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Abstract

The utilization of nanoparticle-polymer bead hybrid nanostructures as a SERS substrate
depends on the control of the deposition, density, and distribution of nanoparticles on the bead
surface. Here we demonstrate the fabrication of a large area SERS substate via a two- step DNA
mediated assembly of gold nanoprisms and polystyrene (PS) beads into a large ensemble of
beads that are densely coated with nanoprisms. First, nanoprisms are loaded on PS beads
through DNA hybridization. The close packed arrangement of anisotropic nanoprisms in
different orientations on a bead surface results in a plasmonic substrate with a variable nanogap
size ranging 1–20 nm. Nanoprisms-coated beads are then assembled into a large stack or
aggregate of beads using a DNA-induced crystallization approach. Each aggregate consists of
20–50 nanoprisms-coated beads, leading to the formation a large area of three-dimensional
SERS substrate with a high-density of hot spots for SERS enhancement. An excellent
enhancement factor (EF) of 1.09 × 105 and a very high detection sensitivity (up to 10–10 M) are
observed for the analysis of a probe molecule (Methylene blue) using the SERS substrate.
Supplementary material for this article is available online
Keywords: surface enhanced raman spectroscopy, gold nanoprism, polystyrene bead,
fluorescence quenching, SERS
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1. Introduction

applications in plasmonics, including optical antennae [2],
ultrasensitive sensors [3–5], plasmochemistry [6], chemical
sensing [7], and information processing and communication[8], and most notably surface enhanced Raman scattering
[9, 10]. In particular, anisotropic nanomaterials that exhibit
unique shape-dependent properties and functionalities have
been a subject of intense research for tuning plasmonic properties in these applications [11, 12]. As compared to spherical nanoparticles with surface plasmon resonances (SPR) of

Metal nanoparticle-based nanostructures have attracted significant attention due to their ability to concentrate localized
surface plasmon resonance in a small volume, leading to
remarkable enhancement of local electromagnetic fields [1].
This property enables the amplification of spectroscopic
signals such as those associated with weak light–matter
interactions and has been utilized for a broad array of
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relatively small wavelength range, the SPR of anisotropic
particles i.e. gold/silver nanoprisms or nanorods are tunable
throughout the visible and near-IR (NIR) regions of the spectrum based on their shape, aspect ratio and/or tip geometry of
the nanoparticles [13–15]. Moreover, anisotropic gold/silver
nanoprisms contain sharp edges and pointed or rounded vertices that confine electromagnetic field enhancement, which
is highly relevant to many sensing applications, such as surface enhanced Raman scattering (SERS) based sensing [16].
When such nanoparticles are assembled in a predesigned spatial arrangement with gap sizes on the order of few nanometers, plasmonic hot spots are formed where the strongest
enhancement of the Raman signal is expected to occur [17].
SERS activity and sensitivity relies upon huge electromagnetic field enhancements resulting from strong
electromagnetic (EM) coupling of the SPRs between adjacent nanoparticles in close-packed metal nanostructures [18].
This strong electromagnetic coupling between nanoparticles
leads to the formation of so-called nanogaps, where additional near field enhancement occurs, forming hots spots for
SERS analysis [19]. These hot spots can provide extraordinary SERS enhancement, often sufficient for single molecule
detection [20]. Several key factors that govern the strength of
EM coupling and the overall SERS enhancement factor (EF)
within the nanogap are gap distance, particle shape/size, and
excitation configurations [21].
The dependence of SERS intensity on nanogap effects has
led to the development of different experimental approaches
to generate well defined assemblies of nanostructures with
high density and reproducible hot spots, since uncontrolled
and random aggregation leads to only isolated hot spots and
discrepancies in SERS intensity [22]. Top down approaches
such as electron-beam lithography (EBL) and focused ionbeam lithography (FIBL) have been developed to fabricate
various type of plasmonic substrates with defined shape and
tunable gap size for SERS applications [23–25]. However,
these lithography-based techniques are expensive and time
consuming. Moreover, it is challenging to apply these patterning techniques at nanoscale dimensions and at the surface
of dispersed nanoparticle substrates [26]. In order to circumvent these shortcomings, bottom up fabrication methods such
as molecular self-assembly have been used to construct various 2D and 3D nanostructures as SERS substrates [27–29].
Among self-assembly approaches, the utilization of DNA
strands as a bottom-up self-assembly approach has emerged as
a powerful tool to construct highly programable and complex
plasmonic nanostructures in a predictable manner [30]. The
molecular recognition, tunability, and predictability of DNA
mediated interactions enables a high degree of control over
particle assembly, thus allowing the fabrication of hot spot
rich plasmonic SERS substrates with tunable nanogap sizes
[17, 31]. For example, using DNA hybridization, gold nanospheres were assembled into various well defined and complex
plasmonic nanostructures such as dimers or trimers [32], tetramers [33] and core satellite structures [34] that showed significant enhancement in SERS intensity. Furthermore, the use
of DNA origami techniques has made possible the assembly
of nanoprism bowtie configurations with a gap size of only

5 nm [35]. The tip-to-tip field coupling between nanoprisms
produces strong electromagnetic field enhancement, which led
to a mean SERS enhancement factor of about 2.6 × 109 and
an electromagnetic field enhancement of about 2.3 × 103 .
The presence of a large number of hot spots at the focal
volume of the Raman excitation laser are useful and desirable for SERS sensing [36]. In this context, the application
of micron sized spherical polymer beads as a carrier medium
or support for immobilizing metal nanoparticles has proven to
be a useful tool for the fabrications of large areas of SERS
substrates [37–39]. The interparticle distance of plasmonic
nanoparticles on the beads’ surface in their assembly create plasmonic hot spots, which leads to significant Raman
enhancement [40]. Various methods have been proposed to
immobilize a dense coverage of metal nanoparticles on the
beads [26, 41–45]. Lee and coworkers reported a solvent controlled swelling and hetero coagulation method to synthesize
highly light scattering metal nanoparticle-coated polystyrene
(PS) beads for plasmonic and SERS applications [46, 47]. The
immobilization of gold nanostars on PS beads to construct
multifunctional SERS probes was also reported [48]. In addition, several other methods such as DNA mediated assembly,
covalent coupling, and phase inversion precipitation methods
have been explored for the fabrication of polymer-nanoparticle
composite SERS substrates [26, 38, 41].
Most previous reports on core shell polymer nanoparticle
composite systems focused on loading gold or silver nanospheres on PS beads [37, 41, 47]. In addition, while several of
these methods were successful in increasing particle density
on the beads’ surface and creating plasmonic hot spots, beads
remained isolated from one another, which limited the number
of hot spots at the focal volume during SERS analysis. Here
we report a DNA-based assembly of anisotropic gold nanoprisms and PS beads into a large ensemble of nanoprismscoated PS beads for fabricating a large area of homogenous
SERS substrate. Micron sized PS beads were first immobilized
with a dense monolayer of nanoprisms to construct PS beads/nanoprisms conjugates through DNA hybridization. The initially formed PS beads/nanoprisms conjugates were subjected
to heating below the melting transition point of the conjugates, followed by slow cooling, which induced the assembly
of beads into larger PS beads/nanoprisms aggregates comprising 20–50 PS beads that are densely coated nanoprisms. The
close packed arrangement of nanoprisms on PS beads’ surface generated multiple hot spots in each bead. Additionally,
assembling these nanoprisms loaded beads into a larger stack
led to the formation a large areas of 3D SERS substrate with
a larger number of plasmonic hot spots. SERS analysis of
a probe molecule, methylene blue using 3D SERS substrate
demonstrated an excellent EF (1.05 × 105 ) and detection limit
of 10–10 M.

2. Result and discussion
Conjugation of nanoprisms to carboxylate-modified PS beads
was carried out in two steps (scheme 1). In the first
step, carboxylate-modified PS beads were conjugated with
2
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Scheme 1. Schematic representation of DNA induced loading of gold nanoprisms onto PS beads.

an amine-modified thymine rich ss-DNA (DNA-A′ ) via
EDC/sulfo-NHS amide bond coupling chemistry.
Due to repulsive nature of negatively charged DNA
linkers on the PS beads, DNA-A′ functionalized PS beads
were well dispersed in 0.01 M PBS, as shown by fluorescence microscopy image (figure S1 (available online at
https://stacks.iop.org/NANO/32/025506/mmedia)) and as a
single population distribution of PS beads in DLS size measurements, figure 1(a). In the second step, nanoprisms that are
densely functionalized with adenine rich ss-DNA, DNA-A
were coated on thymine rich DNA-A′ functionalized PS beads
using complementary DNA-DNA interaction between DNAA and DNA-A′ . The DNA-induced interaction between nanoprisms and PS beads resulted in the dense immobilization
of nanoprisms on PS beads, leading to the formation of PS
beads/nanoprisms conjugates, which were fully characterized
by UV-Visible spectroscopy, dynamic light scattering (DLS)
and SEM imaging. No PS beads/nanoprisms conjugation was
observed when uncoated PS beads were mixed with uncoated
nanoprisms under the same conditions, as shown by SEM imaging (Figure S2), indicating specific complementary DNADNA interaction between PS beads and nanoprisms in PS
beads/nanoprisms conjugates.
To elucidate the effect of solution ionic strength on the
DNA-mediated binding events between nanoprisms and PS
beads, the conjugation of nanoprisms to PS beads was carried
out at different salt concentrations, i.e. 0.1 M, 0.2 M and 0.3 M
NaCl. Figure 1 shows the size distribution of PS beads/nanoprisms conjugates at different salt concentrations and representative SEM images showing the successful immobilization
of nanoprisms onto PS beads. The first peak at around 100 nm
in the DLS graph denotes the presence of unbound nanoprisms
while the peak at around 1 µm hydrodynamic diameter represents PS beads/nanoprisms conjugates that consists of nanoprisms coated single bead or dimers of beads as shown in SEM
images, Figures 1(b), (c) and S3, and the peak at around 5 µm
hydrodynamic diameter denotes PS beads/nanoprisms conjugates, i.e. bead clusters, where 3–7 PS beads are bound together
via the two major facets of nanoprisms, Figures 1(d) and S3.
The relatively larger DLS peak at around 100 nm hydrodynamic diameter for 0.1 M ionic strength compared to 0.2 M

and 0.3 M ionic strength indicates that there are more unbound
nanoprisms for 0.1 M ionic strength and that the loading efficiency was indeed higher for 0.2 M and 0.3 M salt concentrations than 0.1 M salt concentration. However, the quantitative effect of solution ionic strength on the loading density of
nanoprisms was apparently insignificant and there was no particular trend observed from SEM images. Previous studies on
DNA-mediated loading of gold nanospheres on polymer beads
demonstrated that the loading density of nanoparticles significantly increases with increasing salt concentration [41]. This
difference in salt concentration dependence between the loading of anisotropic nanoprisms and nanosphere onto polymer
beads could be attributed to the enhanced binding strength of
nanoprisms, which is several million times higher than their
nanosphere counterparts, stemming from the two major flat
surfaces of prisms that can accommodate significantly more
local DNA linker coating density than nanospheres [49].
However ionic strength did play a significant role in
the growth of PS beads/nanoprisms clusters. As the salt
concentration increased, the DLS peaks at larger diameters gradually increased, indicating the formation of larger number of bead clusters at higher salt concentration.
This is because high solution ionic strength sufficiently
screens the long-range electrostatic repulsion between beads
and facilitated close contact between neighboring beads for
short range hydrogen bonding between complementary DNA
strands.
Figure 2 shows the UV–Vis absorption spectra of PS beads/nanoprisms conjugates at different salt concentrations. The
SPR absorbance of nanoprisms in the conjugates exhibits a
significant red shift from the SPR absorbance of nanoprisms
at 895 nm, Figure 2(a). The red shift in absorption band upon
conjugation of nanoprisms to PS beads can be attributed to the
interaction of nanoprisms with the PS beads as well as neighboring nanoprisms on PS beads surface. Absorption spectra
also reveal the effect of ionic strength on the formation of
PS beads/nanoprisms conjugates. For instance, the SPR band
of nanoprisms were increasingly red shifted with increasing
salt concentration from 0.1 M to 0.3 M, Figures 2(a) and
S4 (UV–Vis spectra for loading smaller nanoprisms on PS
beads at different salt concentrations), indicating that higher
3
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Figure 1. (a) DLS size characterization of salt effect in DNA induced binding between nanoprisms and PS microbeads, (b) and

(c) representative SEM images of PS beads/nanoprisms conjugates,i.e. nanoprisms coated single or dimers of beads, and
(d) representative SEM image of PS beads/nanoprisms conjugates, i.e. bead clusters.

Figure 2. (a) UV–Vis characterization of salt effect in DNA induced binding between nanoprisms and PS beads, (b) fluorescence quenching

of PS beads at different salt concentration.

ionic strength increases the formation of PS beads/nanoprisms
cluster.
Gold nanoparticles can function as highly efficient fluorescence quencher, when the fluorophore is placed in proximity of nanoparticles [50–53]. This phenomenon of fluorescence quenching has been utilized for molecular sensing

applications [54] and energy transfer assays for the detection
of biomolecules [55].
Moreover, conditional quenching or selective quenching
of fluorescence can find applications in negative sensing
[56]. The efficiency of fluorescence quenching by the nanoparticle is dependent on the distance between nanoparticle and
4
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fluorescent object i.e. fluorophore and chromophore. Dulkeith
et al investigated the mechanism of fluorescence quenching of
cy5 for distances ranging from 2–16 nm between the nanoparticle and cy5 [57]. They showed that at all examined distances, the fluorescence intensity or efficiency of cy5 was
reduced due to a reduced radiative decay rate of cy5. In this
study, we used two 21-mer complementary ss-DNA strands,
which are intertwined to form double helix in PS beads/nanoprisms conjugates. Therefore, the approximate distance
between nanoprisms and PS beads would be around 7 nm,
excluding salt-induced contraction of DNA. At all salt concentrations, the fluorescence intensity of the PS beads in PS
beads/nanoprisms conjugates was significantly reduced compared to the intensity of uncoated PS beads of the same concentrations.
The emission spectra of fluorescent PS beads in PS beads/nanoprisms conjugates at various salt concentrations is shown
in Figure 2(b). For all salt concentrations, the fluorescence of
PS beads was almost quenched, and the intensity was reduced
by almost 78% due to damping of PS beads’ molecular dipole
by the attached nanoprisms [58]. This could be due to phase
induced suppression of radiative decay rate of the fluorescent PS beads, which are tangentially oriented to the nanoprisms surfaces [57, 59]. The effect of salt concentration on
the fluorescence quenching was insignificant, which could be
attributed to the lack of salt effect on the loading density of
nanoprisms onto PS beads.
DNA-linked nanoparticle and microparticle aggregates
exhibit cooperative melting behavior stemming from short
range duplex to duplex interactions [60]. Upon heating above
a characteristic temperature, which dissociates duplex DNA
structures linking the particles into two complementary DNA
strands, DNA-induced particle aggregates show a sharp melting transition, which is an indicative of dense functionalization of particles in DNA mediated particle assembly systems.
In order to determine the characteristic melting temperature,
PS beads/nanoprisms conjugates were heated from 45–90◦ C
at a ramp rate of 0.25◦ C min−1 . During the heating process,
the change in absorbance at surface plasmon resonance band
(895 nm) of nanoprisms was monitored as a function of temperature. A control experiment was also carried out by similarly annealing a solution containing uncoated nanoprisms and
uncoated PS beads. The sharp melting profile for the PS beads/nanoprisms conjugates (Figure 3(a)), as monitored via UV–
vis spectroscopy, and the lack of such profile for the control
experiment as shown in figure S5 confirmed the dense functionalization of DNA on nanoprisms and PS beads, and DNAmediated interaction between PS beads and nanoprisms in PS
beads/nanoprisms conjugates. Dehybridization of DNA linked
PS beads/nanoprisms conjugates occurred over a narrow temperature range and the melting point was determined to be
the inflection point at 78◦ C of the melting curve, approximately 37◦ C higher than Tm of the DNA linkers. This significant increase in Tm of PS beads/nanoprisms aggregates could
be attributed to enhanced binding between nanoprisms and PS
beads, and the formation of beads’ cluster.
In order to create a large area of 3D homogenous SERS
substrates, we adopted a DNA-induced nanoparticle/polymer

Figure 3. (a) Melting profile of PS beads/nanoprisms conjugates,

monitored at 895 nm, SPR of nanoprisms, (b) and (c) representative
SEM images of 3D PS beads/nanoprisms aggregates.

bead crystallization approach, i.e. thermal annealing followed
by slow cooling. Initially formed PS beads/nanoprisms conjugates were heated to 65–70◦ C, which is below the melting point of the PS beads/nanoprisms conjugates, yet higher
than the melting point of the DNA linkers. Thermal annealing below the melting point of the conjugates ensures the
intactness of PS beads/nanoprisms conjugates, while slow
cooling and heating above the Tm of the DNA strands allows
the long range ordering of PS beads via DNA induced interaction between DNA-A coated nanoprisms and DNA-A′
5
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Figure 4. (a) Raman spectrum of PS beads/nanoprisms substrate (purple) and SERS spectra of MB adsorbed on glass substrate (blue), PS

beads aggregates (green), & PS beads/nanoprisms aggregates (black), (b) SERS spectra of MB on 3D PS beads/nanoprisms aggregates at
different concentrations.

449 cm−1 for (C–N–C) skeletal deformation mode. These
peaks were not observed for the Raman analysis of the SERS
substrate without MB, indicating that they belong to MB. The
significant enhancement of Raman intensity for the band at
1621 cm−1 indicates a perpendicular orientation and adsorption of probe molecules to the nanoprisms’ surface, presumably through the fused phenyl and thiazine rings of the probe
molecule [62].
While Raman analysis of 10–4 M MB on PS beads/nanoprisms aggregates substrate reveals a highly structured spectrum with well resolved characteristic peaks of MB, only
two peaks with weak intensities were recorded for the same
concentration of MB on PS bead aggregates and glass substrates, indicating that the 3D PS beads/nanoprisms aggregates
is highly SERS active. The strong SERS enhancement for the
3D aggregates is attributed to the presence of plasmonic hot
spots due to enhanced coupling and field enhancement from a
close packed arrangement of nanoprisms. Notably, the Raman
spectrum of MB on PS bead aggregates is masked by the autofluorescence of the PS beads, resulting in a larger fluorescence
background and weaker Raman signal in the spectra. This is
due to the fact that the laser excitation energy is close to the
electronic transition energies of PS beads [21]. However, due
to quenching of PS beads’ fluorescence by the nanoprisms, the
Raman spectra of MB on 3D PS beads/nanoprisms aggregates and 3D PS beads/nanoprisms aggregates themselves did
not show a fluorescence background. As compared to SERS
enhancement of PS beads/nanoprisms aggregates, the SERS
intensity of 10–4 M MB, as shown in figure S7, obtained using
randomly dispersed nanoprisms on glass substrate was substantially lower, which highlights the importance of densely
packed arrangement of nanoprisms for high SERS efficiency.
To assess the reproducibility in SERS response of PS beads/nanoprisms aggregates, SERS intensity at 1621 cm−1 was
measured for 10–7 M MB from 15 different PS beads/nanoprisms aggregates, Figure S8. The average signal intensity

coated PS beads, yielding a large ensemble/stack of PS beads
(PS beads/nanoprism aggregates). The resulting ensemble
has a diameter ranging from 10–15 µm and consists of
20–50 PS beads that are bound through nanoprisms and DNA,
Figures 3(b), (c) and S6. Each bead in the aggregates contains
a number of closely spaced nanoprisms with various orientations such as tip-to-tip bowtie structures, tip-to-edge, edgeto-edge as well as interstitial orientations, with gap distances
between prisms ranging from 1–20 nm. Depending on the gap
and orientations, various arrangements of nanoprisms on the
PS bead surfaces lead to varying degrees of plasmonic coupling and electromagnetic field enhancement in the vicinity of
the nanoprisms’ sharp edges and tips. Thus, the junctions of
a large number of closely positioned nanoprisms in the 3D
stacks of PS beads promotes the formation of high densities of plasmonic hot spots that could lead to strong SERS
enhancement.
The performance of 3D PS beads/nanoprisms aggregates
as a SERS substrate was evaluated using the common Raman
reporter molecule methylene blue (MB). MB is chosen as
the model compound for SERS analysis because of its wellknown characteristic Raman bands. Figure 4(a) shows the
Raman spectra of 3D PS beads/nanoprisms aggregates substrates without MB and 10–4 M aqueous solution of MB on
three substrates: PS beads aggregates, glass substrate and 3D
PS beads/nanoprisms aggregates. All the spectra were collected under the same conditions, using an excitation wavelength
of 633 nm.
The Raman spectrum recorded for 10–4 M MB on the
PS beads/nanoprisms aggregate substrate exhibit strongly
enhanced Raman signals with good signal to noise ratio
and characteristics peak positions for MB that are consistent with previous reports [61]. Some of the characteristic
bands originating from MB are identified at 1621 cm−1
for (C–C) ring stretching, 1394 cm−1 for (C-N) symmetrical stretching, 1154 cm−1 for (C-H) in-plane bending, and
6
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at 1621 cm−1 for the PS beads/nanoprisms aggregates was
3580.4 counts with a coefficient of variation (CV) of only 18%,
indicating that good reproducibility of the 3D nanoprisms
superlattice as a SERS substrate. The molecular detection
limit of 3D PS beads/nanoprisms aggregates was determined
by recording SERS spectra of MB at different concentration
varying from 10–6 to 10–10 M, Figure 4(b). The intensity of
SERS peaks for MB expectedly decreased as the concentration of MB decreased. An obvious SERS peaks at 1621 cm−1
was still clearly visible at a very low MB concentration of
10–10 M, indicating high detection sensitivity of 3D PS beads/nanoprisms aggregates. And the SERS enhancement factor
(EF) of 3D PS beads/nanoprisms aggregates was calculated
from the SERS intensity of the prominent band at 1621 cm−1
(10–7 M MB) and Raman intensity of the corresponding band
(10–4 M MB), considering bare glass substrate as the reference
(see supporting info for details). The EF value is estimated to
be 1.09 × 105 . The SERS performance of the 3D SERS substrate is comparable to or better than that of other nanoparticlebased plasmonic SERS substrates for the SERS analysis of
MB [63–67].
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