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ABSTRACT: Intense electromagnetic (EM) hot—spots arising at Gk NCA@Glass NCA@Au oA
the junctions or gaps in plasmonic nanoparticle assemblies can & Q‘; 6 e
drive ultrahigh sensitivity in molecular detection by surface- H % %

N

enhanced spectroscopies. Harnessing this potential however
requires access to the confined physical space at the EM hot-
spots, which is a challenge for larger analytes such as biomolecules.
Here, we demonstrate self-assembly derived gold nanoparticle
cluster arrays (NCAs) on gold substrates exhibiting controlled
interparticle (<1 nm wide) and intercluster (<10 nm wide) hot-
spots as highly promising in this direction. Sensitivity of the NCAs
toward detection of small (<1 nm) or large (protein—receptor
interactions) analytes in surface-enhanced Raman and metal-
enhanced fluorescence assays is found to be strongly impacted by
the size of the cluster and the presence of reflective substrates. Experiments supported by numerical simulations attribute the higher
sensitivity to higher EM field enhancements at the hot-spots, as well as greater analyte leverage over EM hot-spots. The best-
performing arrays could push the sensitivity down to picomolar detection limits for sub-nanometric organic analytes as well as large
protein analytes. The investigation paves the way for rational design of plasmonic biosensors and highlights the unique capabilities of
a molecular self-assembly approach toward catering to this objective.

Higher sensitivity Higher sensitivity

w

P
b7

300

>
=
@
c
Q
2
£
()
w

Higher (Inter-cluster) O
Hot-spot Densities ¢

(counts/mW/s)

Higher Electromagnetic
Enhancements at
(Inter-cluster) Hot-Spots

KEYWORDS: electromagnetic hot-spot, surface-enhanced Raman spectroscopy, metal-enhanced fluorescence, plasmonic sensor,
nanoparticle cluster, biosensor, self-assembly, colloidal assembly

B INTRODUCTION

Highly sensitive detection of molecular analytes is of strong

Advances in colloidal synthesis and nanolithography have
shown to deliver a range of plasmonic nanoparticle assemblies
exhibiting gap or curvature hot-spots.*""> Gap hot-spots
provide a practical advantage over curvature hot-spots, as the
interparticle gaps can be readily controlled by varying the
density of nanoparticles on the surface."”'® Further, the sharp
edges or corners are subject to instability due to erosion,
breakage, or collapse. The EM enhancements at the gap hot-
spots increase nonlinearly as a function of closing gap

importance to different sectors, including healthcare diag-
nostics, environmental monitoring, security, and space.l_4
Nanoplasmonic sensors based on surface-enhanced spectros-
copies, viz., surface-enhanced Raman spectroscopy (SERS) and
metal-enhanced fluorescence (MEF), are particularly promis-
ing in this respect due to their ultralow detection limits within

microscopic detection footprints and quick response times.’
Nanoplasmonic sensors gain from high electromagnetic (EM)
field enhancements arising at close vicinity to nanostructured
metal surfaces. EM fields on plasmonic nanostructures exhibit
spatial heterogeneity at the nanoscale, with significantly high
EM enhancements at certain locations (hot-spots), such as
sharp corners, or junctions in plasmonic nanoparticle (NP)
assemblies. EM field enhancements at the hot-spots and
analyte location with respect to the hot-spots are key
determinants of the signal intensities in plasmon-enhanced

.67
spectroscopies.
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distances, resulting in EM enhancement factors over 108 for
gaps of the order of a nanometer.'”'” Despite high
enhancements, the usefulness of such gap hot-spots for sensing
of molecular analytes is restricted to analytes with dimensions
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smaller than the gap distances. For larger analytes as
encountered in bioassays, there is a nontrivial spatial trade-
off to overcome, as the ultrasmall gaps are incompatible with
the spatial needs to accommodate biomolecules and their
receptors .

Different configurations have been explored in the literature
to achieve analyte co-localization at EM gap hot-spots,
includin% responsive structures,'* > mechanical instabil-
ities,”””>> and nanoparticles supported on metal thin films
(MTFs).”**” Most of these configurations have been probed
using small analytes, typically of sub-nanometric dimensions,
e.g, molecules bound by thiol—gold interactions such as
benzene thiol, dyes capable of resonance Raman effects such as
rhodamine and crystal violet, and nonresonant, physisorbed
analytes such as 2,2'-bipyridyl.”* > While such analytes are
good to probe the EM enhancements of the plasmonic
assemblies, they do not represent the challenge encountered in
the sensing of large analytes such as biomolecules. Alternative
approaches that include postformation of hot-spots after the
analyte has been adsorbed on the surface, e.g., collapse of high-
aspect-ratio metal nanopillars, do not permit rational design in
the definition of the hot-spot geometry and are not compatible
with multistep adsorption commonly used in bioassays.

Nanoparticles (NPs) on metal thin films (MTFs) are
particularly interesting considering the ease of production of
EM gap hot-spots without using complex lithographic tools.
The optical response from NP—dielectric—MTF interfaces can
be tuned by controlling the dielectric thickness,”*™" nano-
particle size,* interparticle distance,* polarization and the
incident angle,"" or the choice of metal.”" Hybridization
between localized surface plasmons of NPs and delocalized
surface plasmons from the metal thin film has been shown to
result in EM enhancements at the NP—MTF gap and the
interparticle gaps.*” The localized EM fields at the NP—MTF
gaps can be used to enhance sensitivity in detection of the
analyte that can be accommodated at the gap.'”*> In NP
assemblies, strong interparticle plasmonic coupling at high NP
density was found to result in a decrease in the EM field at
NP—MTE gaps.”® This was attributed to the increased
scattering and absorption of incident light by the dense array
of nanoparticles. The intense EM fields were achieved in any
case at ultralow NP—MTF separations close to a nanometer,
which is impractical to leverage for large biomolecular analytes.

Nanoparticles organized as clusters have shown to exhibit
differential advantages compared to stochastic nanoparticle
assemblies, viz., control over EM field profiles through the size
and separation between nanoparticle clusters.**** Yan et al.
had earlier reported gold nanoparticle cluster arrays (NCAs)
with controlled geometries to exhibit a strong dependence of
SERS enhancement factors as a function of edge-to-edge
separations of the clusters down to 50 nm.** The clusters were
fabricated by electron-beam lithography, and the study
reported a loss of pattern integrity for edge separations
below S0 nm. In a subsequent study, we had demonstrated
cluster arrays with edge-to-edge separations further reduced to
10 nm, leveraging self-assembly of block copolymer colloids.*
Our study had shown further improvements to SERS
sensitivity of organic molecules with sub-nanometric dimen-
sions, as well as high uniformity in SERS spectra over areas
spanning several square millimeters.*>*” However, these
investigations do not take advantage of the unique
opportunities offered by hierarchical nanoparticle assemblies
to produce hot-spots that can be efficiently leveraged for

sensing of larger bioanalytes. In the current study, we
demonstrate gold nanoparticle cluster arrays on gold thin
films, with cluster dimensions that are engineered to drive high
EM field enhancements at intercluster hot-spots. The
intercluster hot-spots are large enough to accommodate large
biomolecular interactions and are effectively leveraged within
plasmon-enhanced spectroscopic bioassays. The sensitivity of
SERS and MEF bioassays is shown to strongly correlate with
the relative impact of gold over the glass substrate on the EM
enhancements at the hot-spots, the relative densities of
interparticle and intercluster EM hot-spots, and the relative
dimensions of analyte with respect to these hot-spots. The
tools of molecular self-assembly toward delivering well-defined
cluster arrays while permitting orthogonal control over
geometric variables are found to be critical to the investigation.

B MATERIALS AND METHODS

Materials. Polystyrene-block-poly(2-vinylpyridine) (PS-b-PVP)
(81.5 and 443 kDa) was purchased from Polymer Source Inc.
(Montreal, Canada). Fused silica substrates were purchased from
Siegert Wafer (Aachen, Germany). 1-Napthalenethiol (>99%), m-
xylene (>99%), sodium citrate dihydrate (>99%), and hydrogen
tetrachloroaurate(II) trihydrate (HAuCl,-3H,0) (>99.9%) were
purchased from Sigma-Aldrich. Biotin-PEG-thiols (BPTs) (400 g
mol™") were purchased from Nanocs, New York. Phosphate buffer
saline (PBS) and bovine serum albumin (BSA) solution were
purchased from R&D Systems, Abingdon, UK. Streptavidin
conjugated with cyanine-S dye (60 kDa) was purchased from
Rockland, Limerick, PA. Supersharp, atomic force microscopy
(AFM) tips (SSS—NCHR-50) were purchased from Nano and
More (Paris, France).

Fabrication of Nanoparticle Cluster Arrays (NCAs). NCA#A
and NCA#B were produced on fused silica or gold substrates using
templates #A and #B produced from PS-b-P2VP with molecular
weights of 81.5 kDa (polymer#A) and 443 kDa (polymer#B),
respectively. Gold substrates were produced by coating S nm
chromium and 100 nm gold on fused silica substrates using an
electron-beam evaporator. Freshly cleaned substrates were spin-
coated at 5000 rpm with 0.75% w w™' of polymer#A and 3000 rpm
with 2% w w™! of polymer#B in m-xylene. The sample coated with
polymer#B was exposed to 30 s of oxygen plasma (RIE Plasmatherm
790 RIE) to ensure adequate clearance between the features. Both
template samples were immersed in a gold nanoparticle (diameter =
103 = 0.5 nm) suspension synthesized in-house using a method
reported earlier*® for 2 h. The samples were subsequently rinsed
thoroughly and dried prior to 1-napthalenethiol (NT) or protein
assays. Topography images were acquired through tapping mode
AFM measurements using an Innova microscope (Bruker, Santa
Barbara) and SEM using a Helios NanoLab 650 (FEL Eindhoven, the
Netherlands). Gaussian fit to diameters, heights, and periodicities
from Nanoscope analysis for AFM images and Image] analysis for
SEM images was performed to validate geometric features used for
modeling.

Optical Spectroscopic Measurements. Optical absorbance
measurements were performed using a QE Pro UV-Visible-Near IR
spectrometer (Ocean Optics, Florida). The sample was illuminated
with a white light source and polarized through a 50x/0.42 NA
objective. The transmitted light was collected using a 0.28 NA/20X
objective, 8% of which was directed to a charge-coupled device
(CCD) camera using a beam splitter to visualize the area under
investigation, with the remaining light sent to the spectrophotometer
via a multimode optical fiber. Reflectance measurements were
acquired using an Ocean optics MAYA 2000PRO spectrometer
(Ocean Optics, Florida) connected to an optical microscope through
a 10X/0.30 NA objective. The samples were illuminated using a white
light source (Chiu technology Lumina F0-150-220 (Halogen 150 W/
220 V)), and a planar gold film on a glass substrate of similar
thickness was used as a reference (100%).
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Figure 1. Geometric arrangement of the templates and the NCAs on gold substrates. AFM measurements of (a) Template#A and (b) Template#B.
FESEM measurements of (c) NCA#A and (d) NCA#B. The schematic of the cross section of the templates and the NCAs are shown as insets.

SERS measurements were carried out using a micro-Raman system
(Renishaw InVia, U.K.) attached with a microscope, a Peltier cooled
CCD, and an excitation laser of 633 nm. The system was attached to a
microscope (Leica) and a laser coupled through a 50x/0.5 NA
objective. Before each experiment, internal silicon calibration was
performed with a peak centered at 520 cm™'. Data processing was
performed using WIRE 5.0 software provided by the manufacturer of
the system. Default parameters were used for baseline subtraction to
remove the fluorescence background from the signals. All of the
spectra were normalized with respect to exposure time and incident
powers. For detection of 1-napthalenethiol, each measurement was
acquired with a total exposure of 9 s at a laser power of 1.9 mW. For
detection of the streptavidin—cyanine-5 (CyS) conjugate, each
measurement was acquired with 3 s of total exposure time at varying
powers (1—5%) to prevent saturation of the CCD. The SERS spectra
were obtained by subtraction of background fluorescence. In all cases,
spectra were acquired in at least 10 different spots that were several
millimeters apart, and the standard deviation of the spectral intensities
of characteristic peaks are presented in the plots. The stability of the
NCA samples in ethanol and PBS was assured through morphological
characterization of the arrays using AFM and field emission scanning
electron microscopy (FESEM) before and after exposure for at least 3
h.

Numerical Simulations. Numerical simulations were performed
using the finite-difference time-domain (FDTD) method and a
commercial software package from Lumericals Solution, Inc
(Vancouver, Canada). A perfectly matched substrate layer was
considered with a periodic boundary condition at the sides. Mesh
sizes of dx = 0.1 nm, dy = 0.1 nm, dz = 0.4 nm were chosen after
convergence analysis. An unpolarized excitation wavelength of 633
nm was used at normal incidence through the air medium. The
simulated models were constructed by matching the best possible
arrangements as measured from AFM and SEM images. NCA#A and
NCA#B were modeled by distributing 12 or 48 nanoparticles (taken
as gold nanospheres with material data from Olmon et al.),*
respectively, with a nanoparticle diameter of 11.5 nm distributed in
layers (two layers for A and four layers for B) around the features of
template#A and template#B. The geometric parameters used for the
models and their comparison with the experimental values are
provided in the Supporting Information (Table S1).

Plasmonic Assays. For NT assays, the NCAs were immersed in
an ethanolic solution of NT with different concentrations (M to pM
range) overnight and subsequently washed with ethanol and dried
before SERS measurements. For protein assays, the NCAs were

functionalized with an aqueous solution of biotin-PEG-thiol at 1 mM
concentration for 2 h, followed by 30 min of 1% BSA in PBS and
subsequently to different concentrations of SA-CyS in PBS. Exposure
to the protein solutions was carried out within PDMS wells with a
diameter and a height of 5 mm. The substrate was rinsed with PBS
between each step. The calculation of the limit of detection (LOD =
LOB + 1.645 [SDy., concentration] ) Was performed considering the limit
of the blank (LOB = [meany,,, ] + 1.645 [SDy.]).>°

B RESULTS AND DISCUSSION

Nanoparticle Cluster Arrays (NCAs) on Gold Films.
NCAs were fabricated on gold thin films by directed
electrostatic attachment of negatively charged gold nano-
particles on self-organized polycationic block copolymer
features, as we had reported earlier.”” The process involves
spin-coating solutions of polystyrene-block-polyvinylpyridine
(PS-b-PVP) in an apolar solvent to obtain an ordered array of
reverse micelle templates on the desired substrates. The
geometric attributes of the templates can be controlled in steps
of few nanometers by choice of the molecular weight of the
copolymer, the solvent quality, solution concentration, and
coating speeds.”*>>' The templates are scalable with high
uniformity on arbitrarily large areas, such as full-wafers.*>"
Upon exposure to an aqueous suspension of gold nanoparticles
at mildly acidic or neutral pH, the PVP groups in the template
are protonated, driving spatially selective electrostatic attach-
ment of nanoparticles.” The resulting NCAs retain periodic
organization of the original templates, with the size of the
clusters (or the number of nanoparticles per cluster) defined
by the surface area of the template features.

To investigate the impact of the size of clusters on optical
properties, NCAs with two different cluster dimensions,
NCA#A and NCA#B, were fabricated using templates#A and
B derived from PS-b-P2VP with molecular weights of 81.5 and
443 kDa, respectively. The templates were produced by
coating reverse micelles of the polymers from m-xylene
solutions onto gold substrates (Figure lab). The templates
were exposed to an aqueous suspension consisting of gold
nanoparticles with an average particle diameter of 10.3 nm at
pH 6.8 to form NCAs (Figure lc,d). The resulting NCAs
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exhibit an average of 11 and 42 nanoparticles per cluster for
NCA#A and NCA#B, respectively (Figure S1, Supporting
Information).

For the purpose of this investigation, NCAs with constant
intercluster separations were prepared to ensure that the
cluster size remains the only geometric variable under
consideration. This measure enables attributing the differences
in optical and spectroscopic responses to the difference in the
size of the cluster. The intercluster separation was conserved
between NCA#A and NCA#B between the NCAs as arising
predominantly at 10 nm (histograms in Figure S2 a,b,
Supporting Information) by controlling the pitch of the
templates. The pitch could be controlled in steps of few
nanometers by varying spin-coating speeds, as in our earlier
publications.””" To evaluate the role of the underlying
substrate, control samples with NCA#A and NCA#B were
prepared on fused silica substrates. The geometric attributes of
templates A and B and those of the resulting NCAs were
characterized using AFM and SEM and were found to vary
<5% between the two substrates (Figures S3 and S4,
Supporting Information). As a result, the NCAs on glass
were found to exhibit intercluster separations equivalent to that
of NCAs on gold (histograms in Figure S2 c,d). Attaining
geometrically equivalent NCAs on glass (NCA@glass) and
gold substrates (NCA@gold) assures the ability to separate the
impact of the substrate from that of the NCA geometry while
investigating the differences in optical and spectroscopic
responses between NCA@glass and NCA@gold.

Optical Properties of NCAs. Optical properties of NCAs
were investigated using absorbance spectra in the case of
NCA@glass and reflectance spectra in the case of NCA@gold
(Figure 2). The absorbance spectra of NCA@glass show a
peak at 648 nm for NCA#A and 646 nm for NCA#B (Figure
2a). The reflectance spectra of NCA@glass present a dip at
647 nm for NCA#A and 669 nm for NCA#B (Figure 2b). The
strongly red-shifted plasmon resonance peaks for NCAs as
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Figure 2. Comparison of optical response of NCAs on glass and gold
substrates. (a) Absorbance spectra of NCAs on glass substrates,
expressed as % absorbance with respect to the bare glass substrate and
(b) reflectance spectra of NCAs on gold substrates, expressed as %
reflectance with respect to the planar gold films.

compared to isolated gold NPs (~520 nm) can be attributed in
part to the strong interparticle and intercluster plasmonic
coupling in the NCAs. This is further confirmed from EM field
maps obtained by numerical simulations based on the finite-
difference time-domain (FDTD) method at 633 nm excitation.
The simulations rely on geometric models of NCAs
constructed out of experimentally determined values for
height, width, and density of the features on the template,
the size of the gold nanoparticles, and the number of particles
per cluster, as determined from AFM and SEM measurements
(Table S1 and Figure SS, Supporting Information).

EM field profiles of NCA reveal interparticle and intercluster
hot-spots, with EM enhancements strongly dependent on the
choice of the underlying substrate and the size of clusters.
NCA@gold were found to exhibit greater EM field enhance-
ments in interparticle and intercluster hot-spots as compared
to NCA@glass (Figure 3). The higher EM enhancements
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Figure 3. Simulated electromagnetic field maps at 633 nm of (a, c)
NCA#A and (b, d) NCA#B supported on (a, b) glass and (c, d) gold
substrates.

found in NCA@gold can be attributed to the role of the
underlying gold film in increasing the field strength close to the
cluster arrays. The strong localized field strength close to
NCA@gold observed in the EM field maps at 633 nm
corroborates with the observed dip in reflectance spectra at this
wavelength. Unlike NCA@glass, (Figure 3 ab) the EM
enhancements in the case of NCA@gold (Figure 3 c,d) were
found to be distinctly higher at interparticle hot-spots as
compared to intercluster hot-spots.

Further, in the case of NCA@gold, the EM enhancements at
the intercluster hot-spots are found to be greater for NCA#B as
compared to NCA#A (Figure 3c,d), which indicates a stronger
intercluster plasmonic coupling in NCA#B. This corroborates
with the appearance of the reflectance dip at higher
wavelengths in the case of NCA#B as compared to NCA#A
(Figure 2b). In comparison, in the case of NCA@glass, the
intercluster EM enhancements are found to be similar for
NCA#A and NCA#B (Figure 3a,b). This implies a similar
intercluster coupling irrespective of the cluster size, which
corroborates with the observation of closely separated
absorbance peak positions of NCA#A and NCA#B on glass
substrates (Figure 2a). The field maps for NCA#B in case of
NCA@gold (Figure 3d) show intercluster EM enhancement
spanning a vertical distance of ~35 nm from the surface, which
is approximately three-quarters of the height of the cluster.
This is valuable considering that the EM enhancements at the
hot-spot spans vertical space that is large enough to
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intensities at saturated densities of NT and SA-CyS. The molecular structure and dimensions for NT and SA-CyS$ are shown as insets.
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Figure 5. Evolution of MEF spectra as a function of the concentration of SA-CyS on biotinylated NCAs compared for (a, b, left panel) NCA#A and
(a, b, right panel) NCA#B for (a) NCA@glass and (b) NCA@gold. (c) MEF assays for (left) NCA@glass and (right) NCA@gold. (d)
Comparison of maximum MEF signal intensities of SA-CyS on NCA#A and NCA#B compared for NCA@glass and NCA@gold.

accommodate the interaction dimensions of most common
biological interactions, e.g., immunosandwich assays or hybrid-
ization of nucleic acid sequences.

Plasmon-Enhanced Spectroscopic Assays. The sensi-
tivity of NCA@gold toward detection of molecular analytes
was tested using surface-enhanced Raman spectroscopy
(SERS) at 633 nm excitation (Figure 4). SERS assays were
performed for two different molecules, 1-napthalenethiol (NT)
and streptavidin labeled with cyanine-S (CyS), with
dimensions that were an order of magnitude apart (insets in
Figure 4c,f). NT was chosen on the basis of its ultrasmall size

32657

<1 nm and its ease in forming a conformal self-assembled
monolayer on a gold nanoparticle surface. The sub-nanometric
dimensions of NT allow it to access and leverage both
interparticle and intercluster EM hot-spots in the NCAs. The
choice of SA-CyS was made on the basis of its well-studied and
high-affinity interaction with biotin.”>>* The binding of SA-
CyS to the biotinylated NCA surface represents the simplest
case of receptor—ligand interaction used in bioassays. NCAs
are easily biotinylated using self-assembled monolayers of
biotin-PEG-thiols (BPTs) to render them specific to the
binding of SA-CyS. The dimensions of BPTs (~2.2 nm) and
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SA-CyS (5.8 nm) render the pair too large to be
accommodated in interparticle hot-spots but accommodated
easily enough in the intercluster hot-spots. Further, the choice
of CyS as a label can help signal enhancements due to
resonance Raman effect arising from the alignment of the
excitation wavelength with the molecular absorbance of Cys.>*

The sensitivity of the NCAs toward detection of NT was
tested by following the intensity of the characteristic
vibrational Raman bands of NT at 1372 cm™' as a function
of the NT solution concentration between 0.07 nM and 71.5
uM (Figure 4a inset, Figure S6a,b in Supporting Information).
The assays of SA-CyS were performed by biotinylated NCA,
by following the intensity of the characteristic Raman band of
Cy$ at 583 cm™ between 0.1 and 800 nM>* (Figure 4d inset,
Figure S6c,d in Supporting Information). The assays were
performed under identical conditions for both NCA@gold and
NCA@glass samples. The SERS signal intensities were found
to be higher for NCA@gold as compared to those of NCA@
glass by at least an order of magnitude for NT assays (Figure
4a—c) and at least 2 orders of magnitude in the case of SA-Cy$
assays (Figure 4d—f). A significant difference in sensitivities
was observed for both analytes depending on the size of the
clusters, and the choice of the substrate. In the case of NCA@
gold, NCA#B shows higher sensitivity compared to NCA#A
for both NT and SA-CyS (Figure 4b,e,c,f). However, the
NCA@glass samples exhibited the opposite trend, with
NCA#A exhibiting distinctly higher sensitivity toward SA-
CyS and similar sensitivities toward NT as compared to
NCA#B (Figure 4a,d,c,f). NCA#B on gold was thus found to
be most sensitive in the SERS assays. An estimation of the
lowest limit of detection (LOD) shows the sensitivity of
NCA#B down to 600 pM in the case of NT and 400 pM in the
case of SA-CyS assays. In comparison, the LOD in the case of
NCA#A, which performed better on glass substrates, was
found to be 6.8 nM for NT and 2 nM for SA-CyS5.

The use of CyS as label allows detection of SA-CyS using
Raman and fluorescence spectroscopies. The strong plasmonic
enhancement of EM fields close to NCA is expected to result
in a strong enhancement of fluorescence signals from CyS due
to metal-enhanced fluorescence (MEF).”™>’ For MEF to
occur, the fluorophore is expected to be separated from the
metal surface to avoid fluorescence quenching due to direct
fluorophore—metal contact. The presence of a BPT monolayer
with a thickness of 2.2 nm can satisfy this requirement. Results
show strong enhancement of CyS fluorescence on NCAs, with
the signal intensities on NCA@gold to be ~2 orders of
magnitude greater than those on NCA@glass (Figure S).
Further, as observed in the case of SERS assays, MEF signal
intensities were also found to be higher for NCA#B than
NCA#A on gold substrates (Figure Sb, right panel of c,d) and
higher for NCA#A than NCA#B on glass substrates (Figure Sa,
left panel of c,d). The signal intensities were found to be the
highest for NCA#B, for the entire concentration range, in all
cases. The MEF assays on NCA#B on gold were found to
exhibit a LOD of 400 pM, which is the same as that observed
for the SERS assays. NCA#A, which is more sensitive on glass,
was found to exhibit a LOD of 6.2 nM, which is over an order
of magnitude higher than that of NCA#B on gold.

The trends in sensitivity observed in the SERS and MEF
assays for NCA@gold as compared to NCA@glass are strongly
aligned to expectations set by the EM field profiles obtained
from numerical simulations. Overall, NCA@gold clearly
resulted in high signal-intensity enhancements compared to

NCA@glass for both NT and SA-CyS. This agrees with the
higher EM enhancements at the interparticle and intercluster
EM hot-spots as observed in simulated EM field maps of
NCA@gold (Figure 3c,d). The trends observed for signal-
intensity enhancements for NT (Figure 4a—c) are found to
corroborate with the simulated EM field profiles of
interparticle EM hot-spots (Figure 3). For NCA@gold,
NCA#B presents a higher density of interparticle EM hot-
spots exhibiting high EM enhancements, which can explain the
observed higher SERS signal intensities. For NCA@glass, the
considerably less difference in observed SERS signal intensities
for NT for both large and small clusters can be explained by
the lack of significant difference in the EM enhancements at
the interparticle hot-spots over intercluster hot-spots (Figure
3a,b). Since NT can leverage both these hot-spots, the lack of
significant EM enhancement at the interparticle hot-spots
reduces the advantage due to higher interparticle hot-spot
densities in NCA#B on glass.

The higher signal intensities for SA-CyS observed on
NCA#B on gold substrates are also found to corroborate
with the greater intercluster EM enhancements observed in the
EM field profiles of NCA#B (Figure 3d). The agreement
between simulation and experiments supports the hypothesis
that the intercluster EM enhancements are leveraged by SA-
CyS. In the case of NCA@glass samples, the intercluster EM
field enhancements were found to be similar for both NCA#A
and NCA#B (Figure 3a,b). However, NCA#A has a clear
advantage due to the higher density of intercluster hot-spots,
which is over three times greater than that of NCA#B (Figure
S3). Given that SA-CyS could effectively leverage only the
intercluster hot-spots, the greater number density of
intercluster hot-spots in NCA#A renders it more sensitive in
protein detection. This further indicates that in the case of
NCA@gold, the signal contribution arising from greater
intercluster EM enhancements in the case of NCA#B
outweighs the advantage of higher intercluster hot-spot
densities in NCA#A. Thus, the observed sensitivity of NCA
for the two different analytes as a function of NCA geometry
and the choice of substrate can be rationalized as a product of
two major factors, viz., (a) EM field distribution as determined
by the NCA geometry and the choice of substrate and (b)
analyte access to EM hot-spots, as determined by the size of
the analyte in relation to the interparticle and intercluster EM
hot-spots.

Besides the performance in molecular sensing, there are
other practical considerations that govern the user’s choice
between glass and gold substrates. Glass substrates are
attractive for biological experiments due to their transparency
that enables imaging using transmitted light illumination. Gold
substrates, on the other hand, are invariably encountered while
working with analytical tools such as surface plasmon
resonance, quartz crystal microbalance, and surface acoustic
wave devices. The current work provides rational guidance on
the choice of cluster dimensions that enhance NCA sensitivity
for a given substrate type while demonstrating larger clusters
on gold substrates as a preferred choice when there are no
constraints on the choice of substrate. The investigations
further benefit from the high stability and the reproducibility of
the NCAs, which are also aspects of practical importance for
their deployment in molecular sensing applications. The NCAs
on glass and gold substrates were stable in the aqueous and
organic media used, viz, NT immobilization from ethanolic
solutions and biological experiments under aqueous buffer.
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The excellent uniformity in spectral intensities from spectra
acquired across the NCAs from spots separated by several
millimeters is an observation that is strongly linked to
uniformity in geometries of the self-assembled templates and
the pattern-transfer steps to produce plasmonic arrays, as
shown in our earlier reports.**>>">*

B CONCLUSIONS

Gold nanoparticle cluster arrays (NCAs) exhibiting inter-
particle (<1 nm wide) and intercluster (~10 nm wide) hot-
spots were produced on glass and gold substrates and
compared for their sensitivity toward quantitative detection
of molecular analytes by SERS and MEF. The impact of NCA
geometry on sensing performance was investigated while
factoring in the impact of the EM enhancements at the hot-
spots, density of hot-spots, and the dimension of the analyte in
relation to the hot-spots. The cluster size and densities that
resulted in higher sensitivity were found to be dependent on
the choice of substrate, viz, NCAs with larger clusters and
lower densities (NCA#B) were more sensitive in the case of
NCA@gold, while smaller clusters with higher densities
(NCA#A) were found to be more sensitive in the case of
NCA@glass. The NCA geometry that is more sensitive in each
case was found to match the condition necessary to drive
better leverage for the analyte over EM hot-spots. Studying the
impact of the size of the analyte in relation to the dimensions
of the hot-spots reveals the intercluster hot-spots to be better
adapted to accommodate large biomolecular analytes. Higher
sensitivity in SA-CyS assays was achieved for smaller clusters
on glass due to a greater number of intercluster hot-spots and
larger clusters on gold due to higher EM enhancements at the
intercluster hot-spots. In all cases, the NCAs were found to be
capable of quantitative detection of both sub-nanometric
organic molecules and larger protein molecules, with sensitivity
down to 600 pM (or 96 ppb) of NT and 400 pM (or 22 ng
mL™") of SA-CyS. The results inspire rational engineering of
plasmonic nanoarrays to simultaneously drive high EM
enhancements and analyte co-localization at the hot-spots.
The use of molecular self-assembly is particularly well adapted
to engineer such arrays, providing convenient handles for
systematic and orthogonal control over geometric attributes
down to molecular length scales, with scalability and
throughput necessary to support large-scale investigations.
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