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Abstract
Plasmonic nanoparticles exhibit dramatic changes in optical properties
depending on their spatial organization. Therefore, the ability to precisely con-
trol their assembly structure is important for both fundamental understanding
and practical applications. In this personal account, we describe a templated
surfactant-assisted seed-growth method to synthesize core–shell-type gold
nanoparticle assemblies with controllable surface morphologies and optical
properties. This approach provides a simple procedure for simultaneous
growth and assembly of metal nanoparticles on polymer templates, producing
well-defined nanostructures such as spiky nanoshells and raspberry-like meta-
molecules with useful and interesting optical properties, such as strong and
uniform surface-enhanced Raman scattering and metamaterial properties. We
discuss the factors that control the morphology and collective properties,
describe the design rules acquired from the system, and suggest future direc-
tions of this research area.
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INTRODUCTION

Plasmonic metal nanoparticles have received great
attention, owing to their unique optical properties that
originate from the localized surface plasmon resonance
(LSPR).1–3 The LSPR position and strength can be tuned
by varying the size, shape, and composition of nanoparti-
cles, as well as the surrounding dielectric environment.4–6

Furthermore, new properties emerge when nanoparticles
are organized with less than a few nanometer separa-
tions.7,8 Such collective properties include distance-
dependent spectral shifts,9–11 near-field enhancement,12–14

chirality,15,16 and optical magnetism.17–20 As such, plasmon
coupling between nanoparticles provides a powerful

strategy to achieve highly tunable optical properties useful
for various applications.21–24

Fabrication methods for plasmonic nanoparticle assem-
blies can be divided into top-down lithographic
techniques25–30 and bottom-up chemical approaches.31–41

Top-down techniques such as electron beam lithography
allow for precise fabrication of the desired assembly
structures. However, they are mostly limited to two-
dimensional structures and can produce only a small
number of assemblies at a time. Therefore, significant
efforts have been devoted to developing bottom-up
chemical approaches based on solution-phase synthesis
and self-assembly, which enable the scalable production
of plasmonic assemblies at low costs. A common
approach relies on the self-assembly of pre-synthesized
nanoparticles through chemical and biological interactions
(e.g., electrostatic,31,37,38,41–43 metal-ligand,31,39,44 and biomo-
lecular34,36 interactions). Another approach is based on the
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templated synthesis of metal nanoparticles, where the
growth of metal nanoparticles on a template leads to in situ
assembly formation. Recent developments in these bottom-
up synthetic and self-assembly methods have significantly
improved our understanding of the collective properties of
plasmonic nanoparticles.21,45

In this personal account, we discuss a templated
surfactant-assisted seed-growth method to synthesize
gold nanoparticle assemblies with tunable surface mor-
phologies and optical properties (Scheme 1).35,46–48 This
approach enables the simultaneous one-step synthesis
and assembly of metal nanoparticles with different mor-
phologies, such as smooth, spiky,46,47,49 and super-spiky48

nanoshells, as well as raspberry-like metamolecules
(raspberry-MMs)35,50–52; these systems show interesting
optical properties, such as tunable surface plasmon reso-
nance (SPR),48 reliable surface-enhanced Raman scattering
(SERS),47,49,50,52 and optical magnetism.35,51 We conclude the
account with a discussion of current challenges and future
directions in this research area.

GENERAL SYNTHETIC APPROACH

The templated surfactant-assisted seed-growth method
combines the surfactant-assisted seed-mediated metal
growth and the templated synthesis of nanoparticles
to generate spherically arranged metal nanoparticles
(Scheme 1).35,46–48 Typically, small silver particles are first
synthesized using a strong reducing agent, such as
sodium borohydride, on negatively charged carboxylate-
modified polystyrene (PS) beads. The electrostatic interac-
tion between the positively charged silver complexes and
the negatively charged PS beads results in uniformly dis-
tributed silver seed particles on the surface of PS beads.
These seed-decorated PS templates are subsequently
added to a growth solution containing HAuCl4, AgNO3,
ascorbic acid, and cationic surfactants, which leads to
the growth of gold nanoparticles from the silver seeds
on the PS templates. The shape of the particles can be
controlled by varying the surfactants and other additives

(e.g., metal ions, halides) in the growth solution, as
illustrated in Scheme 1.35,48

SPIKY NANOSHELLS

The combination of cetyltrimethylammonium bromide
(CTAB) and silver nitrate additives in the growth solution
generates closely packed spiky gold nanoparticles on PS
cores, denoted as spiky gold nanoshells (Figure 1a,
blue).46,47 Silver ions are necessary for the formation of
uniform spiky shell structures (Figure 1b). Without silver
ions, a rapid reduction of gold occurs, which leads to
the formation of large polydisperse gold nanoparticles
on the PS core.47 Replacing CTAB with cetyltrimethy-
lammonium chloride (CTAC) results in the formation of
quasi-spherical nanoparticles fused into a smoother
shell structure, denoted as smooth nanoshell
(Figure 1a, red).48 This behavior is consistent with the
results of homogeneous seed-mediated growth
methods, in which the use of CTAC and CTAB surfac-
tants yields nanospheres53,54 and nanorods,55,56 respec-
tively. The growth of anisotropic, rod-shaped particles with
CTAB has been attributed to the facet-selective binding of
bromide ions on growing nanoparticles.57

The shape of the nanoparticles can be controlled by
introducing additional halide ions in the growth solution.
The combination of CTAC and bromide ions can generate
super-spiky nanoshells with much sharper and denser
one-dimensional (1D) nanoparticles, in which the seed-
decorated PS core/gold precursor ratio as well as the bro-
mide concentration determines the sharpness and den-
sity of the spikes (Figure 1a, green and magenta).48 The
combination of CTAC and bromide ions provides a better
control over the nanoparticle growth than the CTAB
growth solution, as the concentration of surfactants and
halides can be adjusted separately to obtain optimal condi-
tion for controlling the shape of nanoparticles. The CTAC/
iodide combination produces incomplete shell structures
with quasi-spherical nanoparticles, due to the strong bind-
ing of iodide ions to growing gold particles.48 These obser-
vations indicate that the shape-control mechanism found
in the homogeneous surfactant-assisted seed growth
method is generally applicable to the templated synthesis
of nanoparticles with different morphologies.

The surface morphology significantly affects optical
properties of gold nanoshells.58,59 For typical smooth nano-
shells, the SPR position can be controlled by varying the
shell thickness relative to the overall size, and they show
red-shifts into the near IR region with decreasing shell
thickness.60,61 In contrast, the SPR position of spiky nano-
shells showed a red-shift over a broad range of wave-
lengths with increasing spike length (Figure 1c, top),48

consistent with the simulated spectra (Figure 1c, bottom).
Experimental data are broader than simulated ones as
experimental spectra represent ensemble-averaged data
over many individual nanoshells with structural

S C H EM E 1 Schematic description of templated surfactant-assisted
seed-growth method. Reproduced with permission.21 Copyright 2021,
Wiley-VCH.
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heterogeneity. Figure 1d, e presents the single-particle far-
field scattering and corresponding scanning electron micros-
copy (SEM) images of smooth and spiky nanoshells spread
on a single substrate, highlighting a stronger far-field scat-
tering from spiky nanoshells.47 These results provide a
design guideline for nanoparticles with enhanced scat-
tering properties in the near-infrared region.

Spiky nanoshells composed of densely packed 1D par-
ticles with sharp ends exhibit strong local electric fields at
the tips and valleys, as revealed by finite-difference time-
domain (FDTD) simulations (Figure 2a).47 These structural
characteristics suggest that spiky nanoshells are excellent
SERS platforms, as they contain abundant hot spots at the
sharp tips and interparticle junctions. In fact, single-
particle SERS measurements show intense SERS signals
from 4-mercaptobenzoic acid (4-MBA) immobilized on
spiky nanoshells (Figure 2b).47 The smooth nanoshells
with immobilized 4-MBA do not produce detectable SERS
signals at the single-particle level, although they show
intense signals as particle dimers and clusters. In contrast,
spiky nanoshells possess numerous built-in hot spots, pro-
ducing highly reproducible and strong SERS signals at the
single-particle level.

The SERS data obtained for spiky nanoshells show an
interesting wavelength dependence. Figure 3a presents
the single-particle SERS intensities of 4-MBA immobilized
on spiky nanoshells obtained with two different excitation
wavelengths (633 nm, 785 nm), which showed that
633 nm excitation generated an approximately 20 times

stronger SERS signal with a narrower intensity distribution
compared to 785 nm excitation (Figure 3a).49 FDTD simu-
lations for ordered and disordered structures revealed
that the wavelength dependence is due to the heteroge-
neity of the spiky nanoshell structure (e.g., spike length)
and that the dark quadrupole mode plays an important
role for the Raman enhancement. Disordered nanoshells
with varying spike lengths can support additional quadru-
pole modes that are absent in ordered spiky nanoshells
with identical spikes or in smooth nanoshells. The addi-
tional quadrupole modes contribute significantly to the
SERS enhancement, which explains the strong SERS signal
observed for the disordered spiky nanoshell as well as the
wavelength dependence in its SERS enhancement factor
(Figure 3b). It is interesting to note that the introduction
of disorder significantly increases the SERS enhancement
(Figure 3b).49 Moreover, the SERS signal distribution is
narrower for the quadrupole excitation at 633 nm
(Figure 3a), which is attributed to the broad quadrupole
mode of disordered spiky nanoshells. These results indi-
cate that some degree of heterogeneity can lead to stron-
ger and more reproducible SERS signals, providing an
important design rule for SERS substrates.

RASPBERRY-LIKE METAMOLECULES

As described above, the surface morphology of gold
nanoshells can be readily controlled by varying the

F I G U R E 1 Smooth and spiky nanoshells with controllable SPR properties. (a) SEM images and simulated models of smooth (red), spiky (blue), and
super-spiky (green and magenta) nanoshells. (b) Electron microscope images of nanoshells obtained with or without AgNO3 in the growth solution.
The PS cores are highlighted with dotted red lines in the TEM image on the right. Scale bar: 200 nm. (c) Experimental and simulated extinction spectra
of smooth, spiky, and super-spiky nanoshells, as shown in a. Each spectrum displayed in c corresponds to the gold nanoshells highlighted in (a). (d, e)
Dark-field scattering (d) and corresponding SEM (e) images of spiky (blue boxes) and smooth (yellow boxes) nanoshells. (a, c) Reproduced with
permission.48 Copyright 2013, American Chemical Society. (b, d, e) Reproduced with permission.47 Copyright 2012, American Chemical Society.
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type of cationic surfactants and ionic additives in the
growth solution. Benzyldimethylhexadecylammonium
chloride (BDAC), an aromatic surfactant, produces
raspberry-like nanoshells (Figure 4a, b), denoted as
raspberry-like metamolecules (raspberry-MMs) for its optical
magnetism (vide infra).35 The use of a BDAC-based growth
solution leads to the generation of BDAC-coated spherical
gold nanoparticles on PS cores, resulting in densely
packed nanosphere assemblies without physical contact.
The discrete nature of the nanospheres composing
raspberry-MMs was confirmed by replacing BDAC with
thiolated polyethylene glycol (PEG) (Figure 4a). The disper-
sion of PEG-modified raspberry-MMs in ethanol caused
swelling of PEG, loosening the close packing of nano-
spheres on PS templates (Figure 4c). The loosely bonded
nanospheres could be further broken apart into individual
nanospheres by sonication (Figure 4d). The extinction
spectra were consistent with the electron microscopy

observations (Figure 4e). The raspberry-MMs exhibit an
unusually broad extinction spectrum covering the visible
and NIR regions (Figure 4e, green). After the PEG modifica-
tion and ethanol dispersion, the spectrum shows a drastic
blue shift (Figure 4e, black), resembling that of isolated
nanoparticles. Upon sonication, the extinction in the NIR
region is further reduced (Figure 4e, red), confirming that
the nanospheres making up raspberry-MMs are not in
physical contact. The discrete nature of gold nanospheres
in raspberry-MMs was attributed to the tight packing of
the aromatic surfactant, BDAC, on nanospheres, which
prevents them from fusing together. Taken together, the syn-
thetic procedure generates spherical nanoparticles densely
packed on PS cores separated by a thin BDAC layer.

Plasmonic nanoparticles forming a loop structure can
support magnetic resonances at optical frequencies
through the displacement current.17–19 Small interparticle
gaps in the loop can sustain circulation of the localized
electric field, inducing the interaction with the magnetic

F I G U R E 2 (a) Electric field maps of smooth (right) and spiky (left)
nanoshells. (b) Single-particle SERS spectra of 4-MBA immobilized on
smooth (blue) and spiky (black) nanoshells. Optical and SEM images of
spiky nanoshells used for SERS measurements are given on top.
Reproduced with permission.47 Copyright 2012, American Chemical
Society.

F I G U R E 3 Single-particle SERS collected from spiky nanoshells with
two different excitation wavelengths. (a) SERS intensities at 1077 cm�1

(black triangle, gray square) and 1585 cm�1 (red triangle, blue circle)
Stokes scattering collected with 633 nm and 785 nm excitation plotted
against the dark field scattering peak position (λmax). (b) Calculated
Raman enhancement factor of 1077 cm�1 Stokes scattering line for
ordered spiky (blue), disordered spiky (red), and smooth (gray)
nanoshells. Green and red arrows show the extinction excitation
wavelengths used for Raman scattering. Reproduced with permission.49

Copyright 2014, American Chemical Society.
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field of incident light normal to the plane of the nanoparti-
cle loop. As such, raspberry-MMs composed of densely
packed gold nanospheres can interact with the magnetic
field of the incident light, resulting in strong magnetic
resonances (Figure 5).35 The calculated extinction cross-
sections and mode analyses show that the magnetic dipole
resonance contributes significantly to the extinction
spectrum at longer wavelengths (Figure 5a, b). The emer-
gence of strong magnetic resonances was experimentally
confirmed by polarization-dependent far-field scattering
measurements (Figure 5c), in which the electric and mag-
netic dipole scattering spectra of raspberry-MMs were sep-
arately collected using different polarization settings of the
incident and scattered light. The data reveal an unusually
strong magnetic dipole in the NIR region, with intensity
comparable to that of the electric dipole resonance. Similar
core–shell-type nanoparticle assemblies have been fabri-
cated by the self-assembly of pre-synthesized nanoparti-
cles on polymer or silica cores through various chemical
and biological interactions.31–34,37,39 However, in general, it
is difficult to achieve the high nanoparticle density neces-
sary for strong magnetic resonances through self-assembly
routes. Another challenge is to maintain short interparticle
distances without physical fusion. In raspberry-MMs,35 gold
nanoparticles are well-protected by the aromatic BDAC
surfactants, which separate them by an average distance
of approximately 2 nm. The closely packed assembly struc-
ture is responsible for the strong magnetic resonance

observed in raspberry-MMs. It is also worth noting that the
magnetic resonance is observed regardless of the polariza-
tion direction in the isotropic three-dimensional assembly
structure of raspberry-MMs.

Systematic computational studies were carried out
to investigate how the electric and magnetic dipole
resonances respond to changes in various structural
parameters, such as interparticle distance and nanoparti-
cle size (Figure 6a).51 For both electric and magnetic
dipole resonances, the wavelength and strength increase
with decreasing interparticle distance (Figure 6b, c) and
increasing nanoparticle size (Figure 6d, e). However,
the magnetic resonance strength shows a greater
dependence on the interparticle distance than the electric
resonance. The localized electric field in the interparticle
gap modulates the strength of the rotating polarization
currents that generate magnetic resonances normal to
the nanoparticle loop. As such, the magnetic resonance is
more sensitive to the interparticle distance and optical
coupling than the electric resonance. The interparticle dis-
tance dependence was experimentally confirmed by
using aromatic surfactants with different alkyl lengths in
the synthesis of raspberry-MMs.51 The results provide
guidelines for designing plasmonic metamolecules with
the desired magnetic resonant wavelength and strength.

Like spiky nanoshells, raspberry-MMs show bright and
highly reproducible SERS signals at the single-particle
level, because they contain numerous built-in hot spots in

F I G U R E 4 (a) Schematic description of the disassembly process used to confirm the discrete nature of gold nanospheres on a PS core. (b) SEM
image of raspberry-MMs. (c) TEM image of PEG-modified raspberry-MM dispersed in ethanol. (d) TEM image of isolated gold nanospheres after
sonication. (e) Extinction spectra of raspberry-MMs (b, green), swollen assembly (c, black), and completely disassembled nanoparticles (d, red). The
inset show photographs of the raspberry-MM solution shown in b and the isolated gold nanoparticle solution after sonication shown in d. (a)
Reproduced with permission.21 Copyright 2021, Wiley-VCH. (b–e) Reproduced with permission.35 Copyright 2015, American Chemical Society.
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interparticle gaps.50,52 The degree of Raman enhance-
ment was dependent on the structural parameters of
raspberry-MMs such as the overall size of raspberry-MMs
as well as the size of gold nanoparticles.50 A bimodal
imaging method that simultaneously measures SERS and
Mie scattering signals (Figure 7a) was employed to corre-
late two signals from the same spots for raspberry-MMs
and nanocubes immobilized with 4-MBA (Figure 7b, c).52

The bright spots in the Mie scattering images indicate the
location of nanoparticles. Therefore, the comparison
between the SERS and Mie scattering images provides the
population of SERS-active and SERS-inactive spots. In the
case of nanocubes, many bright spots in the Mie scattering
images are SERS-inactive because a strong SERS activity
requires the formation of small gaps between nanoparti-
cles (Figure 7b). In contrast, most raspberry-MMs show

both SERS and Mie scattering signals, indicating that they
are SERS-active as isolated single particles, without the
need to form nanoparticle junctions (Figure 7c). Further-
more, the SERS signal from raspberry-MMs shows a weak
dependence on the cluster number and interparticle
distance (Figure 7d, e).50 In general, the SERS signal is
highly dependent on the distance between nanoparticles
(Figure 7e, triangle and circle).62,63 In contrast, raspberry-
MM dimers with different interparticle distances show a
narrow intensity distribution, revealing distance-
independent SERS (Figure 7e, square). This unique property
is attributed to the large number of built-in hot spots in
individual raspberry-MM particles. Although the dimeriza-
tion creates a new hot spot, it does not contribute signifi-
cantly to the overall SERS intensity. This property is useful
for SERS-based sensing, as it reduces spurious signals due
to the aggregation of nanoparticles.

SUMMARY AND PERSPECTIVE

In this paper, we reviewed a synthetic approach to
the controlled assembly of nanoparticles.35,46–52 The
approach combining the templated metal growth and
seed-mediated nanoparticle synthesis provides a sim-
ple one-step procedure for the simultaneous synthesis
and assembly of metal nanoparticles. The metal growth
on a polymer core decorated with small seed nanopar-
ticles generates metal nanoparticles with various
shapes and sizes on the polymer core. The type of sur-
factant in the growth solution plays an important role
in controlling the morphology. The introduction of
CTAC, CTAB, and BDAC in the growth solution gener-
ates smooth nanoshells with a rough surface,48 spiky
nanoshells,46–49 and raspberry-MMs,35,50–52 respectively.
Smooth nanoshells are composed of gold nanoparticles
fused together into a continuous shell on dielectric
beads. Spiky nanoshells are composed of sharp 1D
spikes radially arranged on dielectric beads. Raspberry-
MMs are composed of quasi-spherical nanoparticles closely
packed on dielectric beads. An important goal in this
research area is to develop a straightforward low-cost
method for synthesizing large quantities of plasmonic
nanoparticle assemblies with the desired functionalities.
The approach reviewed here provides a simple methodol-
ogy for synthesizing well-defined nanoparticle assemblies
with desired architectures and does not involve expensive
chemicals or multistep procedures.

The nanoparticle assemblies exhibit interesting optical
properties. Spiky nanoshells showed red-shifted spectra
from that of smooth nanoshells with the wavelength
increasing with the length of spikes. Spiky nanoshells
show significantly enhanced far-field and near-field scat-
tering compared to smooth nanoshells and serve as
excellent SERS substrates at the single-particle level. The
raspberry-MMs show unusually strong magnetic reso-
nances and broad extinction spectra, owing to the closely

F I G U R E 5 (a) Experimental extinction spectrum of raspberry-MMs
along with simulated absorption and scattering cross-sections of a
raspberry-MM model. (b) Simulated scattering cross-sections of different
electric and magnetic modes (Ed: electric dipole, Eq: electric quadrupole,
Eo: electric octupole, Md: magnetic dipole, Mq: magnetic quadrupole, Mo:
magnetic octupole) and sum of the cross-sections of all six calculated
electric and magnetic modes. The total scattering spectrum obtained by
FDTD simulations is included for comparison. (c) Measured electric and
magnetic dipole intensity of a raspberry-MM. Reproduced with
permission.35 Copyright 2015, American Chemical Society.
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F I G U R E 6 (a) Series of simulated models of raspberry-MMs with different interparticle distances (d) and diameters (D). (b, c) Dependence of
electric dipole (Ed) and magnetic dipole (Md) resonance wavelength (λresonance) on d (b) and D (c). (d, e) Dependence of Ed and Md maximum dipolar
resonant scattering strength (Smax) on d (d) and D (e). Reproduced with permission.51 Copyright 2018, American Chemical Society.

F I G U R E 7 Visualization of SERS and Mie scattering signals from raspberry-MMs. (a) Schematic illustration of SERS and Mie scattering signals from a
single raspberry-MM. The scheme illustrates the spatial origins of SERS and Mie scattering from a raspberry-MM. The red spots indicate the intraparticle
gaps generating SERS signals, whereas the blue highlight represents the Mie resonance. (b, c) Bimodal imaging of SERS and Mie scattering signals from
gold nanocube clusters (b) and raspberry-MMs (c). (d) Single-particle SERS data from raspberry-MM dimers with different interparticle distances.
(e) Calculated Raman enhancement (Es

4) of raspberry-MM, smooth nanoshell, and gold nanosphere dimers as a function of the separation distance.
(a–c) Reproduced with permission.52 Copyright 2021, American Chemical Society. (d, e) Reproduced with permission.50 Copyright 2016, American
Chemical Society.
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spaced nanoparticle assembly structure. Detailed studies
on structure-property relationships provided us with
important lessons on materials design. First, computa-
tional and experimental studies showed that the nano-
shells with many built-in hot spots exhibit strong SERS
signals that are insensitive to the distance between nano-
shells. This unique property is highly advantageous for
SERS-based sensing. Secondly, the assembled structures
are not perfect and possess heterogeneities in the size
and shape of metal nanoparticles. In general, such non-
uniformity has been considered a negative characteristic.
However, computational and experimental studies of
the core–shell-type structures discussed here revealed
that some degree of heterogeneity can lead to signal
enhancement and improved uniformity in SERS. These
results provide important guidelines for designing SERS
substrates with highly enhanced and more reproducible
signals.

Nonetheless, the ability to form uniform assemblies can
improve our understanding of the collective properties of
metal nanoparticles. We have addressed this issue by
incorporating a thermoresponsive polymer core for the
self-assembly of nanoparticles.41,64,65 This new approach
enables on-demand dynamic structural control using
pre-synthesized uniform nanoparticles, which can lead to
in-depth understanding of their complex metamaterial
properties. We believe that such dynamic self-assembly will
open up exciting opportunities for both fundamental
investigations and new applications.
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