong SERS signal, it is still difficult to
precisely calculate the intensity variations as a function of
the product sizes using probe molecules (Khoury and Vo-
Dinh 2008).

Conclusion

In conclusion, highly monodisperse and uniformly distrib-
uted AGMs were synthesized via seed-mediated growth
within 30 min using 16-s-16 (s =4, 6, 10 and 12) at 30 °C.
The products exhibited wide absorption bands in the UV-
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vis-NIR region, which possessed broadly extendable ab-
sorption bands ranging from 500 to 1350 nm. The results
showed that the concentrations of 16-4-16, AgNOs,
HAuCl, and AA and the amount of seeds had significant
effects on the size, morphology and UV-vis absorption
spectra of the products, and the aggregates of the gemini
surfactants in the solution were considered to be indispens-
able for the formation of various morphologies. In partic-
ular, changing the 16-4-16 concentration led to changes in
the product from irregular shapes to spiked spheres and
lamellar spikes. Changing the concentration of HAuCl,
converted the products between open-mouthed
submicrostructures, spiked spheres and ribbon nanowires.
Meanwhile, changing the spacer length caused the
stretching and bending of the spacers between the gemini
surfactants to behave differently, which led to the forma-
tion of AGMs with different lengths of tips and sizes. The
characterization of the formation mechanism indicated that
the solid core and the tips on the surface of the AGMs were
generated in a two-stage growth process. In addition, the
AGMs synthesized under optimal conditions acted as sen-
sitive SERS substrates, and concentrations of 5 x 1077 M
RhB could be detected. This scientific study provides a
new train of thought for controlling the morphology and
size of multibranched gold nanoparticles with the seed-
mediated method. This method may be applicable to the
synthesis of other types of nanomaterials.
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