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ABSTRACT

Aluminum (Al)-based nanoantennae traditionally suffer from weak plasmonic performance in the
visible range, necessitating the application of more expensive noble metal substrates for rapidly
expanding biosensing opportunities. We introduce a metasurface comprising Al nanoantennae of
nanodisks-in-cavities that generate hybrid multipolar lossless plasmonic modes to strongly
enhance local electromagnetic fields and increase the coupled emitter’s local density of states
throughout the visible regime. This results in highly efficient electromagnetic field confinement in
visible wavelengths by these nanoantennae favoring real-world plasmonic applications of Al over
other noble metal. Additionally, we demonstrate spontaneous localization and concentration of
target molecules at metasurface hotspots, leading to further improved on-chip detection sensitivity
and a broadband fluorescence-enhancement factor above 1000 for visible wavelengths with respect
to glass chips commonly used in bioassays. Using the metasurface and a multiplexing technique
involving three visible wavelengths, we successfully detected three biomarkers, insulin, vascular
endothelial growth factor, and thrombin relevant to diabetes, ocular and cardiovascular diseases,

respectively, in a single 10-uL droplet containing only 1 fmol of each biomarker.

Keywords: nanoplasmonics, scalable metasurface, aluminum plasmonics, strong light-matter

interaction, fluorescence enhancement, multiplexed biosensing
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Near-field enhancement of optical signals from biomolecules via optical nanoantenna has
played a significant role in breakthroughs in areas such as single molecule fluorescence-driven
DNA sequencing,! 2 sensitive biosensing for early disease detection,** and analyzing biochemical
interactions.® While noble metals like gold (Au) and silver (Ag) have been the dominant materials
of choice for these applications,®® search for alternative options that are cost-effective and robust
has led to detailed exploration of other materials such as aluminum (Al) and titanium nitride®3 in
recent years. Al especially has the potential to become an excellent alternative due to its
abundance, sustainability, and simple processing requirements.'® 1214 Most importantly, Al leads
over other noble metals in terms of plasma frequencies that lie at higher energy. Despite their
promises, Al nanoantennae have mostly been limited to biosensing applications in the ultraviolet
(UV) to blue wavelength regimes due to the inherently low quality factors (Q) of dipolar surface
plasmons resonances (Q: ~ 2) in the visible range as compared to Ag (Q: 5—10) and Au (Q: 10 —
20 in red).1" One way to overcome this issue could be utilizing higher order plasmonic modes
of large aluminum nanoantennae with lower radiative and interband-damping over the optical
spectra.’ 8 However, higher order plasmons are dark (sub-radiant) in nature with almost zero net-
dipole moment, i.e. they don’t easily couple with incident photons, and therefore they are not
preferred in optical applications.'® Very recently, it has been shown that the plasmonic dark modes
can be bright (super-radiant) and radiative in the far-field of tightly-spaced nanostructures caused
by the symmetry-breaking, allowing to observe strong light-matter coupling at a single molecule

level 20-23

By employing this principle with the aforementioned property of Al, we show that the
higher-order hybrid plasmon resonance modes of the sub-micron Al nanoantennae can enhance
the local optical fields and fluorescence emission significantly, resulting in thousand-fold
enhancement in the visible range. Our metasurface is comprised of a nanoantenna array composed
of Al-nanodisks-in-submicron cavities (NDISC) that serve as out-of-plane metal-insulator-metal
(MIM) nanoantenna and allows extremely efficient light transfer between the far- and near-fields
in the visible spectrum (Figure 1). To maximize the use of this efficient light transfer, we changed
the insulator material from oxides (SiO.) to polymer (poly(methyl methacrylate (PMMA)), which
allowed spatially preconcentrating local molecules at the electromagnetic hotspots spontaneously
and further increased the fluorescence signal. In addition, we applied a biomimetic approach to

create a highly scalable fabrication process suitable for industry-relevant applications using only
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spin coating of a binary polymer blend solution and metal evaporation. Greatly benefiting from
optical enhancement and molecular concentration, fabricated nDISC metasurfaces accomplished
a high electromagnetic enhancement factor (>100) and consequently fluorescence enhancement
factor (fe) (>1000) throughout the visible range compared to glass chips. The metasurfaces were
then successfully utilized for substrate-enhanced, multiplexed, broadband detection of biomarkers
in the visible range, including insulin, vascular endothelial growth factor (VEGF), and thrombin
at a physiologically important, low concentration level (100 pM),2* % promising a simple, effective
way to provide early-detection of diseases as well as clinical needs.

RESULTS AND DISCUSSION

The nDISC nanoantenna concept is illustrated in Figure l1a. Using focused ion beam (FIB), we
milled a 3x3 array of 500-nm-diameter cavities in SiO2, followed by Al evaporation to create a
nanodisk inside each nanocavity (Figure 1b). The ~5-nm SiO; layer between the Al disk (metal)
and cavity (metal, Al) provides optical field confinement that forms a hotspot (Figure 1b inset)
and allows biomolecules to directly access the hotspots (Figure 1a). Figure 1c shows the doughnut-
shaped intensity profiles from a confocal fluorescence scan of 1-uM 30-basepair-long single-
stranded DNA linked with visible Cy3 fluorophore (excitation: 555 nm, emission: 568 nm with an
intrinsic quantum yield, 7o = 0.11), confirming the significant signal enhancement of the molecule
diffusing around the hotspot. The experimentally measured fluorescence enhancement fg is 956 +
172, which is commensurate with the fluorescence enhancement levels of low quantum yield dye
obtained using gold-based nanoantennae.®® In order to calculate the enhancement factor, we
compare the fluorescence obtained on nDISC samples with SiO2 nanorings with standard
microscopy glass slides, which are commonly used in bioassays (Please see Supplementary
Information (SI) for more details.) We chose Cy3 as our test dye because of its low intrinsic
quantum vyield (10%) that supports higher enhancement from an optical antenna.” 8 This is an
extremely encouraging result for visible Al plasmonics because plasmons on aluminum surfaces
are known to suffer from huge loss, especially in the visible domain.

This fluorescence enhancement via Al nDISC antenna occurs due to simultaneous boost of
local electric field (E) and local density of states (LDOS) on the emitting molecule’s excitation

and emission, respectively, due to substantial energy transfer from antenna plasmon modes at the
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hotspot. Therefore, the maximum theoretical fe can be calculated by considering field-aligned

dipole moments of the emitter:?

E n
fo =117 x —
E Ey No

where E indicates the enhanced excitation field over incident electric field, Eo and n accounts for
the modified quantum yield of the fluorescence emitter owing to an increase in LDOS. In order to
understand the origin of such improvement on both excitation and emission, we performed finite-
difference time-domain (FDTD) simulations using a Maxwellian equation solver Lumerical. We
calculated the near-field enhancement of fabricated nDISC antenna including a 3-nm thick native
alumina layer as shown in Figure 2a along with the excitation and emission fluorescence spectra
of Cy3. The nDISC antenna shows significant near-field enhancement in the visible regime with
strong Q of ~ 6. The experimentally obtained dark-field scattering profile of 500-nm nDISC
nanoantenna also shows a similar pattern to near-field enhancement (Figure S1) with a slightly
lower Q (~ 4.2) value probably due to the inherent surface roughness of the evaporated metal. The

E

2
maximum excitation-intensity enhancement is found to be 145 at the nDISC antenna hotspot

0

as shown in Figure 2a-b using the excitation wavelength of Cy3 (555 nm), which is an
improvement in performance over previously reported Al nanoantennas.?” 2 The E, profile in
Figure 2c which is the out-of-plane field component at the hotspot clearly reveals that the hybrid

quadrapolar mode is responsible for such strong field intensity.

The scattering strength of the higher order resonances exhibited by individual (lone) Al
nanodisk (Figure S2) is extremely poor due to high, non-radiative damping and weak coupling to
incident light.!* 2 Moreover, the dipolar plasmon resonant wavelength and their respective
resonance linewidth supported by a lone Al nanodisk rapidly increases as a function of its diameter
due to higher radiative damping.t? 1* 2° For example, we simulated the scattering profile of a 75 —
175 nm lone Al nanodisk to excite the dipolar resonances peaking at the visible regime (Figure
S2) and found the average Q to be only 2 which is also in agreement with previous literatures.'>
14,29 |In contrast, the simulated scattering and electric field profiles of 50-500 nm nDISC antenna
shown in Figure S3 demonstrate that nDISC nanoantenna possess strong scattering peaks on
account of plasmonic hybrid modes. The Q factors of the hybrid modes vary from 4 to 6 in the
visible domain and reach up to 11 in the UV. As shown in Figure S3, the radiative damping of the
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scattering modes decreases especially in the higher order modes that lead to higher quality factor
of large nDISC nanoantenna. Therefore, a significant amount of energy is exchanged between the
fluorescent molecule and hybrid multipolar plasmons demonstrating nDISC’s superior antenna

performance in the visible.

However, to fully utilize the higher order modes for the fluorescence enhancement, we also
need to analyze the quantum yield change or quenching effect of the emitters at the hotspot as
mentioned earlier. In order to project the available LDOS of nDISC antenna to an emitter, we
calculated the relative enhancement factors (EF) of the radiative (yr), non-radiative (ynr), and total
(1) emissions compared to those of the background and a lone nanodisk by placing a dipole emitter

in the middle of the hotspot and at a point 2.5 nm from the hotspot center.?® Figure 2c shows the

broadband emission enhancement, g of nDISC over the visible spectrum. Such increase in
t

emission or LDOS occurs from higher order plasmonic states within the circular hotspot (Figure

2d) providing additional pathways for emitted photons to couple and radiate into the far field and

thereby increases the effective quantum yield of the emitter. The modified quantum vyield, n of

Cy3 due to nDISC antenna can be calculated as:?®

Yr

n= Yo
y‘l" an
1—mp) +L4 -
( o) Yo Yo

where ? =611.5and % = 219.2 are the radiative and non-radiative enhancements, respectively,
0 0

of a nDISC-antenna-coupled emitter at the emission wavelength of 568 nm. Therefore, nDISC

antenna enhances the emission or quantum yield of Cy3 by a factor nl = 7.28. Multiplying both
0

the excitation and emission EFs yields a total theoretical fluorescence enhancement of 1056 which
is in good agreement with measured experimental fluorescence enhancement shown in Figure 2f.
Due to the out-of-plane excitation of the nDISC antenna irrespective of the in-plane light
polarization at normal angle of incidence, vertically polarized fluorophore will provide the best
theoretical enhancement. In practice, each molecule’s dipole moment will be randomly oriented

resulting in the variation of experimental enhancement as shown in Figure 2f.

Typically, radiative components determine the overall emission enhancement, whereas

photons that couple to non-radiative states undergo interband transitions and do not contribute to
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the emission process.?® 2’ To single out the effects of radiative and non-radiative components, we
have also plotted the contribution from the individual radiative and non-radiative components of
nDISC in Figure S4 and compared with a lone Al nanodisk antenna. The radiative enhancements
of nDISC are dominant in the visible spectrum whereas a lone Al nanodisk antenna undergoes a
large non-radiative enhancement that limits the antenna performance in the same spectral range.
Quantitively, radiative and non-radiative power components of an emitter experiences on average
6.5 and 1.8 times increase respectively, if the optical antenna design is changed from a lone
nanodisk to nDISC. Notably, a nDISC antenna offers higher radiative enhancement compared to
non-radiative enhancement, supporting the positive role played by the strong radiative properties

of the higher order modes on emission enhancement.

We utilized a biomimetic scalable fabrication technique to create large scale nDISC
metasurfaces either on a silicon wafer or on a flexible substrate as illustrated in Figure 3a and
demonstrated biosensing applications.®® 3* The details of the fabrication are included in the
methods section. In brief, we spin-coated two phase-separated polymers, PMMA and polystyrene
(PS), in a blend solution of butanone onto a 4’ SOI wafer that undergoes a 3-dimensional phase
separation in a humid environment and self-assembles into PS nano-islands in a PMMA matrix.
We etched the PS islands with cyclohexane to form nano cavities in the PMMA matrix and
directionally evaporated a thin aluminum layer on top of this substrate to form nDISC nanoantenna
metasurfaces. Photographs of nDISC metasurfaces fabricated on a 4’ wafer and flexible substrate
are provided in Figure 3b-c. The substrate appears whitish, which stems from the characteristic
biomimetic broadband scattering due to the spatial distribution of long-range disordered nDISC
antennas. We tailored the parameters of the fabrication process in such a manner that the average
diameter of the nanocavities remains 500 nm (Figure 3d-e, see Method section for details). The
dark-field scattering measurement also confirms broadband properties of the substrate, as shown
in Figure 3f. Such broadband properties are of particular interest for simultaneous diagnostics of

numerous biomarkers labeled with different dyes on the same platform.

Fluorescence enhancement efficiency of the nDISC metasurfaces was tested using
diffusing aptamers (concentration: 1 uM) and compared with different reference substrates (flat
Al, PMMA cavities, microscopy glass slides). Images in Figure 4a show fluorescence signal
obtained on nDISC metasurfaces as compared to flat Al surfaces and PMMA sub-micron cavities

(fabricated on Si and with no Al coating). Our observations indicate that very weak fluorescence
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was obtained from flat aluminum surfaces (with native alumina on top). Substrates with PMMA
sub-micron cavities (no metal) showed about four-fold increase in fluorescence intensity as
compared to these Al surfaces (Figure 4a) and four- to seven-fold increase compared to standard
glass slide (silica) surfaces (Figure S5). PMMA can act as an aggregator or local concentrator for
biomolecules through increased propensity for physisorption, and it has been observed in the past
for both nucleic acids and proteins.> 3 Previous reports have discussed nucleophilic interactions
between amino or thiol-labeled DNA with PMMAS32 or hydrophobic interactions between
nanotextured PMMA and proteins as the reason for elevated capture of these biomolecules.®®
While PMMA is frequently used as a resist during high-resolution lithography for fabrication of
nanoplasmonic devices,** * their potential for enhanced localized capture of molecules at the
hotspot and resulting improved sensitivity have not been realized. We utilized PMMA as a
dielectric nano-ring sandwiched between two Al layers as part of nDISC metasurfaces and
witnessed more than 10x increase in raw florescence intensity over both flat Al surface (Figure
4a) as well as PMMA submicron cavities (Figures 4a, S6). These results indicate that the PMMA
dielectric nanoring efficiently performs a dual role of facilitating highly-localized electromagnetic
enhancement as well as molecular concentration. Henceforth, we used PMMA as a dielectric

medium in our nDISC metasurfaces.

As discussed earlier, our simulations indicate that the nDISC metasurfaces can enable
significantly high near- and far-field enhancement in the visible regime which can lead to strong,
broadband excitation and emission of fluorophores. This hypothesis was tested experimentally
using DNA aptamers tagged with three different fluorophores (FAM - excitation: 488 nm,
emission: 505 nm, Cy3 - excitation: 555 nm, emission: 568 nm and Cy5 - excitation: 647 nm,
emission: 670 nm) and their corresponding results are shown in Figure 4b. DNA tagged with these
fluorophores were added on to the substrates together at a concentration of 1 UM and imaged under
a confocal microscope. Significant enhancement of fluorescence (>20-fold improvement for Cy3)
from the substrates at all three emission wavelengths was observed. The EFs for these substrates
compared to standard glass slides were calculated for these three wavelengths in the visible range.
We obtained over 1000 times enhancement for all three cases, with effective enhancement for Cy3
close to 7500 (Figure 4c). The enhancement calculation for nDISC PMMA nanorings using glass
slides as reference shows the effect of both optical and molecular concentration at the hotspot. We

repeated the same experiment on a flexible nDISC substrate (fabricated on silicone elastomer
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instead of Si, details in methods section) after 50 times of bending and achieved above 500 times
broadband enhancement as shown in Figure 4d. (The biosensing results discussed in the
manuscript henceforth have been performed on the non-flexible Si wafer metasurface.) We also
calculated the normalized enhancement (Figure S7), which eliminates the role of varying quantum
efficiencies of the fluorophores and signifies the electromagnetic enhancement and enhanced
molecular capture at the hotspots. These graphs indicate that while the Al nDISC metasurface still
has the strongest electromagnetic confinement in blue, it maintains strong performance for larger

wavelengths, leading to highly effective broadband enhancement of fluorescence.

The highly efficient broadband fluorescence enhancement using the Al metasurfaces can
be utilized for detection of low concentration biomolecules on chip. The schematic (Figure 5a)
shows the concept for broadband detection of different biomolecules. As an initial test, we
analyzed concentration-varying signals from aptamers directly added to nDISC metasurfaces as
compared to control glass samples (Figure 5b). Fluorescence intensity from molecules diluted
1000-fold (conc: 1 nM) onto the nDISC metasurfaces was equivalent to or higher than signal
obtained from molecules at the original concentration of 1 M on the glass control, for all three
wavelengths. The results showed that more than thousand-fold improvement in detection of the

molecules over the visible wavelength regime can be obtained using these Al substrates.

Thereafter, the potential of the substrate for specific molecular detection was analyzed
using insulin as target molecule. When insulin-binding aptamers were tagged with three different
fluorophores, insulin adsorbed on the nDISC metasurface was robustly and consistently detected
at all three different wavelengths (center excitation wavelengths: 488 nm, 555 nm and 647 nm) in
the visible range (Figure 5c-d).% Detection of insulin is crucial for clinical diabetes treatment and
management such as islet transplantation®* or prevention of insulin-overdose in diabetic patients.®
We also obtained linear concentration-dependent sensing response with metasurface-enhanced
fluorescence for insulin concentrations ranging from 1 nM to 100 nM (Figure 5e) consistently for
all three wavelengths, suggesting that the metasurface can be capable of simultaneous detection of

biomarkers at different wavelengths in the visible regime.

To demonstrate detection of multiple biomarkers at low concentrations for early on-chip
disease diagnosis or more general multiplexed broadband biosensing, we chose to utilize insulin,

vascular endothelial growth factor (VEGF), and thrombin as target molecules. VEGF is a regulator
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of angiogenesis and a crucial biomarker for several diseases including ocular vascular disease®
and cancer with relevant plasma concentrations near 100 pM for tumors.?®> * VEGF-binding
aptamers have been used for both detection and management of associated ailments.? 38 40
Thrombin is a serine-protease which is used as a model biomarker for atherothrombosis (blood-
clotting), and aptamers have also been designed to specifically capture thrombin.**** Free
thrombin levels above 5 nM have been associated with a high risk of thrombosis.** These
biomarkers were simultaneously added on the nDISC metasurfaces, each in the form of a 10 pL
droplet with molecular concentration 100 pM, i.e. containing 1 fmol of each biomarker, followed
by one hour on-chip incubation. At these very low concentrations, the mean fluorescence signals
from the nDISC samples were still significantly higher (about 6- to 10-fold increase in signal

intensity) than the control substrates (Figure 5f).
CONCLUSIONS

We have devised Al-based nDISC metasurfaces, which utilize hybrid multipolar plasmonic modes
and generate 1000-fold broadband fluorescence enhancement of low-quantum-yield fluorophores.
The fabrication method can be easily adapted for wafer scale production, and nDISC can further
be integrated in low-cost soft, flexible or microfluidic devices while retaining similar performance
of fluorescence enhancement to non-flexible silicon-based nDISC substrates. Additionally, nDISC
antenna’s efficient out-of-plane fluorescent beam redirection compare to conventional in-plane
optical antenna will boost collection efficiency in point-of-care platform for remote sensing
(Figure S8). We further discussed the application of PMMA as a dielectric material within MIM
gaps for simultaneous optical as well as localized molecular enhancement leading to more than
1000-fold broadband enhancement in detection sensitivity. While PMMA remains a versatile and
widely-used material for nanofabrication, the direct application of nanoscale PMMA surfaces in
nanophotonics devices as molecular aggregator has so far remained unexplored. There are several
possibilities where the interaction of this material with molecules such as nucleic acids can be used
for specific molecular detection as well as controlled molecular assembly for DNA origami. The
optomolecular concentration capability of these substrates was then utilized for molecular
detection in the full visible wavelength regime through multiplexed detection of three-different
biomarkers for diabetes, ocular and cardiovascular diseases simultaneously. These results show
that Al nDISC metasurfaces with PMMA nanorings can overcome traditional electromagnetic

limitations suffered by Al-based plasmonic substrates,'* overcoming more expensive Ag and Au-
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based substrates (Figure S9) and are ideally suited for multiplexed bioanalysis for laboratory,

clinical and industrial applications.
MATERIALS AND METHODS

Fabrication of nDISC nanoantenna and metasurfaces

First, 60 nm deep and 500 nm round cavities were milled by focused ion beam (FIB, FEI Nova
200 dual beam) on 50 nm thick Au (deposited by Lesker Labline E-beam Evaporator, Kurt J.
Lesker, rate 1 A/s, pressure 3-5 x 10°® Torr) coated commercial single-side polished silicon wafers
with thermally grown 1um SiO2 (University Wafers, Boston, USA). The remaining Au coating
was lifted-off using a commercial gold-etchant followed by directional 50 nm Al evaporation
(Lesker Labline E-beam Evaporator, Kurt J. Lesker, rate 1 A/s, pressure 3-5 x 10" Torr) on the
SiO2 cavities to form the final nDISC nanoantennas as shown in Figure 1.

To fabricate large-scale nDISC nanoantenna metasurfaces, commercial single-side polished SOI
wafers (University Wafers, Boston, USA) were sequentially cleaned with acetone, isopropanol
(IPA), and distilled water. Then, either wafers or spin-coated PDMS films (Sylagard® 184
elastomer base mixed with curing agent in a ratio of 15:1) are dried with N2 followed with 60
seconds of Oz plasma. Poly(methyl methacrylate) (PMMA, Mw = 9.59 kg/mol, Polymer Standards
Service GmbH, Germany) and polystyrene (PS, Mw = 96 kg/mol, Polymer Standards Service
GmbH, Germany) were dissolved in methyl ethyl ketone (MEK, Sigma-Aldrich Co. LLC, USA)
at mass ratios of 6:4 with a concentration of 20 mg/ml. The solution were spin coated onto the
substrates at a speed of 3500 rpm for 30 seconds with relative humidity of 45%. The samples were
then rinsed twice in cyclohexane for 60 seconds and dried in a stream of N2 to remove the PS
islands and the PMMA thickness (x nm) was measured with atomic force microscopy (AFM).
Afterwards, Al of x-10 nm was evaporated at ultra-high vacuum (Lesker Labline E-beam
Evaporator, Kurt J. Lesker, rate 1 A/s, pressure 3-5 x 10 Torr) on the PMMA cavities to form the
final nDISC nanoantennae metasurfaces (Figure 3). The measured gap of nDISC metasurfaces is
5.28 £ 1.19 nm (n = 50).

Surface analysis
The surface patterns were examined using scanning electron microscopy (FEI Nova 200 NanoLab
Dualbeam) and atomic force microscopy (Dimension Icon, Bruker Corporation, USA) for

extracting the diameter distribution and measuring the depth of the cavities, respectively. ImageJ
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(http://imagej.nih.gov/ij/) was used to perform a statistical analysis of different morphological

parameters of fabricated samples.

Optical analysis

A customized optical microscope operating in dark-field (DF) mode was used for the micro-
spectroscopic investigation of the fabricated nDISC nanoantenna and metasurfaces in water. A
halogen lamp was used as a light source using a 100x objective with a numerical aperture of NA
= 0.95. The scattered light was collected in a confocal configuration and analyzed using a
spectrometer (AvaSpec-ULS2048x64-USB2). A 50-um and 400-um core optical fiber was used
to get a spatial resolution of 1 um and 20 um to characterize the scattering of single FIB-milled

nDISC and biomimetic metasurfaces, respectively.

FDTD simulations

3D optical simulations of nDISC nanoantenna and lone nanodisk for calculating and comparing
the field intensity and quantum yield enhancements were set up in the FDTD Maxwellian solver
Lumerical. 3 nm of native alumina is considered on top of Al nanostructures for all simulations.
Scattering and absorption cross-section spectra were calculated using TFSF plane wave
illumination at normal incidence. LDOS studies to calculate radiative, non-radiative and quantum
yield enhancements of a dipole due to nDISC nanoantenna were performed using Green’s function

analysis in Lumerical.

Aptamer assays

Single-stranded DNA or aptamers were custom ordered from Integrated DNA Technologies, USA.
The aptamers were fluorescently labeled at the 5° end and a spacer sequence was placed between
the dye and rest of the DNA sequence to allow proper folding. For broadband insulin detection
tests (Figure 5 (c-e), three batches of insulin-binding aptamers were ordered with different

fluorophores attached at the 5’end.

Insulin-binding aptamer (IBA): 5-Dye-/A/iSP9/-GGTGGTGGGGGGGGTTGGTAGGG TGTCTT
C-3"where Dye = FAM (Fluorescein), Cy3 or Cy5.

For multiplexed detection of three biomarkers IBA tagged with FAM was used. VEGF and
thrombin-binding aptamers were separately ordered as follows:
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VEGF-binding aptamer (VEGF-BA): 5’-Cy3-/AliSp9/-TGTGGGGGTGGACGGGC CGG GTA
GA-3’

Thrombin-binding  aptamer  (TBA):  5-Cy5-/A/iSP9/-AGTCCGTGGTAGGGCAGGTTG
GGGTGAC T-3”

These aptamers were obtained lyophilized and stored in Tris-EDTA (TE) buffer (10 mM Tris-HClI,
1 mM EDTA, pH 7.4) at -20°C at a concentration of 100 uM. For experiments concerning
fluorescence intensity comparison, aptamers labeled with three fluorophores were diluted in Tris-
HCI buffer (pH 7.4) and mixed together at a concentration of 1 uM. Thereafter, a drop (30 puL) of
the mixture was added onto the substrates. A coverslip was placed over the droplets and samples

were imaged.

Insulin, VEGF and thrombin were obtained from Sigma Aldrich, USA. Stock solutions with
molecular concentration 1 uM were prepared in PBS buffer (pH 7.4) and stored at -20°C.
Thrombin solution included 0.1% (w/v) BSA for stability. Prior to use, the samples were diluted
to desired concentrations and 10 puL of each sample was added to the substrates. The samples were
placed in a humidity chamber and left undisturbed for an hour. The samples were then washed
with PBS for 30 minutes. A droplet of BSA (1%) (30 uL) was added to the samples to account for
any non-coated regions on the substrates and left undisturbed (in a humidity chamber) for an hour.
The samples were washed again with PBS buffer. Stock aptamer solutions were diluted in a Tris-
HCI DNA folding buffer (10mM Tris-HCI, 137 mM sodium chloride, 8 mM sodium phosphate
dibasic, 2 mM potassium phosphate monobasic,1 mM MgClz, pH 7.4), heated to 95°C and allowed
to cool down to room temperature for 30 minutes. The aptamers were then added to the samples
at a concentration of 1 uM and allowed to bind for 1 hour. The samples were washed with the
same folding buffer thereafter. A coverslip was placed over the samples for imaging. The sample
was never allowed to dry during these steps to avoid any drying-based concentration artefacts.
Addition of molecules post-washing was performed while maintaining a thin film of buffer

solution on the chips.

Fluorescence imaging

Fluorescence images were obtained using an inverted Zeiss confocal laser scanning microscope
(LSM 800) at the Beckman Imaging Center at California Institute of Technology. Time-lapse and

variable laser power fluorescence analyses with the setup for different dye-tagged aptamers are

13

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Nano

shown in Figure S10 and S11 to support the chosen parameters (imaging time, laser power) for the
experiments. The samples were placed under a 100X, oil immersion objective (NA: 1.46) and
excitation laser wavelengths 488 nm, 555 nm and 650 nm were used for the appropriate
fluorophores.

Image analysis

Images were analyzed using Zen software from Carl Zeiss and open-source software FIJI
(ImageJ).* For computing the mean fluorescence from the hotspots, a circular area was drawn
encompassing the hotspots and the fluorescence values were analyzed. Background intensity with
no added fluorophores was collected for all substrates and subtracted during fluorescence intensity

analysis. Graphs were created in Matlab_R2019a and Graphpad Prism 5.01.
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Figures
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Fluorescence labelled
DNA aptamer at hotspot

34 Fluorescence intensity (a.u.)

37 Figure 1. Aluminum nanodisk inside a submicron cavity (nDISC) nanoantenna for visible
39 fluorescence enhancement. (a) Schematic of Al nDISC nanoantenna separated with 5 nm
gap-dielectric, which acts as an electromagnetic hotspot as well as biomolecule capturing
42 site. (b) SEM image of an array of milled nDISC by milling holes on a silica film followed
44 by Al deposition. High resolution SEM inset confirms the 5-nm gap. (c) Confocal
46 fluorescence image of the 9 nDISC nanoantenna coated with 1 um Cy5-labeled single-
stranded DNA. The coffee-bean shaped intensity profiles are result of direct fluorescent
49 enhancement from the gap-hotspot (Excitation power — 0.2 mW, laser residence time 8.24

51 ps/pixel, frame time — 40.5 s).
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Figure 2. Simulation of strong visible fluorescence enhancement by nDISC nanoantenna. (a)
Numerical simulations of the maximum near-field enhancement at the hotspot of 500 nm Al
nDISC nanoantenna along with the excitation (dotted green line) and emission (solid orange
line) of the test Cy3 dye. (b) The calculated normalized electric field intensity |E|%/|Eo| at the
Cy3 dye excitation peak wavelength (A =555 nm) of Al nDISC shows a strong field confinement
within the 5 nm gap between the disk and cavity. (c) The electric field profile at the horizontal
plane in the middle of the hotspot (2.5 nm distance from the disk, cavity and insulator, A = 555
nm) corroborates the contribution of multipolar plasmon resonances on the field enhancement.

(d) The FDTD simulations of single emitting fluorescent molecule near an Al nDISC
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nanoantenna (dipole placed 2.5 nm to the side as shown in the inset) show broadband visible
radiative enhancement (yr) over the total radiative (yr) and non-radiative (ynr) enhancement. (e)

Enhanced emission at 568 nm (emission peak of Cy3) shown at the horizontal plane in the

oNOYTULT D WN =

middle of the hotspot (2.5 nm distance from the disk and cavity) occurs due to coupling to higher
10 order plasmons modes at the hotspot. The intensity of the field is asymmetric due to better
12 coupling of emitter emission to the closer available plasmonic modes with respect to the farthest
14 ones. (f) Bar plot of theoretical and experimental fluorescence enhancements of 500 nm Al
nDISC nanoantenna show the thousand-fold fluorescence signal improvement in the visible
17 domain (Aexc = 555 nm, Aem = 568 nm).
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Figure 3. Fabrication of biomimetic Al nDISC nanoantenna metasurfaces. (a) The
fabrication process for a biomimetic Al nDISC metasurface consists of three steps: the spin

coating of the PMMA-PS mixture, the developing of the PS with cyclohexane and the

oNOYTULT D WN =

evaporation of the Al. Photographs of (b) 4” SOI wafer and (c) flexible substrates of Al
10 nDISC nanoantenna metasurfaces showing whitish appearance due to broadband scattering.
12 (d) SEM image of the fabricated biomimetic metasurface projecting a dense distribution of
14 nDISC nanoantennas. (e) Statistical analysis of the nDISC diameter fitted with a Gaussian
profile with a mean diameter of 505 nm and a variance of 48 nm. (f) Dark field scattering
17 measurement of fabricated nDISC metasurfaces shows a broadband scattering behavior

19 peaking at 505 nm.
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54 Figure 4. Broadband enhancement of fluorescence on Al nDISC nanoantenna. (a) Single-stranded

DNA tagged with FAM was added on to substrates at the concentration of 1 uM and imaged (Aex
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= 488 nm). PMMA sub-micron cavities showed higher fluorescence intensity due to enhanced
capture of molecules as compared to the control. nDISC nanoantennas showed significant
enhancement of signal over the control substrates. The color bar represents the fluorescence
intensity values for all three substrates. (b) A mixture of fluorescently tagged aptamers diffusing
in solution (concentration 1 uM) imaged under different channels (Aex = 488 nm (FAM), 555 nm
(Cy3) and 647 nm (Cy5) from left to right). Enhancement of fluorescence on Al metasurfaces as
compared to nonstructured control is clearly visible. (¢) Enhancement factor calculated for the
three fluorophores with respect to a standard glass slide as control on metasurface wafers. For the
substrates with PMMA nanoring, enhancement factors above 1000 were obtained for all three
wavelengths. (d) Broadband fluorescence enhancement above 500 obtained on a flexible nDISC

substrate fabricated using PDMS as the base material after 50 times bending. Scale bars are 5 um

for all cases.
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Figure 5. Broadband nDISC-enhanced multiplexed molecular detection on metasurface wafer. (a)
Schematic showing the concept of broadband multiplexed molecular detection using the Al nDSIC

metasurfaces. (b) Concentration-based enhancement analysis of signal from diffusing aptamers on
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nDISC vs control glass substrates. More than 1000-fold improvement in detection sensitivity is
achieved as equivalent signals are obtained from a 1000-times diluted aptamer solution on the
nDISC substrate as compared to control. (c) Detection of insulin adsorbed on the substrates using
insulin-binding aptamers labeled with three fluorophores. Composite fluorescence image shows
the difference in signal obtained from the nDISC surface compared to glass control. (d) Log-scale
analysis of detection of 100 nM insulin on nDISC metasurfaces as compared to glass controls. (e)
Detection of insulin over varying concentrations from 100 nM to 1 nM on a nDISC metasurface.
(f) Detection of 3 biomarkers (Insulin, VEGF, Thrombin) on nDISC metasurfaces using three
different aptamers tagged with FAM, Cy3 and Cy5 respectively. 1 fmol of each biomarker was
added to the chips (conc- 100 pM, vol- 10 uL). Fluorescence intensity is compared to a glass slide

used as control.
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