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Coupled plasmonic assemblies have recently attracted tremendous research interest in the field of Surface
Enhanced Raman Scattering (SERS) due to their unique optical and biocompatible properties. Using DNA to
connect different parts of assembled plasmonic nanostructures has been a simple but useful method to
achieve the expected nanocomposites. This work prepared a satellite SERS substrate based on gold
nanorod/gold nanosphere structures, in the hope of providing a novel SERS sensor for biomedicine
related applications. A seed growth method was adopted to fabricate gold nanorods, using a region
specific method to connect the gold nanorod core with the gold nanosphere satellites. The fabricated
nanocomposites were further self-assembled with p-mercaptobenzoic acid (p-MBA) molecule layers as
Raman reporters for SERS experiments. The obtained satellite nanostructure could produce "hot spots”

between the gold nanorods and gold nanospheres to improve the SERS sensitivity and also to function
Received 23rd November 2016

Accepted 17th January 2017 as a key factor to tune the localized surface plasmon resonance (LSPR) absorption band to the near-

infrared region. Finally, the optimized satellite SERS sensor was applied in the detection of Crystal Violet

DOI: 10.1039/c6ra27185e (CV) with a limit of detection as low as 10~ M, proving that the self-assembled nanocomposite could
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Introduction

Noble metal nanostructures have fascinating optical properties
due to localized surface plasmon resonances (LSPRs) and have
found wide application in SERS, which has become a great
analytical technique with high sensitivity and practical usage in
vivofvitro for biological requirements."® Metallic nano-
structures, especially gold, silver, and copper nanostructures,
are often used as substrates which can strongly enhance the
Raman signal due to electromagnetic enhancement.*?
Synthesis of gold nanoparticles has been studied for a long
time, while non-spherical nanoparticles have only been devel-
oped in the past decade compared to most spherical gold
nanoparticles.® In the ultraviolet spectrum, gold nanospheres
(AuNSs) have only a single peak at around 520 nm. However,
gold nanorods (AuNRs) have two kinds of peak called transverse
and longitudinal bands, which are caused by the differences
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act as an effective substrate for single molecule detection.

between length and width.”® The peaks are tunable depending
on the aspect ratio of the AuNRs. The most attractive part is that
we can control the transverse band to make it occur in the
visible region while the longitudinal band occurs in the near-
infrared (NIR) region, which broadens their application in
biotechnologies.®** In order to form hot-spots to produce
extraordinary enhancement, large numbers of coupled plas-
monic assemblies have been designed." For instance, Xu and
his co-workers found that the satellite structures assembled by
noble metal nanoparticles can form numerous in-built elec-
tromagnetic hot-spots to produce a remarkable enhancement in
the Raman signal as well as to provide great stability for various
kinds of detection.>*"** Some nanoscale forces have been used
to fabricate core-satellite nanoassemblies, such as DNA
hybridization, functional polymer linking, covalent forces,
metal ion-organic ligand complexation, electrostatic attraction
and hydrogen bonding.*® Using DNA as a building block to
assemble plasmonic nanostructures has been a powerful
approach, but great challenges still exist in the complex
synthetic process.'*>° The unique base-pairing property of DNA
can realize specific geometric control in the synthetic process.**
Therefore DNA based self-assemblies have promising biocom-
patibility and can be used as biosensors, catalysts, optical
devices, for imaging and therapeutical aspects.”**

In this work, we synthesize monodispersed AuNRs with
a high aspect ratio using a seed mediated growth method, and
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assembled the fabricated nanorods with AuNSs by DNA to form
an AuNR/AuNSs satellite structure. The nanocomposites allow
for very orderly fabrication and sensitivity with a simple prep-
aration method and fast detection progress. Therefore these can
be applied as SERS sensors and exhibit a great enhancement
effect for reporter as 4-MBA, R6G and CV, making them
a promising candidate for single-molecule detection.

Experimental methods

Materials

Chloroauric acid (HAuCl,) and crystal violet (CV) used for this
study were purchased from Sigma-Aldrich (Shanghai, China).
All oligonucleotides used were purchased from Takara
Biotechnology (Dalian, China). p-Mercaptobenzoic acid (p-MBA)
was purchased from Tokyo chemical industry Co. Cetyl-
trimethyl Ammonium Bromide (CTAB) was purchased from
Lanyi Factory Co. (Beijing, China). Sodium oleate (NaOL) was
purchased from Hushi laborator equipment Co. (Shanghai,
China). Silver nitrate (AgNO;) and sodium borohydride (NaBH,)
were purchased from Guanghua Chemical Factory Co.
(Guangdong, China). Ascorbic acid (AA) was purchased from
Xilong Factory Co. (Guangdong, China). All syntheses used
Ultrapure MilliQ water. All the glassware was cleaned with aqua
regia and rinsed with MilliQ water multiple times and then
dried before use.

Synthesis of the AuNRs

The seed mediated growth method was adopted to synthesize
monodispersed AuNRs with a high aspect ratio.*

Synthesis of the seed of gold nanorods. Seed solutions were
prepared from 5 ml of HAuCl, (0.5 mM) and 5 ml of CTAB (0.2
M). Then those two solutions were mixed in a 100 ml boiling
flask. An additional 0.6 ml of freshly iced NaBH, (0.01 M) was
diluted to 1 ml with pure water and then injected into the
previously mixed solutions under vigorous stirring (1200 rpm).
Stirring continued for 2 min until the color of the seed solution
changed to brownish yellow. Stirring ceased and the solution
was kept stewing for at least 30 min before use at room
temperature to complete the reaction.

Preparation of the growth solution. 3.5 g of CTAB and 0.617 g
of NaOL were dissolved in pure water at approximately 50 °C in
a 250 ml flask. Then 9 ml of AgNO; solution (4 mM) was added
when the previous solution had cooled down to 30 °C. This
solution was kept undisturbed at 30 °C for 15 min before an
additional 125 ml of HAuCl, solution (1 mM) was added. After
90 min of stirring (700 rpm) the solution became colorless,
following which 0.75 ml of HCI was added to adjust the pH
value. Then it was slowly stirred for 15 min at 400 rpm and
vigorously stirred at 1200 rpm after 0.625 ml of ascorbic acid
(0.064 M) had been added, and stirred for another 30 s at 1200
rpm after 0.2 ml of gold seed solution had been added. Finally,
the mixed solution was kept undisturbed at 30 °C for at least
12 h for full growth of AuNR. The final products were centri-
fuged at 7000 rpm for 20 min and the supernatant removed.
This procedure was repeated three times.
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In order to clean the AuNRs more thoroughly, it's better to
use warm water to wash the CTAB out. The AuNRs were iso-
choric at 10 ml.

Synthesis of the AuNS

G. Frens's standard procedure was employed to synthesize the
AuNS.”® 2 ml of 50 mM chloroauric acid was added to 98 ml of
Ultrapure MilliQ water to give a final concentration of 1 mM.
Then the diluted chloroauric acid was heated to boiling before
2 ml of 194 mM trisodium citrate was added. After approxi-
mately 70 s the solution changed to a brilliant red. Then it was
continuously boiled for 20 min to form spherical particles
completely. The mixture solution was cooled to room temper-
ature with gentle shaking. Then the monodispersed AuNS with
a size of 16 nm was obtained.

Self-assembly of AuNR and AuNSs

0.5 ml of AuNRs was diluted to 10 ml with Ultrapure MilliQ
water. Then 1 uL DNA oligomers ASY1 with a sequence of TTA
TAA CTATTC CTA AAA AAA AAA A C)SH was added to 300 pL of
diluted AuNRs. Single-strand DNA-modified AuNRs (AuNR-
ASY1) were obtained after incubation at room temperature for
12 h. 0.5 ml of AuNPs was diluted to 10 ml with Ultrapure MilliQ
water. Then 2 pL of DNA oligomers ASY2 with a sequence of TAG
GAA TAG TTA TAA AAA AAA AAA A C)SH was added to 600 pL of
diluted AuNS. Single-strand DNA-modified AuNSs (AuNS-ASY2)
were obtained after incubation at room temperature for 12 h.
The AuNR-ASY1 and AuNS-ASY2 were heated for 15 min at
60 °C. Then 50 pL of AuNR-ASY1 was mixed with 100 pL of
AuNS-ASY2 in 20 pL of Ultrapure MilliQ water, which could
make the DNA oligomers more pliable and base pairing easier.>”
Then 4-mercaptobenzoic acid (4-MBA) was modified with an
AuNR/AuNSs satellite SERS sensor until a concentration of
10 M 4-MBA was reached.

Characterization

TEM images were obtained using a JEM-2100F transmission
electron microscope operated at 200 kv. The UV-vis spectro-
photometer and fittings were provided by SHIMADZU (Japan)
Co., Ltd. Raman spectra were recorded with a JY HR800 Raman
spectrometer (HORIBA Jobin Yvon), equipped with a 50x
objective (NA = 0.5) and a He-Ne laser with 633 nm wavelength;
the laser power values measured in the experiments were ob-
tained from a power meter (mW at the samples with a spot area
of approximately 1.4 um?). The Raman band of a silicon wafer at
520.8 cm~ " was used to calibrate the spectrometer.

Results and discussion
Morphology characterization

Transmission electron microscopy (TEM) images (Fig. 1)
demonstrate the assembly of the AuNR and AuNSs. From TEM
images Fig. 1(A) and (B), we can see that the average size of the
AuNR is [127 + 5/34 + 1] with an aspect ratio of 3.74. And the
average size of the AuNS is 16 nm. Fig. 1(B) shows the High-
resolution TEM (HRTEM) of AuNRs. The lattice distance is

This journal is © The Royal Society of Chemistry 2017
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Fig.1 (A) TEM images of pure AuNRs, (B) high-resolution TEM images
of (200) lattice planes of AuNRs (C and D) TEM images of AUNR/AUNSs
satellite nanocomposites, (E) selected area electron diffraction of
AuNR/AuUNSs satellite nanocomposites, (F) TEM images of AuNRs
mixtured with AuNSs in the absence of DNA and the HRTEM of (111)
lattice planes of AuUNS (as the inserted picture).

2.05 A, corresponding to a lattice distance of (200) surfaces of
Au. The TEM images (C and D) show clearly that the AuNS are
attached on the oligomer template surrounding the AuNRs and
form the so-called satellite structure (Scheme 1). Selected area
electron diffraction (SAED) of AuNR/AuNSs satellite nano-
composites is shown in Fig. 1(E). We can clearly distinguish the
(111), (200) and (220) surfaces of the Au crystal. A representative
TEM image containing a higher number of satellite nano-
structures is provided in ESI Fig. S1.} Fig. 1(F) shows the AuNRs
mixed with AuNS in the absence of DNA which proves the

AuNRs AS1
(VN
°°° +/\/vv\ —_—

AS2
AuNS
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Fig. 2 (A) X-ray diffraction and (B) energy dispersive spectrometer
analysis of AUNR/AUNSs satellite nanocomposites.

effective regiospecific connected function. And the HRTEM
indicated the (111) surface of Au on account of the lattice
distance being 2.3 A. We can identify (111), (200), (200) and
(311) surfaces of Au by comparison of the X-ray diffraction
(XRD) in Fig. 2(A) with standard PDF card (04-0784). Energy
Dispersive Spectrometer (EDS) analysis (Fig. 2(B)) indicated
that gold was present, which was attributed to AuNRs and
AuNSs. The AuNRs with a high aspect ratio can assemble more
easily than AuNS due to the decrease in the space steric
hindrance. The mechanism is similar to the one-step regio-
specific reactions in organic chemistry for which the AuNS

Scheme 1 Scheme of the synthetic method for an AUNR/AuUNSs satellite nanocomposites SERS sensor.

This journal is © The Royal Society of Chemistry 2017
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could be considered an analog of atoms or chemical groups.>®
Murray's group demonstrated that the concentration of CTAB
can influence the formation of AuNRs by adsorbing along
certain directions and restraining crystal growth in those areas
selectively.”® In Xu's work, an assembly mechanism was
proposed that CTAB prefer to adhere along the (100) and (111)
facets, which exist at the sides and ends of the AuNRs,
respectively.>*°

So the facet of AuNRs with a (100) or (111) plane has higher
energy and can more easily attach to the DNA oligomers which
allows them to assemble with AuNS and form the satellite
structure.>*-**

Morphology optimization

The amount of DNA used during the assembly process plays an
important role in optimizing the morphology of the satellite
structure.'*' Three different DNA concentrations (75 pM,
75 nM, 75 pM) were used in our work while the ratio between
AuNR and AuNS is fixed at 0.5. Fig. 3(A) shows the TEM of

Fig. 3 TEM images of AuNR/AUNSs satellite nanocomposites with
different DNA concentrations: (A) 75 uM; (B) 75 nM; (C) 75 pM.
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prepared AuNR/AuNSs satellite nanocomposites with a DNA
concentration of 75 uM.

We find the assembled structure far from satisfactory with
randomly distributed AuNS easily aggregating together due to
the high ionic strength that affects the monodispersal of gold
nanoparticles. The TEM image of AuNR/AuNSs satellite nano-
composites with a DNA concentration of 75 nM (Fig. 3(B))
indicated an improvement in morphology which still needs
further optimizing. So we further reduced the concentration of
DNA to 75 pM and the satellite structure was successfully ob-
tained with AuNR tightly surrounded by AuNSs, as shown in
Fig. 3(C). Thus, the optimal DNA concentration was finally
estimated and adopted for all experiments in this work. The
SERS spectra of AuNR/AuNS satellite nanocomposites with
different DNA concentrations are shown in ESI Fig. S2.1

In the following section, we will discuss the influence of
AuNR/AuNSs ratios and heat conditions in the assembly
procedure. Fig. 4(A) and (B) show TEM images of prepared
AuNR/AuNSs satellite nanocomposites with two different AuNR/
AuNSs ratios (1 and 0.5) (SERS spectra are shown in ESI
Fig. S31). When the ratio was set to 1, AuNSs failed to completely
cover the AuNR all around, while the satellite structure is
adequately formed with an AuNR/AuNSs ratio of 0.5 (50 pL
AuNR-ASY1 and 100 pL of AuNS-ASY2) in a self-assembly
process. Different heat conditions are shown in Fig. 4(C) and
(D) (SERS spectra are shown in ESI Fig. S47). It's obvious that the
satellite structure is more well-organized after heating, because
heating can increase flexibility of the DNA oligomers which
makes them more pliable and makes base pairing easier.?*>*

Optical characterization

UV absorption spectroscopy is an easy but useful way to prove
the combination of gold nanoparticles and DNA oligomers as

e "
Fig. 4 TEM images of AuNR/AuUNSs satellite nanocomposites with
different ratios of AUNR/AUNSs and heat conditions. (A) The ratio of
AUNR/AuUNSs is 1; (B) the ratio of AUNR/AuUNSs is 0.5; (C) without
heating during the assembly process; (D) with heating during the
assembly process.

This journal is © The Royal Society of Chemistry 2017
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well as their base-pairing. The strong absorption and scattering
of AuNRs in the NIR region is fascinating for its potential bio-
logical applications. So we tested the UV absorption spectroscopy
of the optimized AuNR/AuNSs satellite nanocomposites and the
change after connecting with DNA oligomers of monodispersed
AuNS and AuNR. As displayed in Fig. 5(A), the characteristic peak
of the monodispersed AuNS appears at 522 nm which is in
accordance with the average size of 16 nm shown in TEM. Those
two strong plasmon peaks at 515 and 832 nm belong to trans-
verse and longitudinal bands of the AuNR (Fig. 5(B)). Obviously,
the typical peaks will experience a red shift due to the increase in
the local refractive index after combination with the DNA oligo-
mers. Therefore, the transverse band of the AuNRs is shifted from
515 to 519 nm while the longitudinal plasmon band shifted from
832 to 839 nm. Meanwhile, the AuNS show the same shift trend
as that from 522 to 525 nm. The length of DNA is subtle, so the
relevant peak change is inconspicuous. However, when the base-
pairing matches the AuNR and AuNS together, we can find an
obvious red shift from 515 to 525 nm and 832 to 868 nm
concomitantly, due to the split in the energy level of the plasmon
oscillations produced by AuNR/AuNSs satellite nanocomposite
coupling modes.*

SERS performance

To prove the sensitivity and the reproducibility of the AuNR/
AuNSs satellite assembly, the SERS performance of the
substrates was tested using 4-mercaptobenzoic acid (4-MBA)
and Rhodamine 6G (R6G) as Raman probes. The collected
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Fig. 5 UV-vis spectra (A) AuNS (green line), AUNS-ASY2 (pink line); (B)
AuNR (blue line), AUNR-ASY1 (red line) and AuNR/AuUNSs satellite
nanocomposites (pink line).
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spectra in Fig. 6 indicate that the SERS signals obtained from
the satellite assembly of AuNR/AuNSs were stronger than those
from individual AuNRs.

Remarkable differences in spectral intensity are observed
between SERS from AuNR/AuNSs satellite nanocomposites and
monodispersed AuNRs. In Fig. 6(A), the predominant bands are
located at 1082 and 1591 cm ™', corresponding to C(benzene
ring)-S stretching vibration and C-C stretching vibration on the
benzene ring, which is only 0.5 K counts for the monodispersed
AuNRs and increases to 6 K for the nanocomposites. In addi-
tion, the bands at 1184 and 1707 cm ™" in the SERS spectrum of
nanocomposite substrates which correspond to B CH and vC=
O have almost disappeared in the spectrum obtained from
AuNRs, suggesting a superior SERS sensibility of the success-
fully fabricated hybrids. The intensity of the Raman peak at 615
em™ ', which is assigned to aromatic bending increases from 0.6
K to 30 K for AuNRs assembled with AuNSs. The Raman
intensities of aromatic C-H bending at 775 and 1186 cm ™,
aromatic C-C stretching at 1364, 1511 and 1652 cm™ ' also
increased from 0.6 K to 40 K.

As for a substrate stability assessment test, we used R6G as
a reporter and tested AuNR/AuNSs satellite nanocomposites
after a week (ESI Fig. S77), and the intensity was steady which
proved a considerable stability. We also measured the
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Fig. 6 (A) SERS spectra of 4-MBA reporter molecule adsorbed on

AuNRs (red line) and AUNR/AUNSs satellite nanocomposites (blue line),
(B) SERS spectra of R6G reporter molecule adsorbed on AuNRs (pink
line) and AUNR/AuUNSs satellite nanocomposites (green line). The laser
power was 15 mW and the acquisition time was 3 s.
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uniformity of our satellite substrates in ESI Fig. S6.7 From the
principal Raman peaks of 4-MBA at 1082 and 1591 cm ™" in 5
SERS spectra, we found that the Raman signal intensities are
relatively unified with a relative standard deviation (RSD) of
6.9%.

At a particular frequency of the light, the free electrons of the
metal nanoparticle undergo a collective coherent oscillation in
the presence of the oscillating electromagnetic field, which is
termed the localized surface plasmon resonance (LSPR) oscil-
lation.?® The junctions in the AuNR/AuNSs assembly can
produce intensive electromagnetic fields compared to indi-
vidual monodispersed AuNS or AuNRs, which are the dominant
factor in the enhancement of the Raman signal. The closely
spaced particles give rise to strong electromagnetic coupling
and resonances in these satellite structures which can be
described by plasmon hybridization.”” Moreover, heating of the
assembled nanoparticles can provide brilliant plasmon-assisted
catalysis properties.

SERS sensor for CV detection

When a roughened noble metal surface adsorbs some organic
molecules such as rhodamine 6G and crystal violet, it results in
an enhancement of the normal Raman signal due to the dipole
of the molecule's incident field.***® Crystal violet (CV) has some
distinctive fluorescence characteristics from the visible to near-
infrared region in the spectrum which make its Raman signal
difficult to detect, making it a good reporter molecule to test the
SERS sensitivity of various substrates.** Under optimized
conditions, the gold nanogap formed in the assembling process
via DNA hybridization provides sufficient hotspots to enhance
the local electromagnetic field around the probe molecules due
to the LSPR effect, and the detection limit of the nanocomposite
substrates for CV was predicted to be lower than 1 x 10" M
(Fig. 7) which confirms the enormous enhancement and
sensitivity of the satellite AuNR/AuNSs sensor. The EF of the
SERS substrate was estimated by employing the formula:

EF _ ISERS % NNRS
INRS NSERS
18000 =
oM 11770m’™! 1622em”
150004 ", ™ t '
m" M
|
~120004 ", " OO grrem !

1o my )

Intensity(a.u.

— 7
1000 1200 1400 1600

Raman Shift (cm'l)

660 ) 860 1800

Fig. 7 SERS spectra of CV adsorbed on AUNR/AuUNSs satellite nano-
composites. The laser power was 15 mW and the acquisition time was
5s.
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where Isgrs and Iygrs are normalized Raman peak intensities of
the reporter molecule chemisorbed on the SERS substrate and
in the reference solution, respectively. Nsgrs and Nygs are the
number of reporter molecules exposed to the incident laser on
the SERS substrate and in the reference solution. The concen-
tration of CV is 10°* M for NRS and 10’ M on the SERS
substrate. According to the calculated result of 1622 cm™ " peak,
the EF was estimated to be 1.05 x 10° (SERS spectra of the
analyte molecule are provided in ESI Fig. S51).

Conclusions

In summary, we have successfully synthesized AuNR/AuNSs
satellite structures through the base pairing feature of DNA
oligonucleotides, which was confirmed by characterization with
TEM, UV-vis and Raman spectra. The prepared DNA-gold
nanorods/nanospheres satellite structures were applied as
SERS sensors with significant sensitivity and practicability. In
addition, the specific optical property of the satellite structures
with an LSPR peak located in the near-infrared region broadens
the application in biotechnological techniques. This gold
nanorods/nanosphere satellite structure exhibited great sensi-
tivity and reproducibility for the detection of CV by SERS with
a limit of detection as low as 10~ ** M, proving it to be a prom-
ising technology for molecular detection in the future.
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