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DNA-Directed Self-Assembly of Core-Satellite Plasmonic 
Nanostructures: A Highly Sensitive and Reproducible 
Near-IR SERS Sensor
 The excitation of surface plasmons in metallic nanostructures provides an 

opportunity to localize light at the nanoscale, well below the scale of the wave-

length of the light. The high local electromagnetic fi eld intensities generated in 

the vicinity of the nanostructures through this nanofocusing effect are exploited 

in surface enhanced Raman spectroscopy (SERS). At narrow interparticle gaps, 

so-called hot-spots, the nanofocusing effect is particularly pronounced. Hence, 

the engineering of substrates with a consistently high density of hot-spots is 

a major challenge in the fi eld of SERS. Here, a simple bottom-up approach is 

described for the fabrication of highly SERS-active gold core-satellite nanostruc-

tures, using electrostatic and DNA-directed self-assembly. It is demonstrated 

that well-defi ned core-satellite gold nanostructures can be fabricated without 

the need for expensive direct-write nanolithography tools such as electron-beam 

lithography (EBL). Self-assembly also provides excellent control over particle 

distances on the nanoscale. The as-fabricated core-satellite nanostructures 

exhibit SERS activities that are superior to commercial SERS substrates in signal 

intensity and reproducibility. This also highlights the potential of bottom-up 

self-assembly strategies for the fabrication of complex, well-defi ned functional 

nanostructures with future applications well beyond the fi eld of sensing. 
  1. Introduction 

 Since its initial discovery in the 1970s, [  1  ]  surface-enhanced 
Raman spectroscopy (SERS) has become a powerful tool for the 
sensing of chemical and biological compounds. [  2  ,  3  ]  SERS effects 
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are typically observed on metallic (e.g., 
gold, silver, and copper) nanostructures, 
such as metal layers with nanoscale rough-
ness, [  4  ,  5  ]  and metal nanoparticles [  6  ,  7  ]  and 
their aggregates. [  8–11  ]  The interaction of 
these nanostructures with light results in 
the collective oscillation of free electrons 
in the nanostructures, described as surface 
plasmons. Surface-plasmon-induced elec-
tric-fi eld enhancements can be observed 
in the close vicinity of metal-nanoparticle 
surfaces. These enhancements are par-
ticularly strong at nanoscopically sharp 
corners [  6  ,  7  ]  and interparticle gaps, [  12  ,  13  ]  typ-
ically referred to as “hot-spots”. The SERS 
intensity ( I  SERS ) is proportional to the 
modulus of the localized electromagnetic 
fi eld squared at the location of the analyte 
molecule. More specifi cally:

 ISERS ∝ |E | 2 ∝ | E0 | 2g    (1)

where  |  E  |  and  |  E  0  |  are the magnitudes of 
the localized and incident electromag-
netic fi elds, respectively, and  g  is the 
optical gain factor. [  14  ]  Metal-nanoparticle 
assemblies with nanosized spacing (e.g., 
nanodimers) have shown  E -fi eld enhance-
ment at hot-spots as high as  ≈ 10 5 , [  13  ]  enabling SERS signals 
to be detected with single-molecule sensitivity. [  9  ]  The strength 
of the electric-fi eld enhancement provided by a given plas-
monic nanostructure can be fi ne-tuned by tailoring the metal-
nanoparticle shape, [  15  ]  interparticle separation, [  9  ]  and assembly 
confi guration. [  16–23  ]  This also provides the means to adjust the 
wavelength at which surface plasmon resonance occurs. Tight 
control over these parameters is a paradigm for the fabrication 
of highly sensitive and reproducible near-IR-responsive SERS 
sensors. However, this remains challenging due to the lack of 
simple nanofabrication methods that provide adequate control 
of the resulting assembly geometry over large areas (typically 
several mm 2 ). 

 Generally, complex metallic nanostructures with a high SERS 
activity can either be fabricated by top-down nanolithography 
techniques or by bottom-up self-assembly approaches. Nano-
lithography tools such as electron-beam lithography (EBL) [  16–18  ]  
and focused-ion-beam (FIB) milling [  19  ]  allow for the production 
of customized metallic nanostructures with controllable size, 
1519wileyonlinelibrary.com
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shape, spacing, and positioning. A major drawback of these 
direct-writing techniques is their low output, hampering their 
use in commercial fabrication processes. Furthermore, it is dif-
fi cult to control feature sizes below 5 nm, a size-domain that is 
particularly attractive for the generation of plasmonic hot-spots. 
Bottom-up approaches, on the other hand, take advantage of 
self-assembly processes to construct complex metallic nanos-
tructures from individual-metal-nanoparticle building blocks 
that can be readily synthesized with controlled sizes and shapes 
through chemistry routes. [  20–22  ]  

 Metal-nanoparticle arrays have been fabricated through one-
step convective, [  24  ]  electrostatic ,  [  25  ]  and DNA-directed [  26  ]  self-
assembly of metal nanoparticles. Among these, the DNA-based 
approach is the most powerful for the control over the assembly 
architectures, owing to its programmable self-recognition prop-
erty. [  9  ,  10  ,  27–35  ]  The DNA-directed self-assembly of core-satellite 
nanostructures from colloidal building blocks was fi rst dem-
onstrated in 1998. [  36  ]  Recently, the groups of both Singamaneni 
and Tsukruk adopted a similar strategy that exploits electrostatic 
driving forces to produce core-satellite structures in solution, by 
means of a one-step electrostatic self-assembly process. [  37  ,  38  ]  The 
latter group also developed a cross-linking strategy that involves 
an esterifi cation and a click reaction to fabricate solvent-born 
bimetallic core-satellite nanostructures. [  39  ]  An alternative fabri-
cation process was presented by Kim et al., based on a two-step 
assembly process combining electrostatic and biotin-streptavidin 
lock-key interactions [  10  ]  to produce SERS hot-spots which can 
be reversibly tuned with aptamers. 

 Herein, we describe a novel hierarchical self-
assembly strategy for the fabrication of dense arrays of core-
satellite metal nanostructures for their application as SERS 
substrates. Similar core-satellite metal nanostructures have 
recently been shown to exhibit high SERS activity. [  18  ]  In con-
trast to our work, these structures were fabricated by means 
of nanolithographic methods. In this paper we present a low-
cost, non-lithographic, scalable method to produce SERS-active 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Scheme  1 .     A schematic representation of the hierarchical self-assembly 
1) APTES functionalization of a glass substrate; 2) electrostatic immobiliza
surface;  3 ) neutralization of surface-confi ned amino groups by the format
AuNP-DNA conjugates onto the 30 nm AuNPs, forming the core-satellite n
through UV-ozone cleaning, yielding pristine gold surfaces.  
core-satellite nanostructures using colloidal metal nanoparticles 
as building blocks. We study their optical properties and their 
SERS activities using benzenethiol as a model analyte. Making 
SERS measurements of surface adsorbed species is important 
in a range of bioanalytical applications. [  40–42  ]  The core-satellite 
nanostructures exhibit highly reproducible, near-IR responsive 
SERS signals and Fano like resonances, typically observed in 
lithographically fabricated metal nanostructures. [  16–18  ]  

   2. Results & Discussion 

 To produce a dense array of core-satellite metal nanostruc-
tures we have adopted a hierarchical self-assembly strategy, as 
illustrated schematically in  Scheme    1  . Commercially available, 
spherical gold nanoparticles (AuNPs) with an average diam-
eter of 30 nm and 20 nm were functionalized with monothi-
olated DNA (denoted as AuNP/DNA conjugates) [  43  ,  44  ]  and used 
as core and satellite nanoparticle building blocks. The hierar-
chical self-assembly process involves the electrostatic assembly 
of 30 nm AuNPs (core-AuNPs), followed by the specifi c DNA-
directed assembly of 20 nm AuNPs onto the core nanopar-
ticles. In order to confer a positive surface charge onto glass 
slides, they are immersed into an ethanolic solution containing 
3-aminopropyltriethoxysilane (APTES) (step 1). The resulting 
amino-terminated surface is positively charged at neutral and 
lower pH. [  45  ]  Exposing APTES-modifi ed glass slides to a solu-
tion of negatively charged core-AuNP/DNA conjugates (step 2) 
results in core-AuNP adsorption onto the APTES-modifi ed sur-
face. In the subsequent DNA-directed assembly step, we aim 
to immobilize 20 nm satellite AuNPs specifi cally around the 
core-AuNPs. However, prior to the DNA-directed assembly, it 
is essential to neutralize the remaining positive surface charges 
to avoid non-specifi c electrostatic assembly of the negatively 
charged 20 nm satellite AuNP/DNA conjugates onto the sur-
face of the glass slide. This is accomplished by reacting the slide 
mbH & Co. KGaA, Weinheim

procedure for the fabrication of core-satellite plasmonic nanostructures: 
tion of 30 nm AuNP-DNA conjugates onto the APTES-modifi ed substrate 

ion of covalent amide bonds with sulfo-SMCC; 4) hybridization of 20 nm 
anoparticle assemblies; and 5) removal of the surface-confi ned molecules 
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     Figure  1 .     SEM micrographs and statistical analysis: a) SEM micrograph of an array of core AuNPs (30 nm diameter) on a silicon substrate fabricated 
through electrostatic self-assembly. b) Distance analysis of the nanoparticles shown in panel (a): The distance between each core-AuNP and its nearest 
neighbor was measured (center-to-center) using image analysis (grey bars). The nearest-neighbor-distance distribution simulated for the same number 
of particles per area, but randomly placed, is shown for comparison (black bars). Fit: Gaussian function. See Supporting Information for details. 
c) SEM micrographs of an array of core-satellite nanostructures on a silicon substrate obtained by immobilization of 20 nm satellite AuNPs onto the 
core-AuNPs shown in panel (a) through DNA-directed self-assembly. d) A statistical analysis of the size distribution of the core-satellite nanostructures 
prior to and after UV-ozone treatment. An example of the size calculation for the core-satellite nanostructures prior to and after UV-ozone treatment 
is shown in Supporting Information, Figure S3.  
with sulfosuccinimidyl-4-[ N -maleimidomethyl]cyclohexane-
1-carboxylate (sulfo-SMCC) (step 2). Its amine-reactive 
 N -hydroxysuccinimide (NHS ester) functionality readily reacts 
with the surface-confi ned amino groups, forming a neutral 
amide bond. Subsequently the slides are exposed to the satellite 
AuNPs, which carry a DNA sequence complementary to that on 
the core-AuNPs, yielding the desired core-satellite nanostruc-
tures (step 3). UV-ozone treatment following the successful self-
assembly is directed at removing all surface-confi ned molecules 
to obtain pristine gold surfaces (step 4) ready to adsorb analytes 
for their detection in SERS experiments. Further experimental 
details are provided in the Experimental Section.  

 Controlling the distance between the core-AuNPs on the 
substrate is essential: it needs to be large enough to ensure 
that individual core-satellite structures are separated while 
keeping it as small as possible to obtain a high surface cov-
erage. The former guarantees a narrow optical response of non-
interacting core-satellite structures, while the latter maximizes 
light absorption. The core-AuNP surface density can be pre-
cisely controlled by adjusting the self-assembly conditions, 
such as the average number of DNA strands adsorbed on each 
AuNP, the AuNP concentration, and the ionic strength of the 
aqueous medium.  Figure    1  a shows the result of the electro-
static self-assembly process for core-AuNPs from ultrapure 
water. The distance between each core-AuNP and its nearest 
neighbor was determined via image analysis for a large number 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1519–1526
of particles ( > 1500). The histogram exhibits a very narrow dis-
tribution of nearest neighbor distances (NNDs) (Figure  1 b, grey 
bars) around an average NND of 106 nm, with a standard devia-
tion of only 13 nm.  

 A simple simulation model was used to generate random 
particle distributions with the same number of particles placed 
on the same area. Here, the analysis shows a very wide spread 
in NNDs (37 nm standard deviation) with an average NND of 
66 nm, emphasizing the fact that the self-assembly process is 
not stochastic (see Supporting Information for details). This can 
be rationalized in terms of the electrostatic repulsion of surface-
confi ned nanoparticles and nanoparticles in solution. An AuNP 
approaching the substrate surface is attracted by the positively 
charged amino groups on the APTES-modifi ed surface, but 
also repelled by the electric fi eld that arises from the negative 
charges located on already adsorbed AuNPs. Additional nano-
particles can only adsorb onto the surface where this repulsive 
force is overcome by the attractive force to the APTES-modi-
fi ed surface. This explains the larger average NND of 106 nm 
determined for the controlled self-assembly compared with the 
stochastic case. Figure  1 c shows a typical scanning electron 
microscopy (SEM) micrograph of the resulting core-satellite 
nanostructures following steps 1–4 described in Scheme  1 . 
Interestingly, the core-satellite nanostructures all appear to 
adapt a planar confi guration where the satellite particles are 
located in close vicinity to the substrate. This phenomenon has 
1521wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Absorption spectra of the self-assembled AuNPs on glass substrates: core-AuNPs 
only (a), core-satellite Au-NP structures directly after the DNA-directed self-assembly of the 
satellite particles (b), core-satellite Au-NP structures after MCH treatment (c), core-satellite 
Au-NP structures after UV-ozone treatment (d); Au-NP core-satellite structures after ben-
zenethiol loading (e).  
also been observed by other groups when drying solution-born 
core-satellite nanostructures on transmission electron micro-
scopy (TEM) grids. [  36  ,  37  ]  From a purely statistical perspective, the 
self-assembly in solution should allow the attachment of satel-
lite-particles to the core-AuNPs from all accessible space angles. 
Post-assembly conformational changes during the drying step 
driven by capillary forces can explain the formation of the planar 
particle arrangement observed in the SEM images. The statis-
tical image analysis of a 2.6  μ m  ×  2.2  μ m section on the sub-
strate (see Supporting Information, Figure S2) shows that 72% 
of the core-AuNPs formed individual core-satellite structures, 
while the remaining 28% formed merged satellite structures 
mostly containing two core particles. An average of 9.5 satel-
lite AuNPs assembled around each core while less then 0.5% of 
the satellite particles adsorbed non-specifi cally (not in the direct 
vicinity of a core-AuNP) onto the APTES-modifi ed substrates. 
This indicates that the chemical conversion of surface-confi ned 
positively charged amino groups with sulfo-SMCC to neutral 
amides was successful. It should be noted that sulfo-SMCC is 
typically used as a bifunctional cross-linker. In addition to the 
sulfo-NHS ester, it also contains a cyclohexane maleimide func-
tionality, which in our approach is not expected to undergo any 
further reaction during the self-assembly process. The bulki-
ness of this group is likely to further impede surface adsorp-
tion of satellite AuNPs through van der Waals interactions. 
The absence of any detectable SERS signal following the sub-
sequent UV-ozone treatment also provides clear evidence that 
the maleimide functionality is quantitatively removed prior to 
exposure to the Raman reporter molecule, benzenethiol. Alter-
native monofunctional NHS-esters have also been successfully 
used for the APTES passivation step, yet sulfo-SMCC proved 
to be marginally more effi cient in avoiding non-specifi c adsorp-
tion of the satellite AuNPs. SEM images obtained prior to and 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
following UV-ozone cleaning (see Supporting 
Information, Figure S3) show that there was 
no signifi cant geometry change during the 
UV-ozone treatment. A statistical analysis of 
the core-satellite-assembly sizes before and 
after UV-ozone treatment, however, indicates 
an average decrease in the distance between 
the core- and satellite-nanoparticle surfaces 
of approximately 3 nm (Figure  1 d). 

 The optical properties of the core-satellite 
AuNP assemblies on glass substrates were 
recorded using transmission UV–-vis absorp-
tion spectroscopy at different stages of the 
self-assembly process. The surface immobi-
lized core-AuNPs show similar optical prop-
erties to their colloidal aqueous solutions, 
exhibiting a distinct plasmon absorption peak 
at 525 nm ( Figure    2  a). Upon self-assembly 
of the satellite-nanoparticles, the maximum 
absorption of the sample increases by 5.5 
times, accompanied by a red shift of the 
absorption peak to 580 nm (Figure  2 b). The 
optical properties of EBL-predefi ned core-
satellite nanostructures have previously been 
investigated and modeled in depth by other 
groups. [  16–18  ]  Red-shifted absorption peaks 
and Fano like resonances have been predicted and experimen-
tally observed. Fano like resonances typically show a double 
peak separated by a characteristic sharp minimum. Experi-
mental extinction spectra of a plasmonic octamer core-satellite 
nanostructures fabricated via EBL showed that the Fano like res-
onances can also be evidenced as a shoulder in the absorption 
spectrum. [  16–18  ]  The same group also observed the evolution of 
a red-shifted absorption peak, as the distance between satellite 
and center particles is decreased. In our approach we expected 
that the AuNP-confi ned DNA, necessary to direct the assembly 
of core and satellite nanoparticles, would act as a spacer layer 
that defi nes a minimum gap between the nanoparticles fol-
lowing the drying step. However, due to the denaturation and 
loss of the hydration shell upon drying, this spacer layer will be 
signifi cantly thinner than what generally would be expected in 
the solubilized state, for example where DNA is used to defi ne 
the distance of metal nanoparticles in plasmonic rulers. [  46  ]  
Exposure of surface-immobilized layers of monothiolated, 
single-stranded DNA to other thiols has previously been shown 
to lead to a partial replacement of DNA via a classical thiol 
exchange reaction. [  47  ]  In an attempt to exploit this substitution 
reaction, we exposed the freshly assembled and dried core-sat-
ellite AuNP assemblies to an aqueous solution of 6-mercapto-1-
hexanol (MCH). Films treated with MCH typically showed the 
appearance of a shoulder in the absorption spectrum at around 
680 nm (Figure  2 c), indicating stronger coupling between the 
nanoparticles and a narrowing of interparticle gaps within the 
assemblies. [  16  ,  18  ]  The UV-ozone treatment caused a signifi cant 
red-shift of the absorption maximum of more than 50 nm. This 
can be attributed to a stronger plasmonic coupling between 
individual particles and is in good qualitative agreement with 
the 3 nm decrease in interparticle distance between core- 
and satellite nanoparticles as determined in the SEM image 
heim Adv. Funct. Mater. 2013, 23, 1519–1526
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     Figure  3 .     a) SERS spectra of benzenethiol adsorbed on the core-satellite 
AuNP assemblies (blue line) on glass substrates, fabricated through a 
sequence of electrostatic and DNA-directed self-assembly steps, a com-
mercial Klarite SERS substrate (green line) and 30 nm core-AuNPs only 
(black line), excited at 782 nm. b) The spot-to-spot SERS intensity vari-
ation at 1075 cm  − 1  for the core-satellite AuNP assemblies (blue bars) 
and a commercial Klarite SERS substrate (green bars). c) Substrate-to-
substrate SERS intensity variation at 1075 cm  − 1  measured for six different 
substrates. Each intensity value represents the average of ten measure-
ments at different spots. The standard deviations (i.e., the spot-to-spot 
variability for each sample) are shown as error bars. For all of these sam-
ples, the benzenethiol-loading concentration and time are 1  ×  10  − 6  M  and 
12 h, respectively.  
analysis. The exposure of the core-satellite AuNP assemblies 
to the Raman reporter molecule (benzenethiol) results in a 
slight red-shift of the plasmon resonances (Figure  2 e) due to an 
increase in the refractive index of the local dielectric environ-
ment of the nanoparticles. [  17  ]   

 In order to evaluate the SERS performance of the core-
satellite AuNP assemblies, benzenethiol was adopted as a model 
analyte.  Figure    3  a compares the Raman spectra of benzenethiol 
adsorbed on three different substrates: the core-satellite AuNP 
assemblies, a commercial Klarite SERS substrate, and 30 nm 
core-AuNPs. All of the substrates were excited at a wavelength of 
782 nm. Strong Raman signals at 417, 691, 999, 1022, 1073 and 
1573 cm  − 1 , originating from benzenethiol, [  48  ]  were observed for 
the core-satellite AuNP assemblies and Klarite SERS substrate 
but not for the core-AuNPs. An excellent correlation between 
the peak positions and the relative intensities of the two 
Raman spectra was observed for benzenethiol when adsorbed 
on the core-satellite AuNP and the Klarite substrates. The 
signal-to-noise ratios (SNRs) for the Raman peak at 1075 cm  − 1  
are 69 and 18 for the core-satellite AuNP assemblies and the 
Klarite SERS substrate, respectively. The SNR for the core-satellite 
AuNP assemblies was 3.8 times higher than that for the Klarite 
SERS substrate. The broad, weak Raman peak near 1400 cm  − 1 , 
a signature of P = O double bonds, [  49  ]  was observed for the 
core-AuNPs without MCH treatment, but not for the core-
satellite AuNP assemblies with MCH treatment (see Supporting 
Information, Figure S4). The exposure to a MCH solution is 
a critical step to minimize the formation of oxygen-containing 
phosphorous compounds on the surface of core-satellite AuNP 
assemblies during the subsequent UV-ozone treatment, thus 
enhancing the SERS signals of the Raman reporter molecule.  

 High SERS activity and near-fi eld enhancement for similar 
core-satellite nanostructures defi ned by the EBL technique have 
previously been reported. [  18  ]  The observed SERS signal strengths 
strongly correlate with the electric-fi eld enhancement calculated 
for the interparticle hot-spots within such assemblies. [  18  ]  Con-
tinuous-wave laser excitation at a wavelength of 782 nm was 
found to yield signifi cantly stronger SERS signals compared 
with a 514 nm or 633 nm wavelength excitation, despite the fact 
that the overall excitation energy fl ux was lowest for the 782 nm 
excitation condition (see Supporting Information, Figure S5). 
The high SERS activity at 782 nm is in good agreement with a 
recent theoretical and experimental SERS study on EBL-defi ned 
core-satellite nanostructures, where the highest near-fi eld 
enhancement was observed at a wavelength longer than the cor-
responding maximum surface resonance wavelength. [  18  ]  

 Good reproducibility of the SERS response is crucial for the 
design of reliable sensors that allow quantifi cation of a specifi c 
analyte. We therefore undertook a statistical analysis to quan-
tify the variation in the SERS signal intensity between different 
locations on one substrate (spot-to-spot variation) and between 
different substrates (substrate-to-substrate variation). Figure  3 b 
shows the spot-to-spot variation of the SERS signal intensity at 
the 1075 cm  − 1  peak for a core-satellite substrate as well as for 
a commercial Klarite SERS substrate. Both were exposed over-
night to a 1.0  ×  10  − 6   M  solution of benzenethiol. More than thirty 
individual spots were characterized for each substrate. The 
average signal intensity for the core-satellite substrate was 12 900 
counts with a coeffi cient of variation of 15%. For comparison, 
1523wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2013, 23, 1519–1526
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     Figure  4 .     SERS spectra of benzenethiol adsorbed on the core-satellite AuNP assemblies on 
glass substrates as a function of benzenethiol-loading concentration.  
the commercial substrate yielded an average signal intensity of 
4350 counts and a coeffi cient of variation of 45%, indicating a 
better signal reproducibility for the core-satellite substrate. In 
order to examine the substrate-to-substrate variation, we studied 
the SERS activity of six core-satellite substrates that resulted 
from independent self-assembly processes. For each substrate 
the 1075 cm  − 1  Raman peak height was measured at ten different 
spots. The average signal height for each substrate is plotted in 
Figure  3 c. The average signal count over the six substrates is 
11 500 counts with a coeffi cient of variation of 12%. This indi-
rectly reconfi rms that the self-assembly process presented here 
provides excellent control over the assembly parameters such 
as the surface density of core-satellite structures, as well as the 
interparticle gap within each assembly as both of these strongly 
affect the overall SERS activity of the sample. 

 To determine the detection limit of the core-satellite AuNP 
assemblies, the SERS substrates were exposed overnight to 
benzenethiol solutions varying in concentration between 
10  − 10 –10  − 6   M .  Figure    4   shows the SERS spectra of these samples. 
As expected, the Raman signals of the benzenethiol decrease 
with decreasing benzenethiol-loading concentration. The SERS 
peaks at 999, 1022, and 1075 cm  − 1  can be clearly observed down 
to a benzenethiol concentration of 1  ×  10  − 9   M , while the spectral 
fi ngerprint of benzenethiol almost disappears for the substrate 
exposed to a 1  ×  10  − 10   M  solution. The SNRs for these Raman 
peaks were determined to be 3.1, 1.7, and 2.0, respectively, for 
the 1  ×  10  − 9   M  benzenethiol loading solution, yielding a detec-
tion limit below 1  ×  10  − 9   M .  

   Conclusions 

 In conclusion, we have demonstrated a novel, two-step 
self-assembly strategy for the scalable low-cost fabrication of 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
complex core-satellite AuNP assemblies. In 
recent studies, similar core-satellite metal 
nanostructures have been fabricated using 
nanolithography techniques. [  16–18  ]  Their high 
SERS activity has been explained in terms 
of the presence of hot-spots located at inter-
particle gaps within the assembly. [  18  ]  Here, 
we demonstrate that well-defi ned core-
satellite metal nanostructures can be 
fabricated without the need for expensive 
direct-write nanolithography tools such as 
EBL. Self-assembly also provides excellent 
control over nanosized interparticle distances. 
The as-fabricated core-satellite nanostructures 
exhibited SERS activities that were superior to 
commercial SERS substrates in signal inten-
sity and reproducibility. The amount of DNA 
necessary to achieve a dense coverage of core-
satellite metal nanostructures over 1 m 2  was 
calculated to be 0.42 nmol (see Supplemen-
tary Information). Assuming a typical cost 
for small-scale customized DNA synthesis of 
US$2.00 per nmol the overall DNA cost to 
cover 1 m 2  would be less than $1.00, showing 
the commercial viability of DNA-directed fab-
rication techniques for the production of nanosensors. Chemical 
synthesis offers nearly unlimited control over the size, shape, 
and composition of metal-nanoparticle building blocks, while 
DNA-directed self-assembly strategies allow for the development 
of complex assembly processes, far beyond the simple two-step 
process reported here. This work represents a simple proof-
of-concept experiment leading the way to a plethora of nano-
structures with tailored properties towards applications such as 
sensing and photovoltaics. SERS-active metal nanostructures, 
functionalized with probe molecules sensitive to local environ-
mental conditions have recently also been used successfully to 
map properties such as pH [  40  ]  and redox potentials, [  42  ]  both in 
vitro and in vivo at micrometer resolution. This opens up an 
additional exciting new fi eld of applications for functional nano-
structures as the core-satellite structures presented here. Further 
increases in the SERS enhancement factor, by increasing the 
light scattering of the core-satellite nanostructures, are currently 
in progress, targeting the development of highly reproducible 
near-IR SERS sensors with detection limits down to the single 
molecular level. This can be achieved through the use of larger 
metal nanoparticles and/or high refractive-index substrates (e.g., 
silica-coated silicon substrates). 

   Experimental Section 
  Synthesis of AuNP-DNA Conjugates : Commercially available AuNPs 

(20 nm and 30 nm diameter) were functionalized with monothiolated 
DNA according to a method described earlier. [  36  ,  37  ]  In a typical procedure, 
1 mL of citrate-stabilized solution (Ted Pella) with an optical density of 
1.0 was concentrated from 1 mL to 100  μ L by centrifugation (4000 rpm, 
45 min). 5  μ L of 2.0% polyoxyethylene (20) sorbitan monolaurate (Tween 
20) (Sigma–Aldrich), 30  μ L of 0.1  M  phosphate buffer (pH  =  7.0), 50  μ L 
of 2.0  M  NaCl, a given volume of 100  ×  10  − 6   M  particle DNA solution 
(30 nm AuNPs: 20  μ L; 20 nm AuNPs: 10  μ L) and 5  μ L of 100  ×  10  − 3   M  
heim Adv. Funct. Mater. 2013, 23, 1519–1526
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bis(p-sulfonateophenyl)phenylphosphine dihydrate dipotassium (BSPP) 
(Sigma–Aldrich) were added to the AuNP solution. The particle DNA 
strands were purchased from Fidelity Systems Inc. and their sequences 
were 5′-[HS]-T 15 -TTA TGA CCC TGA TTA-3′ (denoted as DNA- a ) and 
5′-[HS]-T 15 -TAA TCA GGG TCA TAA-3′ (denoted as DNA- a ′). The mixture 
was incubated at room temperature overnight; the AuNP/DNA colloidal 
solution was washed three times with ultrapure water. After the fi nal 
washing step, the 30 nm AuNP/DNA- a  conjugates were redispersed in 
1 mL of ultrapure water ([AuNP]  ≈  0.33  ×  10  − 9   M ), while the 20 nm AuNP/
DNA- a ′ were redispersed in 200  μ L of a buffer ([AuNP]  ≈  5.8  ×  10  − 9   M ) 
of 0.05% Tween 20, 0.5  M  NaCl, and 20  ×  10  − 3   M  K 2 HPO 4 /KH 2 PO 4  
(pH  =  7.0). 

  APTES Modifi cation of Silicon and Glass Substrates : A silicon (4 mm  ×  
6 mm) or glass (12 mm  ×  13 mm) substrate was modifi ed with a layer 
of APTES by immersion into a mixture of APTES, water, and ethanol at 
volume ratio of 2:3:95 for 1 h, washed with ethanol three times, dried 
under a stream of nitrogen, and baked at 110  ° C for 10 min. 

  Synthesis of Core-Satellite Nanostructures : In a typical procedure, a 
given volume (20  μ L for silicon substrate and 50  μ L for glass substrate) 
of the 30 nm AuNP-DNA- a  solution was placed on an APTES-modifi ed 
silicon or glass surface and incubated in a humidity chamber for 2 h. The 
substrate was washed three times with ultrapure water to remove non-
specifi cally adsorbed AuNPs, and dried under a stream of nitrogen. The 
substrate was subsequently immersed into 2 mL of buffered sulfo-SMCC 
solution containing 2.0  ×  10  − 3   M  sulfo-SMCC and 10  ×  10  − 3   M  phosphate 
buffer (pH  =  7.5) at 45  ° C for 2 h to neutralize the surface charges of the 
amino groups. Following the sulfo-SMCC treatment, the substrate was 
washed three times with ultrapure water and then placed in a centrifuge 
tube containing 200  μ L of the 20 nm AuNP/DNA- a ′ solution. The tube 
was placed in a 65  ° C water bath that was allowed to slowly reach room 
temperature and incubated for 12 h, upon which the substrate was 
washed with a buffered saline solution containing 0.5  M  NaCl and 20  ×  
10  − 3   M  K 2 HPO 4 /KH 2 PO 4  (pH  =  7.0), as well as a 0.1  M  ammonium 
acetate solution three times, respectively, and then dried naturally in air. 
Subsequently, the substrate was exposed to a 1  ×  10  − 3   M  6-mercapto-1-
hexanol (MCH) saline solution ([NaCl]  =  5.0  M ) for 1 h, washed with a 
buffered saline solution containing 0.5  M  NaCl and 20  ×  10  − 3   M  K 2 HPO 4 /
KH 2 PO 4  (pH  =  7.0), as well as a 0.1  M  ammonium acetate solution three 
times, respectively, and then dried under a stream of nitrogen. Following 
the MCH treatment, the substrate was exposed to UV-ozone at an oxygen 
fl ow rate of 3 L min  − 1  for 3  ×  20 min. After the UV-ozone treatment, the 
substrate was immersed in 2 mL of different concentrations (i.e., 1  ×  
10  − 10 , 1  ×  10  − 9 , 1  ×  10  − 8 , 1  ×  10  − 7  and 1  ×  10  − 6  M) of benzenethiol in 
ethanol solution and left for 12 h, upon which the substrate was rinsed 
with ethanol and then dried under a stream of nitrogen. For comparison, 
the core-AuNPs and a commercial Klarite SERS substrate was exposed 
to UV ozone and benzenethiol under the same conditions as the core-
satellite AuNP assemblies prior to the SERS measurements. 

  Characterization : Scanning electron microscopy (SEM) images of 
the self-assembled core-satellite nanostructures were taken with a fi eld-
emission SEM (JEOL 7001 F). Since conductive substrates are required 
for the SEM measurements, silicon substrates were used as supporting 
substrates for the self-assembly of the core-satellite nanostructures. 
For Raman and optical measurements, transparent glass slides were 
used as supporting substrates for the self-assembly of the core-satellite 
nanostructures. Absorption spectra were recorded using an Agilent 8453 
UV–vis spectrometer. Raman spectra were recorded using a Renishaw 
RM 2000 Confocal micro-Raman System equipped with a near-IR diode 
laser at a wavelength of 782 nm (laser power: 1.15 mW and laser spot-
size: 1  μ m). All of the Raman spectra were collected by fi ne-focusing a 
50 ×  microscope objective and the data acquisition time was 10 s. 

   Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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