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ABSTRACT We report a facile particle mediated aggregation protocol to synthesize “sea urchin”-like gold mesoparticles with tailored
surface topography via a secondary nucleation and growth process. Surprisingly, these multitip Au mesoparticles are capable of self-
assembling into monolayer or multiple layer arrays on Si substrates with a convincing reproducibility and homogeneity over large
areas. Raman measurements show that these individual sea urchin-like multitipped gold mesoparticles exhibit a high enhancement
of surface-enhanced Raman scattering (SERS). In addition, the sea urchin-like mesoparticle arrays display a further enhancement of
SERS by 1 or 2 orders of magnitude over the individual mesoparticle due to the formation of additional hot spots between the particles.
The current protocol stands out as a potentially interesting approach for the fabrication of technologically important SERS-based

SENSOrs.
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urface-enhanced Raman scattering (SERS) spectros-
copy has been intensely explored as a powerful and
extremely sensitive analytical technique with applica-
tions in biochemistry, chemical production, and environ-
mental monitoring.'~* So far, three main classes of SERS
substrates have been developed: metallic rough surfaces,
nanoparticle colloids, and periodic nanostructures. Although
the SERS effect with a giant enhancement factor (EF) of up
to ~10'2—10"? has been demonstrated for analyte molecules
located at so-called “hot spots”, the fabrication of SERS
substrates with a stable, uniform, and high average EF over
relatively large areas remains a great challenge.' Currently,
the reproducibility and homogeneity can be realized through
the use of advanced top-down nanopatterning techniques
such as electron beam lithography; however these tech-
niques are associated with limitations regarding throughput,
cost, and processable materials. Moreover, it is still difficult
to fabricate well-controlled small gaps or complex geom-
etries on the scale of a few nanometers to create efficient
and abundant “hot spots”. As a result, only a moderate
enhancement (EF ~10°—10°) has typically been achieved
for lithographically produced substrates®” such as com-
mercially available Klarite.*
The SERS effect is highly dependent upon the nanopar-
ticle size and shape as it relates to the excitation wavelength
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and the dielectric properties of the medium. For small
nanoparticles, e.g., ~50 nm, only a dipolar plasmon mode
can be excited. As the particle size is increased above 50
nm, higher-order multipolar plasmonic modes appear and
scattering effects become more significant, thus the plasmon
band gets noticeably red-shifted and broadened. When
particle sizes above 100 nm are reached, dephasing starts
to occur and new plasmon modes can be accommodated
within the particle. These effects are important for applica-
tions such as photonics, photocatalysis, and SERS. To date,
higher order multipole resonances have been reported for
larger particles and metallic nanoshells with sizes above 200
nm.>® SERS measurements for films of Au nanoparticles
also show that Au nanoparticles with a larger particle size
(>170 nm) are capable of self-organizing into planar close-
packed arrays and thus can display a uniform SERS activity.”
In fact, “hot spots” in assemblies (arrays) of small particles
result in mode coupling and are usually found in tiny gaps
between neighboring particles. Hence the ratio of the gap
over the particle size is a critical parameter for EF.® In this
regard, assemblies of small compact particles may not be
the best approach to create “bright” “hot spots” within a
certain area.

In addition to the metallic nature and size or shape, the
surface topography of the particles can also be a significant
factor to tailor the optical properties. Up to now, only a few
recent studies have explored the relationship between sur-
face roughness and optical properties. For instance, theoreti-
cal and experimental investigations indicated that nanoscale
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surface texture can introduce dramatic changes to the
plasmonic response of Au nanoshells, where quadrupole
damping takes place.’ Even surface roughness of only a few
atomic layers can also generate red shifts in longitudinal
surface plasmon modes.'*'" As a result, the SERS properties
of Au or Ag mesoscopic nanoparticles with irregular nano-
scale roughness and deeply creviced surface morphology
have been attracting increasing interest.'*~'* For example,
Halas and co-workers synthesized Au “meatball-like” par-
ticles with randomly arranged irregular nanoscale protru-
sions through an organic reduction route using gum Arabic
as the stabilizer."”> Xu and co-workers prepared highly
surface-roughened “flower-like” Ag nanoparticles by means
of poly(vinyl pyrrolidone) (PVP) surfactant in an aqueous
environment.'* With a spherical shape and roughened
morphology, SERS EFs more than 107 were obtained with a
relatively good reproducibility. Note that some complex
morphologies, such as Pt “sea urchins”'>'® and nanoden-
drites,'” Au nanostars,'® multipods,'® and branched nano-
crystals,”® Ni “sea urchin’-like particles,”' have been re-
ported previously. However, a unique surface morphology
with a huge amount of multiple tips (e.g., hundreds) remains
quite rare, particularly in Au and Ag. Furthermore, although
it has been recognized that the optical properties of nano-
particles depend not only on their size and shape but also
on their surface topography, no effective approaches have
been exploited so far to systematically modify the surface
topography and thereby the properties of metallic nanopar-
ticles in a controlled manner.

Mesocrystals are a 3D crystallographically ordered su-
perstructure of nanoparticles formed via a particle-mediated
growth mechanism, involving the crystallographically or-
dered aggregation of individual nanoparticle subunits.?* It
is interesting to note that for many systems the particle-
mediated aggregation can yield mesocrystals, i.e., 3D me-
sostructures with well-oriented subunits. These include, for
instance, Ag,0,?> Cu,0,?* Zn0,?® as well as Au®® and Ag.*"*®
The resulting mesocrystals are characterized by a rough
surface, small building blocks (around tens of nanometers
scale), and notable internal porosity. Mesoparticles with such
features are interesting not only for SERS, but also for other
applications such as catalysis, photonics, and sensors.?> In
this paper, we report a particle-mediated growth protocol
to synthesize “sea urchin”-like Au mesoparticles by using a
secondary nucleation process. These sea urchin-like meso-
particles with tailored surface topography possess unique
structural features that exhibit high SERS activity, making
them very attractive as Raman sensors. Importantly, these
sea urchin-like mesoparticles can spread and self-assemble
to form monolayer or multiple layer arrays, and demonstrate
highly reproducible and homogeneous SERS effects over a
large area. Thus they are promising candidates for SERS
sensor substrates-combining high performance with simple
preparation and low cost.
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FIGURE 1. (a) Schematic plot of a gold atom concentration versus
time illustrating the growth of mesoparticles, including the genera-
tion of atoms, nucleation, subsequent growth, secondary nucleation,
and mesoscopic aggregation. (b) SEM images of a variety of surface
topographies, types I—V, synthesized at various conditions (see text
for details).

Our general protocol used to synthesize the Au sea urchin-
like mesoparticles is based on the reduction of hydrogen
tetrachloroaurate, HAuCl,, by Fe suspension in aqueous
solution (see Supporting Information). A scheme of the
particle growth and topography of the products (together
with the scanning electron microscopy (SEM) images) is
illustrated in Figure 1b. In the metal nanocrystal synthesis
according to the mechanism of LaMer and Dinegar,*® after
the start of the reaction (the first injection of the reductant
in Figure 1) the concentration of Au atoms steadily increases
with time as the precursor (HAuCl,) is reduced. When the
concentration reaches the point of supersaturation, the
atoms start to aggregate into small clusters, i.e., nuclei, via
self-(or homogeneous) nucleation. Once formed, these nuclei
rapidly grow into nanocrystals of an increasingly larger size.
Concurrently, the concentration of Au atoms in the solution
decreases, until an equilibrium state is reached as deter-
mined by the chemical potential of the Au atoms in the
solution and the chemical potential of the surface atoms of
nanocrystals.’® Besides growth via atomic addition, the
nuclei and nanocrystals can directly coalesce into larger
crystals via the particle-mediated aggregation process.”'>*
In fact, our previous studies on the synthesis of Ag mesoc-
rystals®® and crystal growth in gels** have indicated that high
supersaturation and a high particle nucleation rate produce
abundant small clusters, the building blocks for the mesos-
tructures, and thus preferentially induce mesocrystal forma-
tion rather than the atom-mediated classical crystallization.”'
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FIGURE 2. SEM images of different samples of gold mesoparticles
self-assembled on a silicon wafer synthesized under different condi-
tions: 20 mL of 10 mM HAuCl, (aqueous) reacts with 1 mL of Fe
suspension and subsequently at different reaction times with various
secondary Fe feeding amounts, (a) P1, (b) P2, (c) T1, (d) T2. The
samples (a—d) with increasing surface texture correspond to the
morphology types II, IV, III, and V, respectively (Figure 1). The scale
bars on the left and right panels correspond to 20 and 1 um,
respectively.

In this study, analogous conditions of a high reduction and
nucleation rate (a relatively high concentration of HAuCl,)
were also applied. Furthermore, during the growth of Au
nanocrystals a secondary nucleation and growth process
was initiated by a second injection of the reductant (Figure
1). This is similar to a procedure recently developed for
preparing complex-shaped hierarchical crystals of ZnO and
cds.”*

The consequence of our synthetic strategy is that the size
and topography of Au mesoparticles can be widely tailored
by controlling the amount and the time of the secondary
injection of the Fe suspension as demonstrated in Figures 1
and 2. The degree of crystallinity and chemical composition
of the Au mesoparticles were characterized using X-ray
diffraction (XRD) and energy-dispersive X-ray spectroscopy
(EDX) (Figures S3 and S4 in Supporting Information). Fol-
lowing the first injection of 1 mL of Fe suspension into 20
mL of 10 mM HAuCl, (aqueous), nearly spherical and
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relatively smooth Au primary particles of type I (i.e., sample
PO presented in Figures 1b and S5) with a particle size of
about 400 nm were synthesized without the additional
injection of the reductant. During the growth of Au nano-
crystals, an atomic concentration fluctuation in the reaction
solution can be created by quickly injecting a certain amount
of Fe suspension again. This induces a secondary nucleation
and growth process. When the conditions of this process are
varied, the surface texture of the mesoparticles can be
systematically developed. “Meatball” morphology, Il and IV,
is characteristic for moderate amounts of Fe suspension in
the second injection. Furthermore, the surface texture can
be somewhat increased from type Il to type 1V by delaying
the second injection, e.g., from 5 to 10 min relative to the
start of the reaction. As a consequence, the size of “meatball”
particles increases from about 500 nm (sample P1 in Figure
2a) to about 600 nm (sample P2 in Figure 2b). A larger
amount of Fe suspension in the second injection changes
the product morphology to strongly textured types I (flower-
like ribbed particles like sample T1 in Figure 2c) and V (sea
urchin-like, spike-coated structures like sample T2 in Figure
2d)—depending on the time of the second injection (5 and
10 min, respectively). The number and density of the spikes
on the particles of type V can be additionally enhanced by
increasing the amount of Fe in the second injection, for
example, from 0.7 to 2.0 mL as described in Methods (see
Figures 2¢,d and S6—S8). The size of the particles increases,
correspondingly, from about 500 nm (Figure S6) to about
700 nm (Figure 2d). The highly textured sea urchin-like Au
mesoparticles appear to comprise up to ~200 tips having
lengths of 50—100 nm and base thicknesses of 30—50 nm
(Figure 2d). According to SEM and TEM images, the growth
of all the above Au particle types must involve major
contributions of mesoscopic aggregation probably in the
early stage.?”> In contrast, if a very low initial concentration
of HAuCly (aqueous) is applied, e.g., 0.1 mM, smooth and
faceted crystalline particles are produced like sample SO
presented in Figure S9 in Supporting Information. Under
these conditions (low reduction and nucleation rate), Au
particles likely grow near thermodynamic equilibrium via the
“classical” atom-by-atom growth process.?* Note that all of
the different products described above demonstrate quite
narrow distributions of size and morphology type (Figures
2 and S5—59).

High-resolution transmission electron microscopy (HR-
TEM) and selected area electron diffraction (SAED) provide
further insight into the structure of Au mesoparticles. Figure
3a shows a typical bright-field TEM image of moderately
textured mesoparticles from sample T1. Itis clearly seen that
these irregularly shaped particles are composed of many
small nanoparticles with a size of ~50 nm (the building
blocks of the mesoscopic assembly) as further illustrated for
two individual particles in panels b and d of Figure 3. The
SAED pattern in Figure 3c indicates that the whole meso-
particle shown in Figure 3b is highly crystallographically
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FIGURE 3. TEM images of gold mesoparticles for sample T1. (a) TEM
image of Au mesoparticles. (b—e) TEM images and corresponding
SAED patterns of individual particles. (ff HRTEM image obtained
from the dashed box area in (d). Blue and yellow arrows indicate
nanoparticle subunits with the same crystallographic orientation;
green and red ones indicate a subunit with a small angle mismatch.
The scale bars in (a) and (f) correspond to 500 and 5 nm, respectively.

aligned. A few isolated symmetrical spots in the diffraction
pattern (Figure 3e) of the whole particle shown in Figure 3d
suggest a common orientation with a small angle lattice
mismatch between the nanoparticle building units. A magni-
fied HRTEM image (Figure 3f) obtained from the box area
of Figure 3d supports this suggestion. It shows three nano-
particles sharing the same crystallographic orientation in the
junction regions and only one particle with a small angle
mismatch (red dashed area in Figure 3f). This is a typical
situation during the mesoscale transformation of mesopar-
ticles, involving the oriented attachment® or grain rotation®
of the building units. The existence of nanoscale protrusions
or deep crevices between them can be clearly observed in
the white contrastive area of the HRTEM image. When the
multiple tips grow up via a secondary nucleation and growth
process and then form the sea urchin-like Au mesoparticles,
the structure, e.g., sample T2, displays a polycrystalline
SAED pattern as shown in Figure S10c owing to the random
orientation of such tips (Figure S10a,b in the Supporting
Information). The individual tip demonstrates significant
crystal defects (probably twins or stacking fault) along the
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axial direction of the single tip (Figure S10d and inset in the
Supporting Information). We note that the distinctive me-
sostructures consisting of nanoparticle interfaces and sharp
multitips can also be very useful in the exploitation of novel
properties of Au mesoparticles, e.g., localized surface Plas-
mon resonances (LSPRs) and biosensors, because these
rough surfaces can contribute to an enhanced reactivity.>”

The SERS properties of individual Au mesoparticles and
their dense arrays (see below) were evaluated by using
crystal violet (CV) and p-mercaptoaniline (pMA) (Supporting
Information), well-known SERS analytes. For measurements
on individual mesoparticles, silicon wafers sparsely coated
with mesoparticles were used. Figure 4a shows an optical
microscopic image of such a sample with small aggregates
of a few particles and single particles randomly distributed
on the surface. An individual particle was visually identified
within the laser spot. Figure 4b presents the typical SERS
spectra of CV adsorbed on the individual Au mesoparticles
PO, P1, T1, and T2, respectively, which were measured with
a Raman microscope at 633 nm excitation, applying a low-
magnification objective (~3 um laser spot on the sample),
0.1 mW excitation power, and 20 s acquisition time. The
SERS spectra reveal the characteristic peaks of CV, for
instance, at 1172, 1371, and 1619 cm™', and correspond
well to the ordinary Raman spectra of CV in the solid state
and in aqueous solution. There is an apparent trend of
increasing SERS signals with increasing surface texture: the
average signals are found to scale as 81:30:8:1 for the
particles T2, T1, P1, and PO, respectively. Quantification of
the EFs is not trivial and subject to several assumptions as
the number of adsorbed molecules is poorly defined and
measured up to now. In this study, following the procedure
and assumptions described in refs 38 and 39 for CV mol-
ecules and refs 41—43 for pMA molecules (see details in
Supporting Information), we estimated EFs for both CV and
pMA to be about ~10° and ~107 for the individual meso-
particles P1 and T2, respectively. It should be noted that
these are the values “averaged” over a mesoparticle surface
due to the relatively large laser excitation spot (~3 um
diameter) used. Correspondingly, EF at “hot spots” may
significantly exceed the above values, if measured with a
higher spatial resolution. The current estimation of the SERS
EFs for various Au mesoparticles is consistent with ref 13 in
which Wang estimated a value of EF ~10°—107 for their Au
“meatballs”, which showed a quite similar morphology, size,
and EF as our sample P1. Therefore, for sample T2, the
estimated EF of ~107 is justifiable. Note that due to complex
plasmonic patterns in relatively large and textured Au
particles, even a single particle can potentially be an efficient
single particle SERS (sp-SERS) “substrate” with multiple and
bright “hot spots”.

To corroborate the observed relationship between the
SERS activity and surface topography of the Au mesopar-
ticles, we have applied the discrete dipole approximation
(DDA) method to calculate the local electric field intensity
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http://pubs.acs.org/action/showImage?doi=10.1021/nl103161q&iName=master.img-002.jpg&w=226&h=314

a

=y

| 2000 counts

W
P
-—"‘—-h-—__./\.._p-_;-'\.______,\_____

POx10

Raman Intensity /Counts

1000 1200 1400 1600

Raman Shift /cm

g

600 800 1800

5]
-
I
2
(=]
1

514 nm

-
o
i
=]
I

-
L]

-
r
L

(=]

L

e
B 8 &8 8
=

1

o
-

Single-particle SERS intensity
Single-particle SERS intensity

w
L
-
=1
(-]

i 1l iii i

633 nm

23.20
20.33
17.45
14.57
11.70
8.825
5.950
3.075
0.2000)

82.60
72.27
61.95
91.62
41.30
30.97
20.65
10.33
0

-0.3-0.2-0.1 0.0 0.1 0.2 0.3

-0.3-0.2-0.1 0.0 0.1 0.2 0.3

608.0
532.0
456.0
380.0
304.0
228.0
152.0
76.00

0.3-02-0100 010203

E

785 nm

§ 2000

Single-particle SERS intensity
o B 2
g 8 8

8

(=]

iii

i 1l

iil

FIGURE 4. SERS spectra and E-field amplitude patterns of individual particles: (a) optical microscope image of a substrate with individual
mesoparticles obtained from sample T2; (b) SERS spectra of crystal violet on individual particles with increasing surface texture, PO, P1, T1,
and T2 (morphology types I, II, IIl and V, respectively, see Figure 1) and excitation at 633 nm; (c—e) model gold particles (i—iii) and corresponding
calculated distributions of the local electric field intensity (color-coded relative |E|? values) across air-suspended particles irradiated from the
top at 633 nm; (f—h) maximal electric field enhancements calculated for models (i—iii) at excitation wavelengths of 514, 633, and 785 nm,

respectively.

around model Au particles irradiated with monochromatic
light at 514, 633, and 785 nm (see details in Supporting
Information). Three model particles were studied. They have
the same external diameter of 400 nm but a different surface
texture: (i) smooth, (ii) meatball, and (iii) sea urchin-like
particles as shown in Figure 4c—e, or, in more detail, in
Figure S11 (Supporting Information). The surface of (i, iii)
was textured with multiple half balls (50 nm diameter) and
spikes (50 nm long and 20—30 nm thick), respectively. The
surface topography of the models (i—iii) roughly simulates
that of the Au mesoparticles of types I, 11, and V, respectively
(see Figure 1b). The right panels in Figure 4c—e show the
typical distributions of the electric field strength E (plotted
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as color-coded |E|?) calculated in a plane across a vertical
axis of these model particles irradiated from above at 633
nm. As one might have anticipated, the most localized and
enhanced electric field areas (compare the scale bars in
Figure 4c—e) are found in the vicinity of spikes of the sea
urchin model (iii). The maximal |E|? enhancement is found
to be about 20, 80, and 600 for (i—iii), respectively. In other
words, the sea urchin structure is clearly favored as the one
potentially demonstrating the largest SERS enhancement
(proportional to ~|E|%), in agreement with the experimental
data (see above). It is well-known that the SERS effect can
be optimized when the excitation light wavelength matches
to the plasmonic resonance of the metal nanostructure.**
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pm, respectively.

Our calculations indicate that the dependence of the SERS
effect on the excitation wavelength may be especially strong
for highly textured metal particles. This is illustrated by
histograms of the maximal electric field (|E]?) enhacement
calculated for models (i—iii) irradiated at 514, 633, and 785
nm (Figure 4f—h). In fact, a relatively low and similar
enhancement of ~7—20 is predicted for all the model
particles at 514 nm excitation. However, the difference
between the models becomes very significant by red-shifting
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the excitation wavelength to 633 and 785 nm. Whereas the
maximal electric field enhancement increases only moder-
ately at these wavelengths for (i—ii), the value of (iii) in-
creases dramatically up to ~2400 at 785 nm (Figure 4f—h).
Compared to the model (iii), the “real” sea urchin-like
mesoparticles have an inhomogeneous surface texture and
therefore likely exhibit broadened plasmonic resonances.
Taking this into account, our calculations suggest that the
optimal SERS excitation wavelength for these particles would
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lie in the red—near-infrared spectral region, particularly at
785 nm or larger. Although the excitation wavelength of 785
nm is not available for the investigation of sp-SERS in our
experiment, these may be further supported by the UV—
vis—NIR spectra as shown in Figure S12 (in the Supporting
Information). As the surface topography changes to the more
complex one, the localized surface plasmon bands appear
in the red and infrared regions of the extinction spectrum.

Practical nanoparticle-based SERS substrates typically
comprise an assembly (array) of these particles on a suitable
support. As we have already mentioned, the homogeneity
and stability of SERS signals over the whole area of such
substrates are the other critical issues. In this regard, an
important property of the mesoparticles synthesized in this
work is that they can readily self-assemble on a surface.
Specifically, we found that relatively dense mesoparticle
arrays with a thickness between one and a few particles
could be prepared by simply drop-casting a suspension of
the mesoparticles in ethanol onto a silicon wafer and letting
it dry under ambient conditions. Typical SEM images of such
prepared arrays of different mesoparticle samples are col-
lected in Figures 2 and S6—S9. Surprisingly, the best arrays
in terms of close-packing and uniform thickness were
obtained for sea urchin-like mesoparticles, in particular for
sample T2. By adjusting drop-casting parameters (e.g., a
concentration of the mesoparticles in ethanol suspension),
quasi-hexagonally packed monolayer arrays over relatively
large areas (~mm?) could be obtained for sample T2 as
illustrated in Figure 5a,b. Similar results were obtained by
spin-coating a suspension of T2 onto a silicon wafer.

In accordance with their homogeneous assembly, the sea
urchin-like mesoparticle arrays demonstrate uniform aver-
age SERS response. This was proven by taking the SERS
spectra of CV at different locations in the array using a
Raman spectrometer with the excitation wavelength of 785
nm, laser spot of ~20 um, and excitation power of 20 mWw.
Compared with the results measured at 633 nm for indi-
vidual Au mesoparticles, the usage of a relatively larger laser
spot (with a size of ~20 um) reveals more information, such
as the interaction between Au mesoparticles. The Raman
signals of CV measured in this way deviated for different T2
arrays (Figure 5a,b) by less than +5 %, thus showing a good
reproducibility. The typical SERS spectra obtained from
samples P1, T1, and T2 at 785 nm excitation are compared
in Figure 5d. The largest SERS response is again observed
for the sea urchin-like particles—similar to the results for
both the individual particles and arrays at 633 nm excitation.
The homogeneity of the sea urchin-like T2 array is further
supported by the SERS images of “hot spots” over self-
assembled arrays. Figure 5e—g shows such images for P1,
T1, and T2 arrays acquired with a lateral resolution of ~0.5
um and presented as a color-coded integrated intensity of
the characteristic peak of CV at 1172 cm™'. The 3D projec-
tions of these images are also shown in Figure S13. It is
clearly seen that the “hot spots” over the T2 array are the
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most uniform, abundant, and bright (compare the color-code
intensity bars). According to the DDA calculations (Figure 5¢)
of the maximum field enhancement factor (|E|?) for a single
particle and two particle models at a 50 nm distance (Figure
S14 and Table 1 in Supporting Information), the EF for
the sea urchin-like mesoparticle array T2 exceeds the EF of
the corresponding individual particles by ~10—100 times
and thus can amount up to ~108—10°. This can be explained
by interparticle interactions in the array resulting in ad-
ditional and/or more abundant “hot spots”.' 29446 In fact,
the Raman image obtained from specimen T2 demonstrates
a comparable uniformity of the SERS signal (at ~200 nm
resolution) relative to some SERS-active substrates produced
by lithography techniques. It should be noted that, in
lithography process, the empty space is around ~1 um
between nanostructural patterns where no Raman signals
can be detected, e.g., in ref 47. However, in this study, the
space between particles is around ~50 nm (Figure 5b).
Within these spaces, some tips are very close and even
touching. Therefore, the space can also contribute to the
SERS signals.

In conclusion, a nanoparticle-mediated aggregation pro-
tocol has been exploited to generate high sensitive SERS
substrates consisting of sea urchin-like Au mesoparticles.
The surface topography of the Au mesoparticles can be
accurately tailored from smooth spherical particles to highly
textured sea urchin-like mesoparticles via a secondary nucle-
ation and growth process. The sea urchin-like Au mesopar-
ticles decorated with ~200 “spikes” are particularly inter-
esting for SERS applications as they demonstrate high EFs
up to 107 in magnitude for individual particles. Furthermore,
these sea urchin-like mesoparticles can readily self-assemble
into rather uniform and close-packed arrays on silicon
wafers following a simple drop-casting deposition. The self-
assembled monolayer arrays of the sea urchin-like Au me-
soparticles demonstrate a uniform and reproducible SERS
response. The EFs for such arrays can be increased by 1 or
2 orders of magnitude compared with the individual Au
mesoparticles. These unique properties of the sea urchin-
like Au mesoparticles appear to be very promising for
applications as high-performance SERS substrates.
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