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Plasmonic Nanogap-Enhanced Raman Scattering Using a

Resonant Nanodome Array

Hsin-Yu Wu, Charles J. Choi, and Brian T. Cunningham*

The optical properties and surface-enhanced Raman scattering (SERS) of plasmonic
nanodome array (PNA) substrates in air and aqueous solution are investigated.
PNA substrates are inexpensively and uniformly fabricated with a hot spot density
of 6.25 x 10° mm™ using a large-area nanoreplica moulding technique on a flexible
plastic substrate. Both experimental measurement and numerical simulation results
show that PNAs exhibit a radiative localized surface plasmon resonance (LSPR) due
to dipolar coupling between neighboring nanodomes and a non-radiative surface
plasmon resonance (SPR) resulting from the periodic array structure. The high
spatial localization of electromagnetic field within the ~10 nm nanogap together with
the spectral alignment between the LSPR and excited and scattered light results in
a reliable and reproducible spatially averaged SERS enhancement factor (EF) of
8.51 x 107 for Au-coated PNAs. The SERS enhancement is sufficient for a wide variety
of biological and chemical sensing applications, including detection of common

metabolites at physiologically relevant concentrations.

1. Introduction

Metallic nanostructures exhibit their remarkable and unique
optical properties due to the excitation of either surface
plasmon-polariton (SPP) or localized surface plasmon-polar-
iton (LSP) modes. In the past decade, these phenomena have
been used for a wide range of applications in biological and
chemical detection such as metal-enhanced fluorescence,!:?!
label-free surface plasmon resonance (SPR) or LSP reso-
nance (LSPR) sensing,>* and surface-enhanced Raman
scattering (SERS).[® These phenomena have been applied
to devices that include plasmonic tweezers,[”8] lasers,»1%1 and
solar cells.['"12l Among these applications, SERS spectroscopy
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is a powerful and versatile tool for both qualitative and quan-
titative analysis of chemical constituents and structure by
increasing the Raman scattering cross-sections of analytes
residing in close proximity to a metallic nanostructure that
supports highly concentrated electromagnetic (EM) fields
associated with LSPR at EM hot spots. It has been shown
that SERS spectroscopy has opened the way to a simple yet
effective approach for chemical and biological sensing and
identification,!> extending to the potential for selective
detection of single molecules.['>1°]

There are many approaches reported in the literature for
producing SERS-active surfaces, which can be broadly cat-
egorized into two groups: randomly roughened surfaces!'’-%*!
and ordered nanoparticle arrays.?4-3% Randomly roughened
surfaces (this group may also include individual nanoparti-
cles) typically exhibit localized positions of high enhancement
arising at sharp corners or at junctions of randomly formed
protrusions. This enhancement can be further enhanced when
two metallic nanoobjects are brought very close to each other.
The LSP modes of each nanoobject then interact with each
other and form hybridized or gap surface plasmon-polar-
iton (SPP) modes, particularly suitable for single-molecule
detection.['>1] However, due to the intrinsic large variation
of enhancement and the difficulty of predicting the optical
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response of such random structures, this
approach is not suitable for reproducible
SERS measurements with a well-charac-
terized enhancement factor (EF). On the
other hand, due to the ability to accurately
design and model/engineer structures with
nanometer scale precision, nanoparticle
arrays enable us to select geometric vari-
ables (e.g., size, shape and period) and to
tailor the optical properties of a structure
for boosting the SERS EF in a predict-
able way. Typically, such ordered arrays
can provide a high EF that is uniform and
reproducible for applications that require
quantitation of analyte concentration.
However, the majority of such approaches
are not commercially feasible for single-
use disposable detection applications
due to multistep nanofabrication proc-
esses and/or low throughput and costly
patterning approaches (such as electron
beam lithography or focused ion beam
milling). For SERS to find widespread
applications in routine chemical analysis,
manufacturing process control, point-of-care diagnostics, and
pharmaceutical research, the SERS device structure must be
inexpensively manufacturable over large surface areas while
providing a robust EF.

In this paper, we experimentally and numerically demon-
strate that spectral LSP properties of plasmonic nanodome
array (PNA) substrates fabricated using a low-cost, large-
area nanoreplica molding processes can be tailored toward
maximizing SERS EF by controlling the thickness of a single
SiO, thin film layer. We observe a small blueshift of the LSPR
wavelength and no change in SPR wavelength as we decrease
the dome-to-dome gap spacing. When inter-dome spacing is
reduced to ~10 nm, the intense EM intensities associated with
LSPR spatially concentrated within the nanogaps form EM
hot spots with a density of 6.25 x 10> mm™. Measured SERS
spectra show that Au-PNA substrates with 10-nm gap spacing
exhibits a reliable spatially averaged SERS EF of 8.51 x 107.
We compare the performance of Ag-PNA substrates, Au-PNA
substrates, and a commercially available SERS substrate. In
this study, we perform electromagnetic computer simulations
to determine how the PNA dimensional parameters affect
the near-field and far-field characteristics, demonstrating
excellent agreement with experimentally measured charac-
teristics. Detection of urea in solution is used to demonstrate
the clinical potential for in-line, real-time monitoring of uri-
nary metabolite concentration.

2. Results and Discussion

2.1. Optical Characterization of Ag-PNA

Figure 1(a) shows a schematic cross section of a two-dimen-
sional Ag-PNA structure comprised of an Ag film, a SiO, film,
and a replica-molded UV curable polymer (UVCP) layer
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Figure 1. (a) Schematic cross-sectional illustration of two Ag-PNA unit cells. (b) Image of the
completed nanodome array substrate fabricated on a flexible PET sheet. (c) and (d) SEM
images of the Ag-PNA surface.

fabricated upon a flexible polyethylene terephthalate (PET)
substrate. In order to produce PNA substrates with a process
that is amenable to manufacturing scale-up, we used a large-
area nanoreplica molding process to fabricate a two-dimen-
sional square lattice of cylinders with a period (A) of 400 nm,
a diameter (d) of 250 nm, and a height (%) of 130 nm using a
low refractive index (RI) UVCP (Gelest Inc.) layer over an
area of 150 x 100 mm?2. Figure 1(b) shows a photograph of
an Ag-PNA on a flexible PET substrate, over a 75 x 100 mm?
surface area. Each Ag-PNA die (orange colored in the photo)
is 8 x 8 mm? with a density of 6.25 x 10° mm™ hot spots,
which are located between adjacent nanodomes. Figure 1(c)
and (d) show scanning electron microscopy (SEM) images of
the resulting Ag-PNA with square lattice symmetry.

To excite the LSPR of metallic nanoparticles, it is nec-
essary to provide an electric field component normal to the
metal-dielectric interface, resulting in an LSPR excitation
condition that is strongly polarization-dependent.[’”] For the
case of two “isolated” adjoining nanoparticles or dimer struc-
tures illuminated by light polarized parallel to the interpar-
ticle axis, the induced charges accumulating on the opposite
sides of the inter-particle gap attract each other, resulting
in a reduced restoring force inside each nanoparticle when
compared with that inside a single nanoparticle and thus in
a longer LSPR wavelength (4;gpr). Likewise, incident light
that is polarized perpendicular to the interparticle axis results
in accumulation of charge with identical polarity on opposite
sides of the gap, which repel each other, and thus result in a
decrease in A; gpg. The inter-particle plasmon coupling causes
a remarkable redshift in the spectral position of the LSPR
extinction maximum with decreasing gap spacing for the
parallel polarization and a less pronounced blueshift for the
perpendicular polarization.’¥! However, in the PNA struc-
ture, in which neighboring nanodomes are connected with a
continuous 200-nm-thick metal film, the region within the

small 2012,
DOI: 10.1002/smll.201200712



Plasmonic Nanogap-Enhanced Raman Scattering

Tk

Reflectivity (a.u.)
Reflectivity (a.u.)

500 600 700 800 900 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 2. Measured far-field reflection spectra of Ag-PNA substrates with four different inter-
dome separation distances for air (@) and water (b) as the covering media. The labeling of
I, J and K indicates the spectral position of the LSPR for the calculation of their respective
effective cavity lengths. (c) The corresponding SEM close-up views of the gap regions near
the inter-dome spacing. The scale bar in (c) represents 300 nm. See Supporting Information

Figure S1 for further details.

dome-to-dome gap spacing can be considered to act as a ver-
tical plasmonic nanocavity,[*] and therefore the spectral posi-
tion of LSPR associated with the geometrical dimensions of
such a nanocavity is mainly determined by inter-dome sepa-
ration distance (s) and cavity length (), shown in Figure 1(a),
as well as the material parameters of the metal and the die-
lectric environment.

Figure 2 shows experimental reflection spectra measured
with air (Figure 2a) and water (Figure 2b) media covering
an Ag-PNA surface for four different inter-dome separation
distances (s = 37, 26, 10, and ~0 nm). Their SEM images are
correspondingly shown in Figure 2(c). Because Ag-PNA sub-
strates coated with a fixed 200-nm-thick silver film are not
transparent in the visible regime, LSPR extinction spectra
are measured in reflectance mode and reflectance minimum
wavelength (4,;,) corresponds to LSPR extinction max-
imum wavelength (4; gpg). For plasmon resonances at A; gpg
marked by I, J and K in Figure 2(a), the resonant coupling
efficiency increases with decreasing inter-dome spacing (s)
due to stronger plasmon coupling between dipolar moments
of neighboring nanodomes. Further decreasing inter-dome
spacing causes weaker plasmon coupling and hence low reso-
nant coupling efficiency as domes slightly touch each other
(s ~ 0 nm), shown in the blue curve of Figure 2(a). The result
of the redshift in A; gpg arising from the refractive index (RI)
change of the background media from air (n = 1) to water
(n ~1.33) is presented in the dashed curve of Figure 2(b). We
also observe a distinct blueshift in A; ¢pg as inter-dome spacing
is decreased from 37 to 0 nm as controlled by increasing
the thickness of the SiO, layer. The increasing SiO, thick-
ness reduces the effective volume of the nanocavity within
the inter-dome space region, which in turn results in the
observed blueshift, as shown in the respective dashed curves
of Figure 2(a) and (b). See Supporting Information Figure S1
for further details.
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To explore the relationship between
observed blueshifted A, ¢pg and the geo-
metrical dimensions of the effective
volume within the inter-dome space
region, the optical responses of Ag-PNA
structures were simulated using the finite
difference time domain (FDTD) method.
The SEM image shown in Figure 1(d) and
the AFM images shown in Supporting
Information Figure S2 indicate that the
profile the nanodome structure is a cyl-
inder with a flat top surface as shown in
Figure 1(a). The hot-spot region is located
within the nanocavity defined by the cavity
length (/) and the inter-dome spacing (s).
In order to simplifty FDTD 3D modeling,
the shape of nanodome was approxi-
mately modeled as a periodic cylinder
dimer structure composed of Ag, SiO, and
UVCP with two variables: gap spacing, s
and effective cavity length, /4 as shown
in the inset in Figure 3. Figure 3 shows
simulated LSPR wavelength (A;4pg) as
a function of effective cavity length (/)
for various inter-dome separation distances (s) ranging from
5 to 35 nm with an interval of 5 nm when the background
medium is air. It should be noted that, for fabricated devices,
both inter-dome separation and cavity length decrease simul-
taneously as additional SiO, is deposited onto the surface
of the cylindrical polymer structure. Based on the results of
experimentally measured A; gpgr and inter-dome spacing (s)
from those points marked by the letters: I, J, and K shown in
Figure 2(a), we identify the corresponding points: I, J” and K’
with the approximately calculated effective cavity lengths of
78, 69 and 51 nm, as shown in the dashed curve of Figure 3.
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Figure 3. The FDTD-computed LSPR wavelength as a function of
effective cavity length (I ¢ for six different gap spacings (s) for air as the
background medium. The positions of the labeling of I’, )’ and K’ were
obtained by using experimental data shown in Figure 2 (a) enabling their
respective effective cavity lengths can be calculated. The inset shows a
FDTD-modeled Ag-PNA structure. This model is only valid for s > 0.
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planes associated with the corresponding
plasmon resonances. For the lower-energy
broad modes resulting from strong dipolar
couplings between adjacent nanodomes,
the most intense field intensities are con-
fined within the inter-dome space region,
which is characteristic of the LSP modes.
In contrast, for the higher-energy narrow
mode arising from the suppression of
radiative losses by hexapolar interactions,
it is obvious that an evanescent electric
field exists above the silver film, oriented
in the z direction, which is characteristic
for SPP modes (Supporting Information
Figure S4). Moreover, the spectral location
of the feature near A = 571 nm shown in

Figure 4. (a) Experimental and FDTD-computed reflection spectra of Ag-PNA substrate with
s = 10 nm for air and water as the background media. (b) Surface charge distributions
associated with the corresponding resonances. The red and blue color represents the positive
and negative charge, respectively. (c) Top and (d) cross-sectional electric-field intensity

enhancement distributions associated with the indicated resonances.

Consequently, the blueshift of A; gpr can be attributed to the
reduced effective nanocavity volume within the inter-dome
space region as a consequence of additional SiO, coating.
Moreover, since SERS enhancement is proportional to the
product of the local electric-field intensity enhancement at
the incident laser and the Raman scattered wavelength, the
maximum |E’ dependence on inter-dome spacing (s) indi-
cates that SERS intensity abruptly drops as the inter-dome
separation distance (s) increases (Supporting Information
Figure S3).

The simulated reflectance spectra for the Ag-PNA struc-
ture with s = 10 nm and /,;-= 51 nm for the background media
of air and water is presented by black curves in Figure 4(a),
which can be directly compared to the experimental data.
The overall qualitative agreement between experimental and
simulated profiles is excellent, and the remaining discrepancy
of inhomogeneous linewidth broadening can be attributed to
extra losses in the metal due to increased surface scattering,
grain surface effects of the underlying SiO, film, and the
inhomogeneity of the inter-dome separation. Surface charge
distributions associated with the indicated plasmon reso-
nances shown in Figure 4(b) illustrate that two lower-energy
dipolar bonding modes centered around A = 655 nm in air
and 807 nm in water, where the individual dipole moments
of the nanodome are aligned and oscillate in phase, have an
increased effective dipole moment, thus resulting in a broad
continuum as well as higher resonant coupling efficiency in
virtue of high radiative losses (scattering). The higher-energy
hexapolar bonding mode occurs at A = 577 nm in water,
where charges are partially canceled due to phase-retardation
effects. This mode has a decreased effective dipole moment,
resulting in linewidth narrowing as well as relatively lower
resonant coupling efficiency as a result of significant reduc-
tion of radiative scattering of the PNA structure. Figure 4(c)
and (d) respectively represent the electric-field intensity
enhancement (log|E/E;,*) distributions in the x-y and x-z

the dotted curve of Figure 2(b) is almost
invariant under varied inter-dome sepa-
ration distances. Such variations only
influence the excitation strength of the
respective LSP modes as discussed earlier.
The coincidence between the experimen-
tally measured and the numerically as well
as analytically calculated resonance positions (Supporting
Information D) verifies that the observed resonance stems
from the excitation of the (1,0) SPP mode via the periodic
array of silver nanodomes.

2.2. Enhancement Characterization of Ag-PNA
and Au-PNA Substrates

For experimental verification of SERS performance of the
Ag-PNA substrates in air, a 5 uL droplet of 1 uM Rhodamine
6G (R6G, Sigma-Aldrich, 99%), a commonly used Raman
analyte, was hand-spotted onto the Ag-PNA substrates,
while a higher concentration (1 mM R6G) was applied to
an ordinary glass slide coated with a 200 nm silver thin film
for reference. Droplets were allowed to dry overnight before
experiments were conducted. The diameter of one 5 uL
droplet of R6G is ~2.4 mm and the spot size diameter of
HeNe laser at an output power of 23 uW is ~100 pum. Because
the laser spot size is much smaller than the R6G droplet size
and because the laser beam is focused near the center of
the droplet where we observe uniform R6G concentration,
we avoid measuring near the perimeter of the spot, where
accumulation of crystalized material (the coffee ring effect)
can occur. Figure 5 shows SERS spectra of 1 uM R6G on
Ag-PNA substrates with four different inter-dome separation
distances and 1 mM R6G on a silver reference sample using
A =633-nm excitation. Although there are relative changes in
amplitudes, all spectra show that the R6G molecule is charac-
terized by seven dominant Raman peaks, centered at Raman
shifts of 613, 771, 1184, 1312, 1363, 1512, and 1651 cm™. We
use the intensity at 1363 cm™, the aromatic C—C stretching
vibrational mode,[*’] to quantitatively evaluate the analytical
enhancement factor (AEF) of different Ag-PNA substrates
(Supporting Information F).The enhancement of the 1363 cm™!
Raman band strongly depends on the local electric field
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Figure 5. SERS spectra of 1 uM R6G on different Ag-PNA substrates and
1 mM R6G on a silver reference sample (the reference spectrum was
multiplied by a factor of 20 in the plot). All were excited by a A= 633 nm
laser line.

intensity enhancement at the wavelengths of both the excita-
tion and the 1363 cm™ shift, and it has been reported that
the maximum EF occurs when A pg is located between A,
and Arg because LSPR is relatively broad and can be simul-
taneously excited by both incident the Raman scattered
photons.*!] In addition to LSPR spectrally overlapping both
Aexe and Agg, R6G analytes spatially positioned within the
hot spot region where the resonant electric-field intensity is
greatest is also important because a small fraction of ana-
lytes under such an intense optical field can contribute a pre-
dominant portion of the overall SERS signal.[*?l As shown in
Figure 5 and Figure 2(a), when the inter-dome separation dis-
tances decrease from 37 to 10 nm, the SERS intensity grad-
ually increases and A; gpr shifts from 690 to 660 nm, which
lies halfway between A, and Agg. In the case of s = 10 nm,
the AEF reaches the maximum value of 9.43 x 10° because
the maximum product of the local electric-field intensity
enhancements at A, = 632.8 nm and Agg = 692.5 nm occur
within the 10-nm hot spot region. Afterward, the intensity
abruptly drops down as adjoining nanodomes slightly touch
each other due to the weaker electric field caused by few sur-
face charges concentrating within the inter-dome spacing.

To more accurately quantify the SERS EF using a Raman-
active probe molecule with a well-characterized surface den-
sity, and to avoid the effects of gradual degradation of Ag
surfaces due to oxidation, we produced Au-PNA substrates.
The Au surface allows reproducible growth of a self-assem-
bled monolayer of trans-1,2-bis(4-pyridyl)ethylene (BPE,
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Sigma-Aldrich, 97%) because BPE molecules are able to
interact with gold via the pyridyl nitrogen atoms.[*] The use
of an Au-PNA surface also allows direct performance com-
parison to a commercially available SERS substrate (Klarite
KLA-313, D3 Technologies Ltd., UK) that is comprised of
Au-coated etched pyramids on a silicon substrate. Au-PNA
fabrication follows the same procedure as Ag-PNA fabrica-
tion, with the substitution of a 160-nm-thick gold film for the
previous silver film. Although freshly produced silver-based
nanostructures generally provide higher EF than gold-based
devices,[®] gold is more compatible with our target applica-
tions for detection of drugs and metabolites in fluid. Before
measurements were conducted, an Au-PNA substrate with
s = 10 nm and a Klarite substrate were immersed in 10 uM
BPE ethanolic solution for 12 h and then rinsed in pure
ethanol, followed by blow drying with nitrogen to ensure a
uniform single molecular layer adsorbed on the surfaces.[*344]
A neat 100 mM BPE ethanolic solution poured into a cell
culture dish (Corning 430166) with the dimensions of 60 x
15 mm for diameter and height was used as the reference.
Figure 6(a) shows the SERS spectra of surface-adsorbed
BPE on Au-PNA with s = 10 nm and Klarite substrates
and the Raman spectrum of 100 mM aqueous BPE solu-
tion using A = 633-nm excitation. All spectra show the five
characteristic peaks of BPE at 1000/1020, 1200, 1340, 1607,
and 1637 cm™'. The integrated intensity of the band at 1200
cm™, the C = C stretching vibrational mode,[*! was selected
to quantitatively assess performance for each substrates and
determine the spatially averaged SERS EF of the Au-PNA
substrate. It is obvious that SERS intensities are substantially
greater when BPE molecules are adsorbed onto the SERS-
active surface of the Au-PNA substrate compared to that of
the Klarite substrate. The integrated intensity of the band
at 1200 cm™! normalized by the laser power and CCD inte-
gration time obtained from Au-PNA substrate outperforms
that from the Klarite SERS substrate by 238x. As shown in
Figure 6(b), the lower SERS signal of the Klarite substrate
can be attributed to the LSPR wavelength of this surface
(measured A; gpg Of 735 nm) which is located far beyond the
excitation wavelength and Raman scattered wavelength (Agg
= 684.8 nm), corresponding to the evaluated Raman shift of
1200 cm™L. For the SERS spectrum of surface-adsorbed BPE
on the Klarite substrate excited by a 785 nm laser line please
refer to Supporting Information Figure S5 for more informa-
tion. After subtracting the background of the raw SERS and
Raman spectra using a sixth-order polynomial fit, the cal-
culation of the spatially averaged SERS EF is based on the
equation: EF = [ISERS(ARaman)/NSERS]/[IRcf(lRaman)/NRc[]'[%]
Isprs(ARaman) @Nd Ipof(ARaman) are the integrated intensity
of the band at Ag,,,, = 1200 cm™' normalized by the laser
power and CCD integration time from the SERS spectrum
of surface-adsorbed BPE on Au-PNA substrate and Raman
spectrum of bulk liquid BPE, respectively. Ngprg and Ny
are the number of excited BPE molecules inside the laser
spot area on the Au-PNA surface and within the laser probe
volume in 100 mM BPE solution, contributing to measured
SERS and Raman intensities, respectively. Nggrg Was calcu-
lated using Nggrs = p S A/p2, where p is the surface density of
BPE molecules, which is estimated to be 3.3 x 101 cm™ based
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Figure 6. (a) SERS spectrum of surface-adsorbed BPE on Au-PNA with
10-nm gap spacing, SERS spectrum from a Klarite substrate, and the
Raman spectrum of 100 mM aqueous BPE solution. All were excited by
a A =633 nm laser line with the output power values showing in the
figure. (b) Measured far-field reflection spectra of Au-PNA and Klarite
substrates, showing their respective 4,gpz of 681 and 735 nm in air
and 858 and 609/747 nm in water. (c) SERS intensity distribution map
measured at 1200 cm™! for the Au-PNA substrate with s = 10 nm over
an area of 9 mm?2,

—

on a 30 A? approximate area of a single BPE molecule,[* §
is the total surface area of a unit cell of the Au-PNA, which
includes the top plateau and the side wall surfaces as well as
the base surface, A is the laser spot area, and p is the period
of the PNA structure. Ny was calculated using Ng.=c¢ Ny
V, where c is the molar concentration of bulk BPE solution,
N, is Avogadro’s number, and V is the laser probe volume.
The laser probe volume is assumed to be that of a cylinder
with a diameter and a height equivalent to the measured
laser spot size and the effective probe length.?®47] The effec-
tive probe length was determined by immersing a silicon
substrate into a neat ethanol solution in a cell culture dish
(Corning 430166) while recording the background-subtracted
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silicon Raman peak at 522 cm™! at each z position when the
stage was translated vertically. Using a 5x objective (NA
= 0.12) with an output laser power of 2.5 mW, the effective
probe length was measured to be 9 mm. Hence the spatially
averaged SERS EF is calculated to be 8.51 x 10. Figure 6(c)
presents a spatial map of SERS intensities at 1200 cm™ on
the Au-PNA substrate with 10-nm gap spacing and this map
also shows that more than 78.5% coverage has spatially aver-
aged SERS EFs above 6.68 x 107, demonstrating the excel-
lent uniformity of high EFs over an area of 9 mm?.

2.3. SERS Detection of Urea

For experimental demonstration of SERS performance of
the Au-PNA substrate in an aqueous solution, a flow cell with
inlet/outlet at the ends for outside tubing connection made
of an optically clear resin (WaterClear Ultra 10122, DSM
Somos) was first sandwiched between a cover glass and the
Au-PNA substrate with s = 10 nm using UV-cured adhesive
(Addison Clear Wave). Urea solution prepared at concentra-
tions of 12.5, 25, 50, 100, 150, and 200 mM in DI water was
then manually pumped into the flow cell using a syringe.
Each concentration measurement was taken five times at the
same location without flow, followed by emptying and rinsing
with DI water three times before beginning the next concen-
tration measurement. Figure 7 shows SERS spectra of urea
solutions and DI water (blank) on the Au-PNA substrate with
s =10 nm using A = 785-nm excitation. We used a 5x low-NA
objective (NA = 0.12) with a long working distance of 14 mm
in a Renishaw inVia Raman microscope. It is obvious that
the SERS spectra for urea solution exhibits a primary Raman
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Figure 7. SERS spectra of urea solutions and DI water as the blank for
Au-PNA substrate with s =10 nm attached to a flow cell. All were excited
by A=785 nm laser line with the output laser power of 7.8 mW delivered
to the sample. Primary intensity peak for urea can be observed at
1000 cm~. The inset represents averaged SERS intensity measured at
1000 cm~! as a function of urea concentration with error bars indicating
+1 standard deviation (N = 5).
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band at 1000 cm™, the symmetrical C-N stretching vibra-
tional mode.[*8! The inset presents a calibration curve of the
averaged SERS intensity at 1000 cm™ as a function of urea
concentration with error bar representing +1 standard devia-
tion (o) of five measurements at the same location. The data
points were linearly fit by a least squares approximation with
an R? value of 0.998. The limit of detection (LOD) is defined
as the concentration at which the intensity value is equal to
the averaged blank intensity at 1000 cm™ plus three times
the standard deviation of five blank intensities at 1000 cm™.
Using the calibration curve to convert this intensity value
to the corresponding concentration, i.e., LOD, the LOD for
urea solutions was calculated to be 11.9 mM for the Au-PNA
substrate. Compared to LOD of 3.93 mM obtained from the
Ag-PNA substrate (Supporting Information Figure S6) with
an LSPR wavelength of 811 nm shown in Figure 2(b), the
higher LOD of 11.9 mM can be attributed to the fact that
the LSPR wavelength of 858 nm shown in Figure 6(b) is
not within the spectral region between the excitation wave-
length and Raman scattered wavelength (Azg = 852 nm), cor-
responding to the designated Raman shift of 1000 cm™. We
envision application of this approach to detection of metabo-
lites within biomedical tubing used for urinary catheters or
renal dialysis, as a means for continuous monitoring of kidney
function. Our detection approach is based upon diffusion of
the analtye into the SERS-active volume without the need for
surface adsorption, making this method suitable for in-line
real-time monitoring, where accumulation of material onto
the PNA surface by a selective capture coating is not desired.
The LOD reported may be improved through the use of a
high-NA objective to collect more scattered Raman photons,
but at the expense of a working distance that would not be
compatible with our flow cell, which must be deep enough to
accommodate substantial flow rates. (See Supporting Infor-
mation I and J for further details). The obtained LOD of
11.9 mM is sufficient for our clinical applications, as this value
is well below the typical level of urea concentration in urine,
273 mM*8! and the pathophysiological range of urea con-
centration in blood, 30-150 mM., %! suggesting that our PNA
substrate can provide a rapid and quantitative testing method
for the detection of kidney activity and urine screening.

3. Conclusion

We have successfully demonstrated that a PNA substrate can
be fabricated using a low-cost, large-area and high-throughput
nanoreplica molding technique, which provides a high density
of EM hot spots. The spatially averaged SERS EF was meas-
ured to be 8.51 x 107 when the LSPR is spectrally located
between the excitation and Raman scattered wavelengths.
Mapping of the SERS EF demonstrates that spatially aver-
aged EFs higher than 6.68 x 107 remains consistent over a
large SERS-active surface. As an exemplary clinical applica-
tion of the sensor for detection of a urinary metabolite, urea
in solution was detected with a detection limit of 11.9 mM,
indicating the potential for in-line, real-time monitoring for
detection of fluid samples from patients without taking sam-
ples and performing laboratory based tests.
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4. Experimental Section

Nanostructure Fabrication: To produce a template used for the
molding, nanoimprint lithography (Molecular Imprints) and reac-
tive ion etching were used to pattern an 8-inch diameter silicon
wafer with a 2-dimensional array of 250 nm diameter holes (period
= 400 nm, depth = 130 nm), in 8 x 8 mm? dies with overall fea-
ture dimensions of 96 x 64 mm?2. Next, a negative volume image
of the silicon surface structure was formed by dispensing liquid UV
curable polymer (Gelest) droplets (total volume of ~500 uL) and
distributing between the silicon wafer and a 200 pum thick flexible
polyethylene terephthalate (PET) sheet using a roller. Based on the
polymer dispense volume and the distributed area, the spacing
between the silicon wafer and the PET sheet is ~10 um. After curing
by exposure to UV light, the molded structure was released from
the wafer by peeling away the PET, resulting in a polymer replica of
the silicon wafer structure adhering to the PET sheet. To minimize
the separation distance between adjacent polymer cylinders, i.e.
A-d, we control the thickness of the SiO, film (applied by sputter
deposition) which conformally coats the surface of cylinders, where
their diameter increases with increasing SiO, thickness. To com-
plete the fabrication, the PNA surface was blanketed with a 10 nm
Ti adhesion layer and then a 200-nm-thick Ag or a 160-nm-thick Au
film in an electron beam evaporation system (Temescal).

Reflection Measurements: In order to understand the LSPR
wavelength dependence on inter-dome spacing (s), far field reflec-
tion measurements of the PNA substrates deposited with varied
SiO, thicknesses were carried out using an Axio Observer D1
inverted microscope (Carl Zeiss, Inc.) with white light provided by a
halogen lamp and a 10x objective (NA = 0.25) connected to a VIS-
NIR spectrometer (Control Development, Inc.) through an optical
fiber. For reflection measurements of PNA substrates immersed
with water covering the surface, a water droplet (10 uL) was hand-
spotted onto the nanodome surface, and covered with a micro-
scope cover glass prior to measurement. All reflection spectra were
collected against a 200-nm-thick mirror-like Ag film over micro-
scope glass slide as the reference. For reflection measurements
of Klarite and Au-coated PNA substrates, a 200-nm-thick Au film
deposited upon a glass slide was used as the reference.

Modeling: A commercial software package (FDTD Solu-
tions, Lumerical Solutions Inc.) was used to simulate the optical
responses of Ag-PNA structures. The structure was excited by a
normally incident, unit magnitude plane wave propagating in the
—z direction with an electric field polarization along the x-axis. In
order to decrease the computation time, periodic anti-symmetric
and symmetric boundary conditions were imposed at x and y
boundaries of the x-y plane, respectively. Perfectly matched layers
are imposed at boundaries of the propagation direction to properly
absorb incident radiation. Monitors were placed to calculate the
amount of reflected, transmitted, absorbed power as a function of
wavelength. The optical properties of Ag and SiO, were taken from
Palik’s handbook.[5%

Raman Measurements: Raman measurements were carried
out by using a Renishaw inVia Raman microscope equipped with
a 8 mW HeNe laser (A, = 632.8 nm), a 200 mW NIR diode laser
(Aexc = 785 nm), and a 5x objective (NA = 0.12) with a working dis-
tance of 14 mm. The measured HeNe laser power at the exit of the
objective is respectively 23 and 112 uW on measurements of R6G
on Ag-PNA and BPE on Au-PNA substrates, and the measured NIR
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diode laser power at the exit of the objective is respectively 7.8
and 30.2 mW on urea detection on Au-PNA and Ag-PNA substrates.
The laser power of 1.24 mW was delivered to the Klarite substrate
for both the HeNe and the NIR diode lasers. The scattered photons
were collected by the same objective lens and sent through a holo-
graphic notch filter and a Peltier-cooled CCD detector to acquire
SERS spectra. All experimental data were gathered using a linearly
polarized laser beam orientated in the x-axis with an integration
time of 10 s.

Supporting Information

Supporting Information is available from the Wiley Online Library
of from the author.
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