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ABSTRACT: We demonstrate that Au nanoparticles with tipped surface
structures, such as concave nanocubes, nanotrisoctahedra, and nanostars,
possess size-dependent tunable plasmon resonances and intense near-field
enhancements exploitable for single-particle surface-enhanced Raman spec-
troscopy (spSERS) under near-infrared excitation. We report a robust seed-
mediated growth method for the selective fabrication of Au concave
nanocubes, nanotrisoctahedra, and nanostars with fine-controlled particle
sizes and narrow size distributions. Through tight control over particle sizes,
the plasmon resonances of the nanoparticles can be fine-tuned over a broad
spectral range with respect to the excitation laser, allowing us to systematically
quantify the SERS enhancements on individual nanoparticles as a function of
particle size for each particle geometry. Understanding of the geometry-
dependent plasmonic characteristics and SERS activities of the nanoparticles is
further enhanced by finite-difference time-domain (FDTD) calculations. Our results clearly show that strong SERS
enhancements can be obtained and further optimized on individual Au nanoparticles with nanoengineered “hot spots” on their
tipped surfaces when the plasmon resonances of the nanoparticles are tuned to the optimal spectral regions with respect to the
excitation laser wavelength. Using tunable plasmonic nanoparticles with tipped surface structures as substrates for spSERS
represents a highly promising and feasible approach to the optimization of SERS-based sensing and imaging applications.

KEYWORDS: surface-enhanced Raman spectroscopy, plasmon resonances, noble metal nanoparticles, concave nanocubes,
nanotrisoctahedra, nanostars, finite-difference time-domain

1. INTRODUCTION

Surface-enhanced Raman scattering (SERS) is an ultrasensitive
vibrational spectroscopic technique capable of providing
detailed structural information on the molecules on or in the
vicinity of nanostructured metallic surfaces.1,2 As a powerful,
noninvasive spectroscopic tool for the detection of low-
abundance analytes, SERS plays pivotal roles in food safety
inspection,3,4 environmental monitoring,5 and biomolecular
sensing.6−8 By combining metallic nanoparticles with molecular
Raman reporters, multifunctional SERS nanoprobes or SERS
tags have been developed to target specific biomolecules both
in vitro and in vivo, enabling Raman-based optical bioimaging
with high spatial resolution and excellent photostability.9−12

SERS is essentially a nanoscale effect directly related to the
intense electromagnetic field enhancements generated at
nanostructured metallic surfaces upon the excitation of
localized surface plasmon resonances (LSPRs).1,13 Due to
strong plasmonic coupling effects,14 aggregated or self-
assembled metallic nanoparticles possess “hot spots” for
SERS inside the sub-10 nm interparticle gaps with gigantic

local-field enhancements, several orders of magnitude higher
than those commonly achievable on individual nanopar-
ticles.14−17 Although it is possible to detect the Raman signals
of just a few or even single molecules inside the tiny
interparticle junctions,18−20 these hot spots account for only
a small portion of the total surface areas accessible by the
analyte molecules, resulting in huge heterogeneity and poor
reproducibility of Raman signals across the entire substrates.21

The challenges associated with precise control over the spatial
distribution, enhancement magnitude, and structural robustness
of interstitial hot spots limit the utilization of nanoparticle
aggregates as reliable and reproducible SERS substrates for
sensing and imaging applications. For in vivo bioimaging, it is
also highly desirable to use individual plasmonic nanoparticles
uniformly appended with Raman reporters as the SERS tags
rather than using the nanoparticle aggregates.22−24 Therefore,
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single-particle (sp) SERS represents a more promising
approach to SERS-based sensing and imaging with optimizable
signal amplification and reproducibility in comparison to those
strategies relying on nanoscale interparticle junctions.
The plasmonic field enhancements of individual nano-

particles can be optimized through deliberate control over
particle geometries.13,25,26 While individual Au or Ag solid
nanospheres exhibit modest field enhancements upon
plasmonic excitation, multilayered metallic nanoparticles, also
known as nanomatryoshkas, possess intraparticle SERS hot
spots confined inside the narrow interior gaps.22,27,28 Although
individual multilayered nanoparticles may serve as excellent
SERS probes for bioimaging, the interior intraparticle gaps are
not readily accessible by the analyte molecules when used for
SERS sensing. Individual nanoparticles with hot spots exposed
on their outer surfaces are thus more appealing for molecular
sensing applications. A widely used strategy of achieving intense
field enhancements on the outer surfaces of individual
nanoparticles is to controllably introduce nanoscale tipped or
spiky features to the particle surfaces.29−40 Upon plasmonic
excitation, the electromagnetic fields are enormously enhanced
at the surface vertices and edges, providing SERS hot spots on
open surfaces that are easily accessible by molecules. A variety
of Au or Ag nanoparticles with tipped surface features, such as
surface-textured nanospheres,29−33 etched nanopolyhedra,34

multibranched nanostars,35−38 and spiky nanoshells,39,40 have
all been shown to exhibit intense SERS enhancements on
individual particles, convincingly demonstrating that the
interparticle or intraparticle gap geometries are not always
essential for strong SERS enhancements.
Another key design objective in spSERS optimization is to

tailor the LSPRs of individual nanoparticles relative to the
excitation laser wavelength,41,42 because the on-resonance
excitations typically generate much higher Raman enhance-
ments than the off-resonance excitations. However, the far-field
extinction maximum does not overlap exactly with the
wavelength at which the largest near-field enhancements are
achieved. Van Duyne and co-workers42 observed that, on Ag
nanoparticle arrays, maximum SERS enhancement was
achieved when the far-field plasmon band position was red-
shifted compared to the excitation laser wavelength. In contrast
to this result, more recent experimental observations and
electrodynamic calculations on various metallic nanostructures
showed that maximum near-field enhancements occurred at
lower energies than the corresponding far-field LSPRs.43−48

Such a red shift of the near-field peak energies with respect to
the far-field resonance energies has been predicted to be a
universal phenomenon for metallic nanostructures and can be
theoretically interpreted by a driven and damped harmonic
oscillator model.44 The relative spectral shift between near- and
far-field resonances of plasmonic nanoantennas, however,
depends strongly upon the size and shape of the nano-
particles43−48 and thus needs to be further investigated more
systematically and quantitatively on a wider variety of metallic
nanostructures.
Here we study the far-field and near-field plasmonic

properties of individual Au nanoparticles of three geo-
metriesconcave nanocubes, nanotrisoctahedra, and nano-
starswith a particular focus on their performance as
substrates for spSERS under near-infrared excitation. These
three Au nanostructures all possess tipped surface features and
size-dependent LSPRs, allowing us to fine-tune their LSPRs
with respect to the excitation laser wavelength and to

quantitatively evaluate the size-dependent SERS enhancements
on individual nanoparticles. The experimentally observed
geometry dependence of far- and near-field plasmonic proper-
ties is further corroborated by finite-difference time-domain
(FDTD) calculations. These Au nanoparticles with tunable
LSPRs in the near-infrared “water window” and nano-
engineered hot spots on their tipped surfaces hold great
promise as single-particle nanosensors and nanoprobes for
SERS-based biosensing and bioimaging applications.

2. RESULTS AND DISCUSSION
2.1. Shape-Controlled Synthesis of Au Concave

Nanocubes, Nanotrisoctahedra, and Nanostars. Control
over particle geometries allows one to fine-tune the LSPRs and
surface properties of Au nanoparticles to match specific
applications. For face-centered cubic (fcc) Au nanoparticles,
the low-index {111} and {100} facets have lower surface
energies and are thus, thermodynamically much more stable
than {110} and other high-index facets.49 As a consequence, Au
nanoparticles enclosed by low-energy facets, such as nanocubes
enclosed by six {100} facets, nanooctahedra enclosed by eight
{111} facets, and multitwinned quasi-spherical nanoparticles
with multifaceted surfaces enclosed by {111} and {100} facets,
represent the most common nanoparticle geometries that are
experimentally realizable. It has been recently demonstrated
that Au nanoparticles of more complex geometries enclosed by
various high-index facets can be fabricated through deliberate
control over the nanoparticle growth kinetics and/or selective
surface passivation.50−57 Here we focus on three nanoparticle
geometries with tipped surface structures: concave nanocubes,
nanotrisoctahedra, and nanostars. As illustrated in Scheme 1,

the concave nanocube is considered to be derived from a
nanocube upon introduction of tetragonal indentation to each
{100} facet. A nanotrisoctahedron can be obtained by adding
convex trigonal pyramids to each {111} facet of a nano-
octahedron. By growing nanoscale tips perpendicular to each
exposed facet of a multitwinned quasi-spherical core, a
multibranched star-shaped nanoparticle can be obtained. As
demonstrated in greater detail later in this paper, Au concave
nanocubes, nanotrisoctahedra, and nanostars exhibit signifi-
cantly enhanced plasmonic tunability and improved perform-

Scheme 1. Geometries of Au Concave Nanocube,
Nanotrisoctahedron, Nanostar, Nanocube, Nanooctahedron,
and Multitwinned Quasi-Spherical Nanoparticle
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ances as substrates for spSERS in comparison to the
geometrically simpler nanocubes, nanooctahedra, and quasi-
spherical nanoparticles.
As illustrated in Scheme 2, we adopted a seed-mediated

growth method for the shape-selective fabrication of mono-

disperse Au concave nanocubes, nanotrisoctahedra, and
nanostars. From single-crystalline quasi-spherical Au seeds,
Au nanotrisoctahedra were obtained through kinetically
controlled seed-mediated nanocrystal growth. As demonstrated
in previous publications,51,52,55,58 the Au nanotrisoctahedron is
a kinetically favored geometry resulting from fast nanoparticle
growth processes, while slower growth kinetics favors the
formation of thermodynamically more stable geometries such
as nanocubes, nanooctahedra, and quasi-spherical nanoparticles.
Interestingly, by introduction of an appropriate amount of Ag+

into the reaction mixtures, Au concave nanocubes were
obtained as a result of the selective passivation of Au surfaces
by Ag+.56 Changing the single-crystalline seeds to multitwinned
seeds allowed for the fabrication of multibranched Au
nanostars. As a consequence, the Au nanostars had multi-
twinned crystalline structures while the nanotrisoctahedra and
concave nanocubes were both single-crystalline in nature. The
capability to fine-control the particle size for each geometry
allowed us to gain detailed, quantitative insights into the size-
dependent plasmonic properties and spSERS performances of
the nanoparticles.
2.2. Au Concave Nanocubes. The concave nanocube is an

interesting geometry with 24 equivalent indented facets whose
Miller indices are determined by the degree of indentation.
Figure 1A shows a transmission electron microscopy (TEM)
image of Au concave nanocubes with average edge length of
∼130 nm. Each concave nanocube appeared to exhibit darker
contrast in the interior regions compared to the edge regions.
Concave nanocubes with different orientations with respect to
the TEM grid exhibited different overall projection profiles and
contrast evolution across the particle cross sections in the TEM
images. The morphology of concave nanocubes was also
characterized by scanning electron microscopy (SEM). The
tetragonal indentation and the boundaries between adjacent
indented facets both can be clearly visualized in the SEM image
taken on one individual concave nanocube (inset, Figure 1A).
Low-magnification SEM image (Figure S1A in Supporting

Information) further reveals that the as-fabricated Au concave
nanocubes were highly monodisperse in terms of both particle
size and morphology. Figure 1B shows the TEM image of one
concave nanocube imaged with the electron beam projected
along the [001] zone axis. The particle orientation and single-
crystalline fcc structures of the concave nanocube were further
verified by selected area electron diffraction (SAED) (Figure
1C). While the Au concave nanocube appeared to have a cubic
morphological outline, the degree of indentation could be
characterized by measuring the indentation angle (dihedral
angle between indented facets) on the basis of different contrast
in the TEM image. As marked in Figure 1B, the average
indentation angle was measured to be ∼139°, indicating that
each Au concave nanocube was enclosed by 24 high-index
{830} facets. The as-fabricated particles exhibited a higher
degree of indentation in comparison to the Au concave
nanocubes enclosed by {720} facets (indentation angle of
148°) fabricated by Mirkin and co-workers.56 As shown in
Figure 1D−J, we were able to fine-control the edge lengths of
the concave nanocubes in the range from ∼50 nm to over 150

Scheme 2. Shape-Controlled Synthesis of Au
Nanotrisoctahedra, Concave Nanocubes, and Nanostars
through Seed-Mediated Nanoparticle Growth

Figure 1. (A) TEM image of Au concave nanocubes with average edge
length, D, of 130 nm. (Inset) SEM image of one individual concave
nanocube. (B) TEM image of one individual concave nanocube with
electron beam projected along the [001] direction. Measured dihedral
angles between the concave facets are marked. (C) SAED pattern
obtained from the particle in panel B. (D−I) SEM images of Au
concave nanocubes with different average edge lengths obtained by
adding (D) 0.5, (E) 0.1, (F) 0.05, (G) 0.025, (H) 0.015, and (I) 0.01
mL of Au seed solution. (J) Histograms showing the size distributions
of Au concave nanocubes shown in panels D−I.
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nm by simply adjusting the amount of Au seeds added into the
growth solutions. Unlike some other seeded growth methods
through which the nanoparticles evolve into different
morphologies as the particle size increases,59,60 the concave
cubic morphology of the particles fabricated by this protocol
was well preserved throughout the entire particle size tuning
range.
Au concave nanocubes displayed size-dependent tunable

LSPRs. Figure 2A shows extinction spectra of colloidal Au

concave nanocubes of various average edge lengths at a particle
concentration of ∼1.0 × 109 particles·mL−1. As the particle size
increased, the LSPRs progressively red-shifted and the
extinction intensities at the resonance wavelengths increased.
For Au concave nanocubes in the sub-100 nm size regime, the
extinction spectra were dominated by a single-peaked dipolar
plasmon band, while multiple peaks were observed when the
edge lengths were beyond 100 nm. In comparison to Au
nanocubes of the same edge lengths, Au concave nanocubes
displayed significantly red-shifted LSPRs and more complex
spectral line shapes in the optical extinction spectra. It has been
reported that Au concave nanocubes exhibit greatly improved
SERS performance in comparison to Au nanocubes and
nanospheres of same size due to the intense local-field
enhancements at sharp tips.61 In addition to the particle

geometries, the coupling between LSPRs and the excitation
laser is also a key factor that determines SERS enhancements.
The size-dependent LSPRs of concave nanocubes allowed us to
fine-tune their LSPRs with respect to the excitation laser
wavelength and quantify the spSERS enhancements as a
function of particle size.
To measure spSERS, a submonolayer of isolated Au concave

nanocubes was immobilized on a poly(4-vinylpyridine)-
functionalized glass substrate40,62 and was used as substrate
for spSERS measurements (see Figure S1B,C in Supporting
Information). Because of the tipped surface features, only a
small portion of the concave nanocube surface was in contact
with the substrates. We also sandwiched a thin layer of water
between two glass coverslips during SERS measurements to
ensure that the dielectric medium surrounding the surface-
immobilized Au nanoparticles was water. Therefore, the
presence of the glass substrates had minimal effects on the
plasmon resonance frequencies of the surface-immobilized
concave nanocubes, as shown in Figure S2 in Supporting
Information. The individual nanoparticles were well separated
from each other, with interparticle distances much larger than
the size of each particle. Therefore, interparticle plasmonic
coupling was negligible and should have no contribution to the
Raman enhancement. The large interparticle distances allowed
us to focus the laser beam on one particle each time, using a
confocal Raman microscope to collect spSERS signals. The
synthesized ensembles showed relatively narrow size distribu-
tions (see Figure 1J), which led to standard inhomogeneous
broadening of the LSPRs. Therefore, the size distribution of
colloidal particles should not introduce significant modifications
to the SERS resonant conditions.
4-Aminothiophenol (4-ATP) was chosen as a Raman

reporter for the quantification of SERS enhancements because
it is a nonresonant molecule with minimal chemical enhance-
ments under near-infrared excitation and forms uniform self-
assembled monolayers (SAMs) on Au surfaces with known
packing density.63 4-ATP molecules were immobilized onto Au
nanoparticle surfaces through evaporation of 20 μL of 1.0 mM
ethanolic solution of 4-ATP over the substrate surface at room
temperature. The evaporation of 1 mM 4-ATP ethanolic
solution (20 μL) took about 20 min, which was found to be
sufficient for the 4-ATP molecules to form nicely packed SAMs
on the Au nanoparticle surfaces. Incubation of surface-
immobilized nanoparticles with 1 mM 4-ATP for 24 h resulted
in essentially the same spectral features and peak intensities in
the SERS spectra, as shown in Figure S3 in Supporting
Information. Here we fine-tuned the plasmon resonance
wavelengths with respect to a fixed laser excitation wavelength
at 785 nm. Excitations at shorter wavelengths in the visible
region may activate charge-transfer processes that contribute to
the chemical enhancements. In addition, excitation at shorter
wavelengths may also facilitate plasmon-mediated photo-
reactions of 4-ATP as reported previously.64 Therefore, we
decided to use this near-infrared excitation to minimize the
resonance enhancements, chemical enhancements, and photo-
reactions, allowing us to particularly focus on only the
electromagnetic contribution to the Raman enhancements.
Figure 2B shows the representative SERS spectra of 4-ATP

adsorbed on individual Au concave nanocubes of various sizes.
Two intense Raman bands at 1078 and 1590 cm−1 were
observed in the SERS spectra, corresponding to the C−S
stretching mode and phenol ring C−C stretching mode,
respectively.15 We collected SERS spectra of 4-ATP SAMs on

Figure 2. (A) Experimental extinction spectra of colloidal Au concave
nanocubes of various sizes at a particle concentration of ∼1.0 × 109

particles·mL−1. Vertical dashed line shows the excitation laser
wavelength (785 nm) for Raman measurements. (B) Representative
SERS spectra of 4-ATP adsorbed on individual concave nanocubes of
various sizes. (C) Histograms of Raman intensities of 1078 and 1590
cm−1 modes obtained from individual concave nanocubes. (D) SERS
enhancement factors (EF) on individual concave nanocubes at 785 nm
excitation. Labels i−vi in all panels correspond to concave nanocube
samples shown in Figure 1D−I, respectively.
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Au concave nanocubes from more than 100 individual particles
for each sample one particle at a time. The intensity histograms
of the 1078 and 1590 cm−1 bands are shown in Figure 2C.
Maximum SERS signals were obtained on the sample whose
far-field plasmon band position was blue-shifted by ∼30 nm in
wavelength with respect to the excitation laser. Murphy and co-
workers48 have recently observed a similar trend on colloidal
suspensions of plasmonically tunable Au nanorods, and they
interpreted their results as a consequence of competition
between plasmon-enhanced Raman scattering and light
reabsorption along the propagation pathway through the
colloidal samples. Interestingly, we observed the same trend
on surface-immobilized submonolayers of concave nanocubes
where reabsorption effects were negligible, strongly indicating
that the blue shift of LSPRs relative to the optimal excitation
wavelengths should be a universal feature for metallic
nanoparticles regardless of whether they are immobilized on
a surface or suspended as colloids. The largest SERS
enhancements were observed on nanoparticles of around 100
nm in size whose extinction was dominated by scattering rather
than absorption. We further estimated the enhancement factors
(EFs) by comparing SERS signals to normal Raman intensities
obtained from neat 4-ATP films (Figure S4 in Supporting
Information). As shown in Figure 2D, the phenol ring C−C
stretching mode showed larger enhancements than the C−S
stretching mode, most likely due to the stronger coupling
between the transition dipole moment and local electric field.
The EFs were estimated to be on the order of 104−105,
approaching 106 when the LSPR was tuned to the optimal
spectral region with respect to the excitation laser. Similar EFs
have also been achieved on individual Au porous nanoparticles
as reported in a recently published paper.58 These estimated
EFs were averaged over the entire particle surfaces. The local
enhancements in the hot spots at the tips, however, are
anticipated to be at least 1 or 2 orders of magnitude higher.
To more quantitatively understand how the variation in edge

length and side-facet indentation affect the plasmonic proper-
ties of Au concave nanocubes, we used the finite-difference
time-domain (FDTD) method to calculate the far-field
extinction and near-field enhancements of individual concave
nanocubes. To more precisely match the experimental particle
geometry, corner curvatures of 5 nm in radius were introduced
to the nanocubes and concave nanocubes. Each face of the
concave nanocubes exhibited a sharp tetragonal indentation of
angle θ. Figure 3A shows the calculated extinction spectral
evolution of a Au concave nanocube (edge length of 112 nm)
as the indentation angle changes from 180° for a nanocube
gradually to 125° for a highly indented concave nanocube. The
far-field extinction spectra were calculated with the incident
plane-wave polarized along the edge, the face diagonal, and the
body diagonal of the nanocube, respectively. For all three
polarizations, the LSPRs progressively red-shifted and the
spectral line shapes became increasingly more complex, with
multipeaked features gradually developed as the degree of
indentation increased. This is in line with previous observations
that Au concave nanocubes display significantly red-shifted
LSPRs in comparison to Au nanocubes of the same sizes.61 As
shown in Figure 3B, the concave nanocubes exhibited highest
field enhancements in the vicinities of the tips, and electric
fields were significantly enhanced at the particle edges as well.
Larger field enhancements were achieved on the surfaces of
concave nanocubes with higher degrees of indentation. SERS
enhancement factors are proportional to |E/E0|

4 under certain

approximations. To assess the SERS enhancements from
individual concave nanocubes based on the FDTD results, we
calculated the integrated fourth power of the field enhance-
ments, |E/E0|

4, over the entire volume up to 1.5 nm above the
cube faces. While the electric field enhancement |E/E0| is
unitless, the integrated |E/E0|

4 over volume has a unit of cubic
nanometers. The integrated |E/E0|

4 values were dependent on
both local field enhancements and total size of the nano-
particles. The relative values of integrated |E/E0|

4 provide useful
information for us to compare the SERS performances of
different nanoparticles. As shown in Figure 3C,D, the
integrated field enhancements increased with increasing degree
of indentation for both the edge and face-diagonal polar-
izations.
In Figure 4A, we compare the calculated extinction spectra of

Au concave nanocubes with fixed indentation angle of 140° and
various edge lengths. To take into account the ensemble effects

Figure 3. (A) Calculated extinction spectra of Au concave nanocube
(D = 112 nm) with varying indentation angles (θ) for three
polarizations (edge, face-diagonal, and body-diagonal polarizations).
(B) Cross-sectional views of calculated near-field enhancements (|E/
E0|

2) of Au concave nanocubes with edge length 112 nm and various
indentation angles of 180°, 160°, 140°, and 120° at 785 nm excitation.
The geometry of a concave nanocube in three-dimensional Cartesian
coordinates and the cross-section of the concave nanocube in the yz
plane are illustrated. The left column is edge polarization, and the right
column is face-diagonal polarization. The incident plane wave
propagates along the z-axis, and the body center of the concave
nanocube is at x = y = z = 0. Two planes parallel to the yz plane at x =
0 and 56 nm are shown for each polarization and indentation angle.
(C, D) Fourth power of the field enhancements integrated over
volume (|E/E0|

4) of concave nanocube (D = 112 nm) with various
indentation angles for (C) edge and (D) face-diagonal polarizations.
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of randomly orientated nanoparticles in colloidal suspensions,
FDTD-calculated extinction spectra were averaged over three
polarizations, that is, edge, face-diagonal, and body-diagonal
polarizations. The calculated extinction spectra were also
averaged for three different indentations, θ = 140° ± 5°, to
account for the inhomogeneous indentations of the exper-
imentally fabricated samples. Both LSPR wavelengths and
spectral line shapes of the calculated extinction spectra were in
very good agreement with the experimental results shown in
Figure 2A. We also calculated the integrated |E/E0|

4 on Au
concave nanocubes with indentation angle of 140° and various
edge lengths at 785 nm excitation. As shown in Figure 4B,
better coupling between the LSPRs and excitation laser, in
general, gave rise to stronger field enhancements; however, the
largest integrated field enhancements were obtained on the 97
nm concave nanocube whose LSPR extinction peak was blue-
shifted in comparison to the excitation laser wavelength. This
trend was in excellent agreement with our size-dependent
spSERS results shown in Figure 2. Since the FDTD calculations
considered only individual particles, the offset between the far-
field extinction and near-field peak wavelengths should not be

interpreted as the consequence of light extinction in colloidal
samples as previously claimed by Murphy and co-workers.48

Our spSERS results on plasmonically tunable Au concave
nanocubes, together with the FDTD results, provide strong
evidence that the red shift of the near-field resonance
wavelengths with respect to far-field extinction peaks is an
intrinsic characteristic of individual metallic nanostructures.
Our FDTD calculations considered only the mesoscopic
geometry of the nanoparticles; however, atomic-level surface
structural details were not included. Whether the atomic steps
and kinks present on the high-index facets provide an additional
contribution to the overall SERS enhancements is still an open
question. Also shown in Figure 4B is the comparison between
integrated |E/E0|

4 of Au nanocubes and concave nanocubes of
the same edge lengths. It is apparent that concave nanocubes
exhibited significantly stronger field enhancements than
nanocubes of the same sizes. Size-dependent SERS perform-
ances of individual Au nanocubes, however, were not further
investigated experimentally, due to the significant corner
truncations and limited size tuning range (from ∼20 to ∼60
nm) of experimentally fabricated Au nanocubes.

2.3. Au Nanotrisoctahedra. A trisoctahedral nanoparticle
comprises eight trigonal pyramids generated by “pulling out”
the centers of the eight triangular {111} facets of a
nanooctahedron. This interesting particle geometry could be
visualized in the SEM images shown in Figure 5A, B. Although
some of the nanoparticles did not appear trisoctahedral at first
glance due to different orientations, a careful survey of particle
shapes over a large sample area in a low-magnification SEM
image (Figure S5A in Supporting Information) showed that
around 90% of the nanoparticles had the trisoctahedral
morphology, around 4% of the particles exhibited slightly
elongated bipyramidal morphology, and the rest (∼6% of the
particles) were multifaceted polyhedra with ill-defined facets
and overall shapes. Figure 5C shows a TEM image of one
individual Au nanotrisoctahedron projected from the [011]
zone axis. At this orientation, four out of the 24 facets of the
nanotrisoctahedron were projected edge-on and the Miller
indices of the exposed facets of the nanotrisoctahedron were
determined to be {221} through an analysis of the projection
angles marked in Figure 5C.51,52,55,58 The Au nanotrisoctahedra
fabricated by this seed-mediated growth method have
essentially the same facets as those obtained from the
previously reported one-step seedless approach.55 The seeded
growth method allowed us to fine-tune the size of the
nanotrisoctahedra by adjusting the amount of Au seeds added
into the growth solutions. As shown in Figure 5D−J, average
sizes of the Au nanotrisoctahedra progressively increased as the
amount of Au seeds decreased and could be tightly controlled
in the range from ∼50 nm to over 200 nm. Similar to the Au
concave nanocubes, the as-fabricated nanotrisoctahedra could
also be immobilized onto poly(4-vinylpyridine)-functionalized
glass substrates as a submonolayer of isolated particles for the
spSERS measurements (Figure S5B,C in Supporting Informa-
tion).
Figure 6A shows the extinction spectra of colloidal Au

nanotrisoctahedra with various average sizes at a particle
concentration of ∼1.0 × 109 particles·mL−1. As the particle size
increased, the dipolar LSPR progressively red-shifted and
became increasingly broadened. For nanotrisoctahedra within
the sub-100 nm size regime, only one dipolar LSPR was
observed in the extinction spectra. A narrower quadrupolar
LSPR emerged at shorter wavelength to the dipole and became

Figure 4. (A) Calculated extinction spectra of concave nanocube with
indentation angles of 140° and varying edge lengths as labeled in the
figure. Vertical dashed line shows the excitation laser wavelength (785
nm) for Raman measurements. (B) Fourth power of the field
enhancements integrated over volume (|E/E0|

4) of concave nanocubes
with θ = 140° and D = 66, 85, 97, 112, 130, and 145 nm and of a
nonindented nanocube of the same sizes. (Upper panel) Edge
polarization; (lower panel) face-diagonal polarization.
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increasingly pronounced as the size of the nanotrisoctahedra
further increased to beyond 100 nm due to the phase
retardation effects.29 Although higher-order multipolar plasmon
modes are generally nonradiative, they absorb light and decay
through evanescent near-field, and thus may also contribute to
SERS enhancements.65 While the quadrupole was less
sensitively dependent on particle size, the broad dipole band
could be systematically shifted with respect to the excitation
laser by changing the particle sizes. When used as spSERS
substrates, the glass substrates exhibited minimal effects on the
plasmon resonance frequencies of the nanotrisoctahedra, as
shown in Figure S6 in Supporting Information. Figure 6B
shows the representative SERS spectra of 4-ATP SAMs formed
on individual Au nanotrisoctahedra of various sizes. Similar to
the results obtained on Au concave nanocubes, maximum SERS
signals were obtained on the sample whose far-field plasmon
band position was blue-shifted by ∼70 nm in wavelength with
respect to the excitation laser, further verifying that the red shift
of optimal excitation wavelength with respect to LSPR
extinction peak is a universal phenomenon for metallic
nanoparticles of different geometries. We repeated the spSERS

measurements on 100 individual nanotrisoctahedra for each
sample, and the histograms of intensities of the 1078 and 1590
cm−1 modes are shown in Figure 6C. The nanotrisoctahedra
exhibited average SERS EFs of ∼105 when their LSPRs were
optimized under 785 nm excitation, and the off-resonance
enhancements were generally below 104. Although the Au
nanotrisoctahedra showed SERS enhancements 1 order of
magnitude weaker than those achieved on Au concave
nanocubes, they were significantly more efficient as substrates
for spSERS than quasi-spherical nanoparticles of the same
sizes,58 primarily due to their tipped surface features. The
surface tips of the nanotrisoctahedra were less sharp than those
of the concave nanocubes, which may be one of the main
reasons why Au nanotrisoctahedra showed lower SERS
enhancements than concave nanocubes.
We also used FDTD to calculate the size-dependent far-field

extinction spectra and near-field enhancements of individual Au
nanotrisoctahedra. The extinction spectra were calculated and
averaged over X- and Y-polarizations, as illustrated in the inset
of Figure 7A. Integrated near-field enhancements were obtained
by integrating the electric field intensities in a sphere of radius
D/2 + 1.5 nm, where D is the particle size of nanotrisoctahedra.
As shown in Figure 7A, calculated extinction spectra of the
nanotrisoctahedra were in excellent agreement with the
experimental results shown in Figure 6A. Calculated results

Figure 5. (A) SEM image of Au nanotrisoctahedra with average size,
D, of 191 nm. (B) SEM image of one nanotrisoctahedron. (C) TEM
image of one individual nanotrisoctahedron with the electron beam
projected along the [011] direction. Measured angles between the
various edges of the nanotrisoctahedron are marked. (D−I) TEM
images of Au nanotrisoctahedra with various average sizes fabricated
by adding (D) 0.5, (E) 0.1, (F) 0.05, (G) 0.025, (H) 0.015, and (I)
0.01 mL of Au seed solution. (J) Histograms showing the size
distributions of Au nanotrisoctahedra shown in panels D−I.

Figure 6. (A) Experimental extinction spectra of colloidal Au
nanotrisoctahedra of various sizes at a particle concentration of ∼1.0
× 109 particles·mL−1. Vertical dashed line shows the excitation laser
wavelength (785 nm) for Raman measurements. (B) Representative
SERS spectra of 4-ATP adsorbed on individual nanotrisoctahedra of
various sizes. (C) Histograms of the Raman intensities of 1078 and
1590 cm−1 modes obtained from individual nanotrisoctahedra. (D)
SERS enhancement factors (EF) on individual nanotrisoctahedra at
785 nm excitation. Labels i−vi in all panels correspond to
nanotrisoctahedron samples shown in Figure 5D−I, respectively.
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on the near-field enhancements (Figure 7B-D) clearly showed
that the largest integrated field enhancements were achieved on
the 170 nm nanotrisoctahedron whose dipolar LSPR was on
the blue side of the excitation laser, though the dipolar LSPR of
the 191 nm nanotrisoctahedron better matched the laser
wavelength. We have further studied the effects of facet
convexity on the far-field and near-field properties of a
nanooctahedron (D = 170 nm). As shown in Figure S7 in
Supporting Information, the convex nanotrisoctahedron
exhibited red-shifted and broadened LSPRs in comparison to
the nanooctahedron. The integrated near-field enhancements
on the nanotrisoctahedron were several times larger than on the
nanooctahedron at 785 nm excitation, indicating that
introducing convexity to the nanooctahedron surfaces would
give rise to improved SERS enhancements.
2.4. Au Nanostars. Au nanostars are multibranched

nanoparticles with geometrically tunable LSPRs and strong
electromagnetic field enhancements exploitable for SERS.35−38

Au nanostars with different sizes, number of branches, and tip
sharpness have been chemically synthesized through seedless
reduction of gold(III) chlorate with 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)66 or seed-mediated

growth in the presence of surface stabilizers, such as
poly(vinylpyrrolidone) (PVP) and cetyltrimethylammonium
bromide (CTAB).35−38 Our protocol of size-controlled syn-
thesis of Au nanostars was essentially the same as that for the
concave nanocubes except that multitwinned Au seeds were
used instead of single-crystalline seeds. As shown in Figure 8A,

the as-fabricated Au nanostars were highly monodisperse in
terms of overall particle sizes and multibranched morphology,
while tip sharpness and relative orientations of the branches on
each nanostar varied form particle to particle. Our method
allowed for the fabrication of Au nanostars with nearly 100%
yield as revealed by SEM images taken over large sample areas
(Figure S8A in Supporting Information). The number of
branches on each nanostar varied from 6 to 10, which was
determined by the number of facets exposed on the
multitwinned Au seeds. In contrast to the single-crystalline
Au concave nanocubes and nanotrisoctahedra, the Au nanostars
had multitwinned crystalline structures, as revealed by TEM
image and SAED pattern shown in Figure 8 panels B and C,
respectively. The overall size of Au nanostars could be
controlled by adjusting the amount of multitwinned Au seeds
added into the growth solutions (Figure 8D−I). Both the
average tip sharpness and average number of branches on each
nanostar remained unchanged for nanostars with different
overall sizes.
The control over the size of Au nanostars allowed us to fine-

tune the LSPRs over a broad spectral region across the visible
and near-infrared (Figure 9A). As the nanostars became larger

Figure 7. (A) Calculated extinction spectra of Au nanotrisoctahedra of
various particle sizes as labeled in the figure. Vertical dashed line shows
the excitation laser wavelength (785 nm) for Raman measurements.
(B) Cross-sectional views of the calculated near-field enhancements (|
E/E0|

2) of Au nanotrisoctahedra with various sizes at 785 nm
excitation. (Upper panel) X-polarization; (lower panel) Y-polarization.
(C, D) Fourth power of the field enhancements integrated over
volume (|E/E0|

4) of Au nanotrisoctahedra with various sizes for (C) X-
polarization and (D) Y-polarization.

Figure 8. (A) SEM image of Au nanostars fabricated by adding 0.025
mL of Au seed solution. (Inset) One individual Au nanostar. (B) TEM
image of one Au nanostar. (C) SAED pattern obtained from the
particle shown in panel B. (D−I) TEM images of Au nanostars with
different average sizes fabricated by adding (D) 0.5, (E) 0.1, (F) 0.05,
(G) 0.025, (H) 0.015, and (I) 0.01 mL of Au seed solution.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505245z | ACS Appl. Mater. Interfaces 2014, 6, 17255−1726717262



in size, their LSPR progressively red-shifted and became more
intense due to the increase in the particles’ extinction cross
sections. The plasmonic tunability of nanostars results from the
hybridization of plasmons localized at the core and the tips of
the nanoparticles.67 The red shift in LSPRs can be interpreted
as the result of increasing aspect ratios of the branches. Similar
to the case of Au concave nanocubes and nanotrisoctahedra,
spSERS measurements were performed on submonolayers of
isolated nanostars immobilized on poly(4-vinylpyridine)-
functionalized glass substrates (Figure S8B,C in Supporting
Information). Red shift of optimal excitation wavelength with
respect to LSPR extinction peak was also observed for Au
nanostars. As shown in Figure 9B,C, the nanostar sample with
far-field extinction peak at ∼740 nm exhibited the largest SERS
enhancements. The surface-averaged Raman EFs on individual
nanostars were on the order of 106 for off-resonance excitations
and well exceeded 107 when the LSPR was optimized with
respect to the excitation laser. The tips of nanostars were
sharper than those of the concave nanocubes, giving rise to
stronger field enhancements on each tip of the nanostars. In
addition, the cores of the nanostars also displayed strong
plasmonic antenna effects, dramatically increasing the excitation
cross-section and the electromagnetic field enhancements of
the tip plasmons.67,68 Therefore, the SERS enhancements

observed on individual nanostars were approximately 1 order of
magnitude higher than those on individual concave nanocubes.
To quantitatively understand the geometry dependence of

LSPRs and SERS performance of Au nanostars, we performed
FDTD calculations on Au nanostars with various numbers and
sizes of tipped branches. The nanostar geometries used for
FDTD calculations were taken with conical branches with a tip
radius of 5 nm and a tip angle of 30°. Extinction spectra were
calculated and averaged for 6, 8, and 10 branches and over two
different orthogonal polarizations (X- and Y-polarizations).
Figure 10A shows calculated extinction spectra of Au nanostars

with various sizes, which are in very good agreement with the
experimental results shown in Figure 9A. It was found that the
length of the branches had a major effect on LSPR frequencies
of the nanostars, with longer branches resulting in more red-
shifted LSPRs. LSPR wavelengths of nanostars were also
dependent on the thickness of the tipped branches. As shown
in Figure S9 in Supporting Information, decreasing thickness of
the branches (or tip angle) led to a red shift of the LSPRs. The
dependence of nanostar LSPRs on the length and thickness of
the branches can be interpreted in the context of the well-
understood longitudinal nanorod plasmon, whose resonance
wavelength red-shifts as the particle aspect ratio increases.69

Interestingly, the number of branches per nanostar had minimal

Figure 9. (A) Experimental extinction spectra of colloidal Au
nanostars of various sizes at a particle concentration of ∼1.0 × 109

particles·mL−1. Vertical dashed line shows the excitation laser
wavelength (785 nm) for Raman measurements. (B) Representative
SERS spectra of 4-ATP adsorbed on individual Au nanostars of various
sizes. (C) Histograms of Raman intensities of 1078 and 1590 cm−1

modes obtained from individual Au nanostars. (D) SERS enhance-
ment factors (EF) on individual nanostars at 785 nm excitation. Labels
i−vi in all panels correspond to nanostar samples shown in Figure
8D−I, respectively.

Figure 10. (A) Calculated extinction spectra of individual Au
nanostars with varying tip-to-tip distance, D, as labeled in the figure.
The right panel shows the geometries of Au nanostar with 6, 8, and 10
branches. Calculated extinction spectra were averaged over different
branch numbers and various polarizations. Vertical dashed line shows
the excitation laser wavelength (785 nm) for Raman measurements.
(B) Cross-sectional views of the calculated near-field enhancements (|
E/E0|

2) of Au nanostars with various sizes at 785 nm excitation. (C, D)
Fourth power of field enhancements integrated over volume (|E/E0|

4)
of Au nanostars with various sizes for (C) X-polarization and (D) Y-
polarization.
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effects on the LSPRs. Increasing the number of branches from 6
to 10 resulted in only slight broadening of the LSPR band,
while the LSPR peak positions were essentially unchanged
(Figure S10 in Supporting Information), consistent with
previous works.68 Figure 10B−D shows the calculated near-
field distributions and integrated field enhancements of Au
nanostars of various sizes at 785 nm excitation. Integrated near-
field enhancements were obtained by integrating the electric
field in a sphere of radius D/2 + 1.5 nm, where D is the particle
size of nanostar (twice the length of each branch). Once again,
the largest integrated field-enhancement was obtained on the
nanostar with LSPR band blue-shifted from the excitation laser
wavelength (Figure 10C,D), which matched the experimental
results on spSERS shown in Figure 9D. The calculated
integrated field-enhancements on Au nanostars were about 1
order of magnitude higher than those on Au concave
nanocubes, also in excellent agreement with the experimental
observations. While significant substrate effects on LSPRs may
exist due to the close proximity of tipped branches to the
substrate, the relatively uniform distributions of branches
around the nanostar core tend to average out the substrate
effects.68 Therefore, substrate effects on Au nanostar plasmons
in this case became negligible, which was further verified by the
experimental extinction spectra of surface-immobilized nano-
stars shown in Figure S11 in Supporting Information.

3. CONCLUSIONS
In summary, we have demonstrated that Au concave nano-
cubes, nanotrisoctahedra, and nanostars with fine-controlled
particle sizes and narrow size distributions can be fabricated by
a robust solution-phase, seed-mediated growth method through
deliberate control over nanoparticle growth kinetics, surface
passivation by Ag+, or crystalline structures (single-crystalline vs
multitwinned) of the Au seeds. The capability to precisely
control the particle size in each geometry allows us to fine-tune
the particle LSPRs with respect to the excitation laser
wavelength and quantitatively evaluate the performance of
individual nanoparticles as SERS substrates. Our spSERS
results, further corroborated by FDTD calculations, provide
strong evidence that the red shift of the near-field enhancement
peak wavelengths from the far-field LSPR extinction peaks is a
universal intrinsic feature of individual metallic nanoparticles of
different geometries. Au nanostars, concave nanocubes, and
nanotrisoctahedra exhibit SERS enhancements on the order of
107, 106, and 105, respectively, on individual particles at 785 nm
excitation when their LSPRs are tuned to the optimal spectral
regions with respect to the excitation laser. Our experimental
and FDTD results show that individual Au nanoparticles with
nanoengineered surface tips may provide plasmonic field
enhancements that are sufficiently high for spSERS without
involving the strongly coupling plasmons confined in nanoscale
interparticle or intraparticle junctions. The knowledge gained
through this work provides important information that may
guide the design and fabrication of metallic nanoparticles with
increasing geometric complexity and further optimized
plasmonic properties for SERS-based biosensing and bioimag-
ing applications.

4. METHODS
4.1. Materials. Gold(III) chloride trihydrate (HAuCl4·3H2O, ACS

grade) was purchased from J.T. Baker. Sodium borohydride (NaBH4,
99%), L-ascorbic acid (AA, 99.5+%), hydrochloric acid (HCl, 37%),
and poly(4-vinylpyridine) (PVP, Mw ∼ 60 000) were obtained from

Sigma−Aldrich. Silver nitrate (AgNO3, 99.9995% metals basis), (1-
hexadecyl)trimethylammonium chloride (CTAC, 96%), and 4-amino-
thiophenol (C6H7NS, 4-ATP, 97%) were obtained from Alfa Aesar.
Hydrogen peroxide (H2O2, 30%), sulfuric acid (H2SO4, 96.10%), and
ethanol (200 proof) were purchased from Fisher Scientific. All
reagents were used as received without further purification. Glass
microscope slides were obtained from Gold Seal Products (Ports-
mouth, NH). Ultrapure water (18.2 MΩ resistivity, Barnstead
EasyPure II 7138) was used for all experiments.

4.2. Synthesis of Au Seeds. Colloidal Au seeds were prepared by
reducing HAuCl4 with appropriate amounts of NaBH4 in the presence
of CTAC. In a typical procedure for single-crystalline Au seed (∼2 nm
in diameter) preparation, 0.30 mL of ice-cold, freshly prepared 10 mM
NaBH4 was quickly injected into a solution composed of CTAC
(10.00 mL, 0.10 M) and HAuCl4 (0.25 mL, 10 mM) under magnetic
stirring (1200 rpm). The seed solution was stirred for 1 min and then
left undisturbed for 2 h. The seed solution was diluted 1000-fold with
CTAC (0.10 M), and the diluted seed solution was used for
subsequent seed-mediated growth. For preparation of multitwinned
Au seeds (∼3.5 nm in diameter), the volume of 10 mM NaBH4 added
into the HAuCl4−CTAC solution was increased to 0.60 mL while all
other experimental conditions remained unchanged.

4.3. Synthesis of Au Concave Nanocubes. Au concave
nanocubes were prepared following a previous protocol based on
seed-mediated growth56 with minor modifications. The growth
solution was prepared by sequentially adding HAuCl4 (0.50 mL, 10
mM), AgNO3 (0.1 mL, 10 mM), HCl (0.20 mL, 1.0 M), and AA (0.10
mL, 0.10 M) into a CTAC (10.00 mL, 0.10 M) solution. After the
growth solution was gently mixed for 30 s, growth of Au concave
nanocubes was initiated by adding diluted single-crystalline Au seed
solution. The reaction solution was gently mixed for 30 s and then left
undisturbed at room temperature for 4 h. The obtained Au concave
nanocubes were washed with water twice through centrifugation/
redispersion cycles and finally redispersed in 5.0 mL of water. The
overall sizes of the resulting Au concave nanocube were controlled by
adjusting the amount of Au seeds added.

4.4. Synthesis of Au Nanotrisoctahedra. Au nanotrisoctahedra
were prepared following a seed-mediated growth method we recently
published.58 The growth solution was prepared by sequentially adding
HAuCl4 (0.50 mL, 10 mM) and AA (1.0 mL, 0.10 M) into a CTAC
(10.00 mL, 0.10 M) solution. After the growth solution was gently
mixed for 30 s, growth of Au nanotrisoctahedra was initiated by adding
diluted single-crystalline Au seed solution. The reaction solution was
gently mixed for 30 s and then left undisturbed at room temperature
for 4 h. The obtained Au nanotrisoctahedra were washed with water
twice through centrifugation/redispersion cycles and finally redis-
persed in 5.0 mL of water. The overall sizes of the resulting Au
nanotrisoctahedra were controlled by adjusting the amount of Au
seeds added.

4.5. Synthesis of Au Nanostars. Au nanostars were prepared
under the same conditions as concave nanocubes except that
multitwinned Au seeds were used instead of single-crystalline Au
seeds. Briefly, the growth solution was prepared by sequentially adding
HAuCl4 (0.50 mL, 10 mM), AgNO3 (0.1 mL, 10 mM), HCl (0.20 mL,
1.0 M), and AA (0.10 mL, 0.10 M) into a CTAC (10.00 mL, 0.10 M)
solution. After the growth solution was gently mixed for 30 s, growth
of Au nanostars was initiated by adding diluted multitwinned Au seed
solution. The reaction solution was gently mixed and then left
undisturbed at room temperature for 4 h. The obtained Au nanostars
were washed with water twice through centrifugation/redispersion
cycles and finally redispersed in 5.0 mL of water. The overall sizes of
the resulting Au nanostars were controlled by adjusting the amount of
Au seeds added.

4.6. Characterization. TEM and SAED measurements were
performed on a Hitachi H-8000 transmission electron microscope
operated at an accelerating voltage of 200 kV. SEM images were
obtained by use of a Zeiss Ultraplus thermal field emission scanning
electron microscope. Optical extinction spectra of the nanoparticles
were measured on aqueous colloidal suspensions or surface-
immobilized submonolayers of nanoparticles immersed in water at
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room temperature, by use of a Beckman Coulter Du 640
spectrophotometer. Raman spectra and dark-field optical microscopy
images were obtained on a Bayspec Nomadic Raman microscope built
on an Olympus BX51 microscope equipped with a 785 nm CW diode
laser.
4.7. spSERS Measurements. Submonolayer films of isolated Au

nanoparticles were prepared by immobilizing the particles onto
poly(4-vinylpyridine)-functionalized glass substrates. In a typical
procedure, glass slides were cleaned in piranha solution (sulfuric
acid/H2O2 = 7:3) for 15 min and then immersed in 1wt % poly(4-
vinylpyridine) ethanolic solution for 24 h. The glass slides were
thoroughly rinsed with ethanol, dried with N2 gas, and then immersed
in colloidal suspensions of Au nanoparticles (1.0 × 109 particles·mL−1)
for 1 h. The glass slides were thoroughly rinsed with ethanol and dried
with N2 gas after they were removed from the colloidal suspensions of
Au nanoparticles. Coverage of Au nanoparticles on the substrates can
be controlled by changing the immersion time.
Samples for spSERS experiments were prepared by evaporating 20

μL of a 1.0 mM ethanolic solution of 4-ATP on the surfaces of the
isolated Au nanoparticles on poly(4-vinylpyridine)-functionalized glass
substrates. The substrates were then thoroughly rinsed with ethanol
and dried with N2 gas. Water was dropped onto the substrates to
ensure that the surrounding medium of the Au nanoparticles was
water, and then a clean glass coverslip with 0.17 mm thickness was
covered onto the top of the water layer before the Raman spectral
collection. The distance between the two glass slides was about 0.5
mm. SERS spectra were obtained on a Bayspec Nomadic Raman
microscope built on an Olympus BX51 reflected optical system
equipped with a 785 nm CW diode excitation laser using the confocal
mode (focal area of 1 μm in radius). A 50× dark-field objective (NA =
0.5, WD = 10.6 mm, Olympus LMPLFLN-BD) was used for both
Raman signal collection and dark-field scattering imaging. The laser
beam was focused on one particle each time for Raman spectrum
collection. The laser power focused on the samples was measured to
be 3.6 mW, and the spectrum acquisition time was 20 s. Normal
Raman spectra of 4-ATP were collected on a solid film of neat 4-ATP
on a glass slide. Details of normal Raman measurements on 4-ATP
were reported in a paper we recently published.58

4.8. Enhancement Factor Calculations. We estimated the
enhancement factors (EFs) of Raman signals from the following
equation:

=
I N
I N

EF SERS normal

normal SERS

where ISERS is the intensity of a specific band in the SERS spectra of 4-
ATP; Inormal is the intensity of the same band in the normal Raman
spectra of 4-ATP under the same conditions; Nnormal is the number of
probe molecules in the excitation volume for the normal Raman
measurements; and NSERS is the number of adsorbed molecules on an
individual particle. Two Raman modes of 4-ATP at 1078 and 1590
cm−1 were chosen for the EF calculations. To estimate Nnormal, we
calculated the effective excitation volume by using the following
equation:

π=V d H( /2)2

where d is the diameter of the beam size (d = 2 μm) and H is the
effective depth of focus (H = 10 μm, which was estimated by finely
controlling the height of the stage during the Raman measurements).
We estimated an effective excitation volume of 3.14 × 10−17 m3 for our
Raman microscopy with 785 nm excitation using the 50× objective.
Nnormal was calculated by using the following expression:

= = ×N VD M N( / ) 1.80 10 moleculesnormal A
11

where D is the density of 4-ATP (1.17 g/mL), M is the molar mass of
4-ATP (125 g/mol), and NA = 6.02 × 1023 mol−1 is the Avogadro
constant. To determine NSERS, a self-assembled monolayer of 4-ATP
molecules (molecular footprint size 0.39 nm2)63 was assumed to be
closely packed on the surface of each Au particle. The surface area of
the particle was estimated as follows: (1) For Au concave nanocubes,

when the indentation angle is 140°, the surface area were calculated as
S = 6D2[1/sin(70°)]. (2) For Au nanotrisoctahedra, the surface area
was calculated as S = 7.09D2. (3) For Au nanostars, the surface area
was roughly calculated as S = 1.52D2. In this way we were able to
estimate NSERS values on nanoparticles with different sizes and then
calculate the EFs.

4.9. Finite-Difference Time-Domain Calculations. FDTD
calculations were performed by use of a commercial FDTD software
package (Lumerical Solutions). Dielectric permittivity tabulated by
Johnson and Christy70 was used for Au. Geometric parameters used in
the simulations for Au concave nanocubes, nanotrisoctahedra, and
nanostars were extracted from the experimental TEM and SEM
images. FDTD calculations were performed on single nanoparticles in
water (refractive index of 1.34). The near-field enhancements were
calculated for an excitation at 785 nm in all cases. To account for small
morphological details and ensure good numerical convergence, a
uniform FDTD mesh grid of 1 nm was used.
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