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Enhanced broadband fluorescence detection of
nucleic acids using multipolar gap-plasmons on
biomimetic Au metasurfaces+
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Shailabh Kumar @2 and Hyuck Choo @ *2

Recent studies on metal-insulator—metal-based plasmonic antennas have shown that emitters could
couple with higher-order gap-plasmon modes in sub-10-nm gaps to overcome quenching. However,
these gaps are often physically inaccessible for functionalization and are not scalably manufacturable.
Here, using a simple biomimetic batch-fabrication, a plasmonic metasurface is created consisting of
closely-coupled nanodisks and nanoholes in a metal-insulator—-metal arrangement. The quadrupolar
mode of this system exhibits strong broadband resonance in the visible-near-infrared regime with
minimal absorptive losses and effectively supresses quenching, making it highly suitable for broadband
plasmon-enhanced fluorescence. Functionalizing the accessible insulator nanogap, analytes are selec-
tively immobilized onto the plasmonic hotspot enabling highly-localized detection. Sensing the streptavi-
din—biotin complex, a 91-, 288-, 403- and 501-fold fluorescence enhancement is observed for Alexa
Fluor 555, 647, 750 and 790, respectively. Finally, the detection of single-stranded DNA (gag, CD4 and
CCR5) analogues of genes studied in the pathogenesis of HIV-1 between 10 pM-10 pM concentrations
and then CD4 mRNA in the lysate of transiently-transfected cells with a 5.4-fold increase in fluorescence
intensity relative to an untransfected control is demonstrated. This outcome promises the use of bio-
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Introduction

Optical field-enhancing plasmonic environments that influ-
ence the decay lifetimes of quantum emitters were first pro-
posed theoretically by Purcell' and demonstrated experi-
mentally in various efforts.® Through sub-wavelength light
confinement, plasmonic nanostructures greatly increase the
intensity of localized electromagnetic fields, thereby enhan-
cing excitation characteristics of emitters proximal to them.*
However, emitters within 10 nm from the nanostructures
couple to non-radiative, dark higher-order plasmonic modes,
and the energy is dissipated through non-radiative channels
that lead to rapid quenching of the far-field emission.>®
Recent research of plasmonic nanogaps has revealed that emit-
ters can effectively couple with hybridized higher-order gap-
plasmon modes to overcome quenching effects.”> Modes that
are otherwise dark in isolated nanostructures such as nano-
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mimetic Au metasurfaces as platforms for robust detection of low-abundance nucleic acids.

particles become highly radiative in plasmonic nanogaps.’
Furthermore, increased electric field lifetimes and reduced
radiative losses supported by higher-order plasmonic modes
can greatly benefit applications such as plasmon-enhanced
fluorescence.'® However, while recent literature has demon-
strated nano-architectures capable of overcoming quenching,
their use in applications such as multiplexed biosensing
remains largely unexplored. This could be attributed to
diminutive surface areas of the hotspots or physical inaccessi-
bility of nanogaps for functionalization as well as challenges
involved in reliably reproducing nanoscale gaps, especially in
large scale, batch fabrication."*

In this work, using a simple three-step biomimetic fabrica-
tion process, we have created a highly scalable plasmonic
metasurface (MS) consisting of a short-range ordered array of
closely coupled gold (Au) nanodisks on nanoholes separated
by a 5 nm silica (SiO,) nanogap with a large accessible hotspot
surface area for biosensing (Fig. 1). This metal-insulator-
metal metasurface (MIM-MS) configuration whose geometry
can be tuned by adjusting process parameters was found to
efficiently scatter from the visible to the near-infrared
(VIS-NIR) range. Furthermore, the SiO, nanogap can be selec-
tively functionalized to bind molecules of interest presenting
an advantage over conventional Au nanostructures.'” Our in-
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Fig. 1 (a) Fabrication of the MIM-MS through a simple three-step bio-
mimetic phase separation fabrication process. Cross-sectional view is
shown as indicated by the dotted line. (b) Top view SEM image of the
metasurface showing circular/ellipsoidal MIM pillars. Scale: 10 pm. (c)
3D AFM image of a 10 X 10 ym area of the MIM-MS which shows a high
degree of height uniformity. (d) A cross-sectional SEM image of an indi-
vidual MIM scatterer with a clearly visible 5 nm nanogap. Scale: 200 nm.

depth study of an individual MIM scatterer reveals that the
higher-order quadrupolar mode (I = 2) of this architecture is
radiant, and emitters can effectively couple into this mode,
resulting in enhanced quantum emissions (Fig. S17).
Furthermore, we have experimentally verified the suppression
of quenching and broadband fluorescence enhancement of
the [ = 2 mode resonance in the VIS-NIR regime for quantum
emitters within 10 nm from the nanogap, and consequently,
the broad resonance profile of the [ = 2 mode resonance can
support plasmon-enhanced fluorescence when compared to
isolated nanostructures favoring multiplexed biosensing using
different fluorophores on the same platform.

In our experiments, we have utilized oligonucleotide-based
biosensing that is now of great interest.">'* These single-
stranded DNA (ssDNA) or RNA are often less than 5 nm in size
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when folded, and they can be placed within the regime of
strong quenching.’> By suppressing quenching, we demon-
strate robust biosensing of nucleic acid sequences of various
sizes at concentrations comparable to the resolution of com-
mercial RNA quantitation assays.'® Through fluorescent
hybridization, ssDNA analogues of the human immunodefi-
ciency virus type 1 (HIV-1) receptor genes CD4 and CCR5, as
well as the HIV-1 gene gag, were detected. Finally, the CD4
mRNA was detected in the lysate of transiently-transfected
cells demonstrating the versatility and specificity of the
MIM-MS as a quantitative biosensor.

Experimental methods

Biomimetic phase-separation through polymer blends

Poly(methyl methacrylate) (PMMA, M, = 9590, Polymer
Standards Service GmbH, Germany) and polystyrene (PS, M,, =
19100, Polymer Standards Service GmbH, Germany) were dis-
solved in methyl ethyl ketone (MEK, Sigma-Aldrich, USA) with
mass ratios of 75% : 25%, 65% :35% and 55% :45% to fabri-
cate the three samples with mean diameters of 195 nm,
340 nm and 645 nm respectively. The solution concentrations
were 20 mg mL™". Solutions were spin-coated at a spin-speed
of 3500 rpm and acceleration of 2000 rpm for 30 s. Relative
humidity was maintained between 40%-50% during the spin-
coating. The de-mixing of the blend components occurs
during spin coating due to the difference in relative solubility
of PS and PMMA in MEK."”"'® First, water condensation begins
at humidity levels above 35% forming a water-rich layer at the
air/solution interface due to the difference in evaporation rate
between water and MEK. Water starts to condense from the air
into the solution because of the evaporation of MEK decreas-
ing the temperature on the top below the dew point. Due to
the high water concentration, a 3D phase separation occurs
between PS/MEK and PMMA/MEK/water. Upon drying, a
purely lateral morphology is formed with ellipsoidal PS islands
in a PMMA matrix. The samples were then rinsed in acetic
acid for 2 min and dried in a stream of N, to remove the
PMMA matrix leaving behind the PS islands.

High-resolution imaging and statistical analysis of the MIM-MS

High-resolution SEM imaging was performed on the MIM-MS
samples using a Nova 200 Nanolab Dualbeam microscope
(FEL, USA) at 5 kV while AFM imaging was performed using a
Bruker Dimension ICON AFM (Bruker, Germany) using a
100 um long monolithic silicon cantilever (BudgetSensors)
under ambient laboratory conditions using tapping mode with
a resonance frequency of about 350 kHz. Image] (National
Institutes of Health, USA), a public-domain and Java-based
image processing tool was used for the statistical analysis of
the MIM-MS surface. Every pixel in the acquired SEM images
were converted to black or white based on a thresholding con-
dition that was obtained by calculating the mean intensity
value of all pixels of the image. Following this, the diameter
distribution of the MIM scatterers was determined.
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Optical simulations of the MIM-MS

Optical simulations of a single MIM scatterer as well as the
MIM-MS as a whole were performed using a 3D finite-differ-
ence time-domain software (Lumerical Solutions, Canada). A
combination of periodic and perfect matching layer (PML)
boundary conditions along with a total-field scattered-field
(TFSF) source was used. The absorption cross section was
obtained in the total field region inside the TFSF source while
the scattering cross section was obtained in the scattered field
region outside the TFSF source. For the quantum yield simu-
lations, a dipole source was placed at various distances from
the plasmonic hotspot. The radiative and total decay rates
were measured as a function of the amount of radiation
leaving the system and the total power injected by the dipole
source respectively. These measurements were made by means
of a transmission box placed around the structure and the
dipole source. The quantum yield g of the emitter in the presence
of the MIM scatterer was then computed as g = 7,/(y; + 7nr * Yabs)
where y; and y,, are the radiative and non-radiative decay rates
while y,ps corresponds to absorptive losses. Finally, the enhance-
ment factor was computed as EF = g/q, x |E|*/|Eo|* where g, is
the intrinsic quantum yield of the fluorophore and |E|*/|E,|* is
the normalized electric-field enhancement at the location of the
emitter due to the MIM scatterer.

Optical spectroscopic analysis of the MIM-MS

A customized optical microscope operating in dark-field (DF)
mode was used for the micro-spectroscopic investigation of
the fabricated MIM-MS samples. A halogen lamp was used as
a light source using a 100x objective with a numerical aperture
of NA = 0.90. The scattered light was collected in a
confocal configuration and analyzed using a spectrometer
(AvaSpec-ULS2048x64-USB2). A 400 pm core optical fiber was
used to obtain a spatial resolution of 20 um to characterize the
scattering of the MIM-MS.

Streptavidin-biotin complex assay preparation

Lyophilized SH-PEG-biotin of varying PEG lengths (Nanocs,
Inc., USA) were dissolved in 90% ethanol at concentrations
greater than 10 mg mL™". Then, the solution was added to the
MIM-MS and glass slide control surfaces for a 2 h incubation
at room temperature (RT). The samples were then washed in
deionized (DI) water for 30 min. Streptavidin conjugates
(ThermoFisher Scientific, USA) at a working concentration of
0.5 mg mL™" in phosphate-buffered saline (PBS) were added to
the MIM-MS surface for a 1 h incubation at RT. Following this,
the samples were washed again in DI water for 30 min and pre-
pared for imaging.

NHS ester assay preparation

First, the MIM-MS and glass slide control samples were incu-
bated for 1 h in 4% APTES (Sigma-Aldrich, USA) dissolved in
acetone. After washing in acetone, the NHS ester of AF647
(ThermoFisher Scientific, USA) at a concentration of 2 mg
mL ™" in dimethyl sulfoxide (Sigma-Aldrich, USA) was added to
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the substrate for 3 h. Following this, the samples were washed
in DI water for 30 min and prepared for imaging.

SsDNA and mRNA hybridization

The capture oligo was bound to the MIM-MS through the
crosslinking of two primary -NH, groups. The capture oligo
was designed with an -NH, group at the 3"-end. The SiO, insu-
lator layer of the MIM-MS was functionalized with APTES. The
two primary -NH, groups on the APTES functionalization and
the capture oligo are linked by means of a water soluble cross-
linker (bis(sulfosuccinimidyl)suberate) (BS3). Once the capture
oligo was bound to the SiO, layer, the sSDNA/mRNA target
molecules diluted to the working concentration in a hybridiz-
ation buffer (Molecular Technologies, USA) were dispensed on
the substrate. First, the MIM-MS samples were incubated for
1 h in 4% APTES (Sigma-Aldrich, USA) dissolved in acetone.
After washing in acetone, BS3 (Sigma-Aldrich, USA) dissolved
at a 50x molar excess to the capture oligo concentration in a
coupling buffer (100 mM sodium phosphate, 0.15 M sodium
chloride, pH 7.2) was added to the MIM-MS samples for
15 min. Next, the capture oligo (Integrated DNA Technologies,
Inc., USA) diluted to a working concentration of 20 uM in a
folding buffer (137 mM sodium chloride, 2.7 mM potassium
chloride, 8 mM sodium phosphate dibasic, 2 mM potassium
phosphate monobasic, pH 7.5) was added to the MIM-MS
samples for 1 h. After washing in folding buffer, the target
sequence (100 bp sequence purchased from Integrated DNA
Technologies/full-length CD4 ssDNA synthesized through PCR/
CD4 mRNA from total RNA in lysate) in a probe hybridization
buffer (Molecular Technologies, USA) was added to the
MIM-MS. Hybridization buffer with 10% formamide was used
for the 100 bp and full-length sequence while 15% formamide
was used for the mRNA. The samples were incubated overnight
(O/N) at 37 °C and 45 °C for the 100 bp/full-length sequence
and the mRNA respectively. Following washing with a probe
wash buffer (Molecular Technologies, USA), the detection oligo
(Integrated DNA Technologies, Inc., USA) diluted to a working
concentration of 10 uM in hybridization buffer with 10% or
15% formamide depending upon the target sequence was
added to the MIM-MS. The samples were then incubated O/N
at 37 °C or 45 °C. Finally, excess detection probes were
removed with wash buffer.

CD4 ssDNA synthesis

Full-length CD4 ssDNA was generated by a two-step PCR proto-
col. For the first reaction, full-length CD4 double-stranded
c¢DNA (Accession NM_000616.4, NCBI) was amplified from the
lentiviral plasmid Phage2-CMV-CD4 using CD4 Fwd 5'-
ATGAACCGGGGAGTCCCTTTTAG-3' and CD4 Rev 5-TCAAATG-
GGGCTACATGTCTTCTG-3' primers. The CD4 c¢DNA product
was purified by DNA agarose gel electrophoresis and was used
as template for the second PCR reaction to generate CD4
ssDNA. For this reaction, only the CD4 Fwd primer was used to
generate ssSDNA copies of the coding strand of CD4. The final
product was purified using a PCR purification kit (Qiagen,
Germany) and subsequently concentrated using NanoSep cen-
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trifugal devices (Pall, USA). For chimeric CCR5-CD4 ssDNA
molecules, nucleotides 1-56 of CD4 were replaced with nucleo-
tides 1-56 of CCR5. CCR5-CD4 ssDNA was generated with the
above protocol using the CCR5-CD4 Fwd primer 5'-
ATGGATTATCAAGTGTCAAGTCCAATCTATGACATCAATTATTATA-
CATCGGAGCCCCCAGCAGCCACTCAGG-3' for the second PCR
reaction.

Total RNA extraction from Expi293 cells

Expi293 cells (ThermoFisher Scientific, USA) were transiently-
transfected with the Phage2-CMV-CD4 plasmid using the
transfection reagent ExpiFectamine (ThermoFisher Scientific,
USA) in accordance with the manufacturer’s guidelines. The
cells were incubated at 37 °C and 5% CO, under shaking con-
ditions at 470 rpm. Control and transfected cells were har-
vested after 48 h incubation and centrifuged at 400g for
10 min. The supernatants were removed and the pellets were
re-suspended in 10 mL TRIzol (ThermoFisher Scientific, USA)
to lyse the cells. Total RNA was isolated from the cell lysate
using Direct-zol RNA extraction kits (Zymo Research, USA) and
concentrated using NanoSep centrifugal devices (Pall, USA).

CD4 quantification by flow cytometry

CD4 expression on transiently-transfected Expi293 cells was
detected by flow cytometry (MACSQuant Analyzer 10, Miltenyi
Biotec, Germany). Cells were stained using an APC-conjugated
anti-CD4 antibody (Cat. no. MHCDO0405, ThermoFisher Scientific,
USA, 1:100 dilution) in PBS containing 2% fetal bovine serum
(FBS) for 30 min at RT and washed twice before analysis.

Fluorescence microscopy and image processing

All fluorescence imaging was conducted on using a Leica DMI
600 wide field microscope (Leica Camera AG, Germany) with a
100x objective (NA - 1.40, immersion medium - oil). For
imaging AF555 and AF647, a Lumencor SPECTRA X
(Lumencor, Inc., USA) illumination system was used while for
AF750 and AF790, a separate LED for Cy7 excitation
(ThorLabs, USA) was used. Image] was used to obtain the fluo-
rescence enhancement factors. Selecting individual MIM scat-
terers from each image, the mean fluorescence intensity from
a region of interest (ROI) spanning the 2D area of the ring-
shaped hotspot was computed. Using the same ROI area, the
mean fluorescence from corresponding glass slide controls
were obtained. Background signal was obtained using respect-
ive substrates with no added fluorophores and was subtracted
from the images during fluorescence intensity analysis.

Results and discussion

The MIM-MS was fabricated using a simple three-step process,
as illustrated in Fig. 1a. The first step involves a biomimetic
phase-separation technique analogous to the processes that
form biophotonic nanostructures on the wings and scales of
birds and insects.'® It has been posited that in nature, these
nanostructures are self-assembled through a phase separation
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of biopolymers in the amphiphilic phospholipid bilayer of
scale cells, followed by chitin deposition in the extracellular
space."® Here, we rely on the phase separation of a synthetic
polymer blend of polystyrene (PS) and polymethyl methacrylate
(PMMA) co-dissolved in methyl ethyl ketone (MEK) under
spin-coating."”*®*° Due to differences in polarity and solubi-
lity of PS and PMMA along with varying evaporation rates of
MEK and water, under specific humidity conditions, the PS/
PMMA/MEK system undergoes a lateral phase separation
which results in densely packed circular islands of PS in a
matrix of PMMA (Fig. S21). Next, through selective dissolution
of PMMA in acetic acid, we create isolated pillars of PS.
Finally, we directionally evaporated SiO, and Au to form the
plasmonic MIM-MS as shown in the scanning electron
microscopy (SEM) image in Fig. 1b. The atomic force
microscopy (AFM) profiling of the surface reveals a highly
uniform structural height (Fig. 1c). Furthermore, we were able
to achieve MIM nanogaps of 5 nm through this simple and
highly scalable process (Fig. 1d).

To better elucidate the resonance profile of the MIM-MS,
we simulated the scattering response of a single MIM struc-
ture. A schematic of the structure is shown in Fig. 2a. As
explained by mode hybridization theory, strong coupling
between the two metal layers (in this case a disk and hole)
with a sandwiched insulator in-between them results in strong
field confinement that leads to strong scattering in the far-
field (Fig. 2a).>" First, to determine the gap-plasmon modes of
the single MIM structure, we performed three-dimensional
(3D) finite-difference-time-domain (FDTD) simulations to
obtain the scattering cross section in the VIS-NIR regime
between 500-2500 nm. By varying the diameter of structure,
we observe the origination of the first-order (I = 1) and sub-
sequently, the second-order (I = 2) gap-mode as seen in
Fig. 2b. The [ = 1 mode for larger structures (diameter:
200-500 nm) is in the mid-IR and is therefore inaccessible for
most fluorescence-based applications. However, being in the
VIS-NIR regime, the [ = 2 mode could potentially be utilized
for fluorescence enhancement. Further analysis of the struc-
ture’s scattering profile in the VIS-NIR regime between
300-800 nm is shown in Fig. 2c. The field profiles of the three
gap-modes as shown in Fig. 2d indicate that [ = 1, 2, and 3
corresponding to longitudinal dipolar, quadrupolar, and hexa-
polar anti-bonding bright modes, respectively.

The resonance profile of the [ = 2 mode is broader for larger
MIM structures compared to the / = 1 mode for smaller struc-
tures. The full width at half maximum (FWHM) of the [ =
2 mode for the 300 nm (FWHM ~ 96 nm), 400 nm (FWHM ~
157 nm), and 500 nm (FWHM ~ 197 nm) structures were 1.5,
2.4, and 3 times, respectively, that of the / = 1 mode for the
100 nm structure (FWHM ~ 66 nm). Additionally, smaller
structures display considerably more absorption than scatter-
ing (Fig. S17).*>*® However, a large scattering cross-section is
desirable for applications based on light-scattering microscopy
such as plasmon-enhanced fluorescence-based biosensing.**
Fig. 2e compares the ratio of the scattering and absorption
components of the extinction (Cgcat/Caps) for the I = 1 mode of

Nanoscale, 2019, 11, 13750-13757 | 13753


https://doi.org/10.1039/c9nr03178b

Published on 20 May 2019. Downloaded on 7/31/2019 12:13:47 AM.

jo)
o
e

w

3 ER

&l 3 [4=3

s =1 g 500 nm

g g

3 I=2 3

2 'y

2 300 nm 14 400 nm

S 3]

2 2

5} 200 nm 5 300 nm

P =

S 8

@D A 100 nm 12} %
50 rm L _tom

View Article Online

Nanoscale

500 1000 1500 2000 2500
Wavelength (nm)

300 400 500 600 700 800
Wavelength (nm)

E.
d : e f
Alexa555 ° 175
- O Alexa647 o
iy 2 1 ]oAlexa750 Feso
- i o 15.0
o OAlexa790 o L
3 8
O 051 o o © 125 625
o~ ' o2 2 . Z §10.0
i v 50 60 70 80 > % [600
30T Aoxasss s 751 3
— OAlexa647 8 S
| 8 20 OAlexa750 501 Ls75
—~ o OAlexa790 8 o
% 2
g [
A ~ ‘ - O 104 o 25
E'ﬁ o o (550
sE Q T T T T T
2 o 100 200 300 400 500

200 300 400 500

Diameter (nm) Diameter (nm)

Fig. 2 (a) A schematic of the MIM configuration consisting of an Au nanodisk closely coupled with an Au nanohole separated by an SiO, nanogap.
(b) Scattering cross section of a single MIM scatterer for different diameters from 50 nm to 400 nm. The first-order ([ = 1) and second-order (I = 2)
gap modes are both radiant. (c) Scattering cross sections of the second-order (I = 2) and third-order ([ = 3) modes of single MIM scatterers in the
VIS-NIR regime. (d) The field profile of the nanogap shows the presence of a dipolar ([ = 1), quadrupolar (I = 2) and hexapolar ([ = 3) anti-bonding
bright gap modes. (e) The ratio of the scattering and absorption components of the extinction Cy.t/Caps for the [ = 1 mode of small MIM scatterers
(top) compared with that of the [ = 2 mode of larger MIM scatterers (bottom). (f) The quality factor (black) and plasmon resonance wavelength (red)

for the [ = 2 mode of larger MIM scatterers.

smaller MIM structures with the [ = 2 mode of larger MIM struc-
tures for fluorophores used in this work. The Cgca/Caps ratio is
an order of magnitude larger in the case of the latter. However,
as shown in Fig. 2f, increasing the MIM structure diameter also
lowers the quality factor of the plasmon resonance. Therefore,
using a geometry that is between 200-400 nm in diameter
would be optimal for plasmon-enhanced fluorescence as it sup-
ports broadband resonance with a high Cg../Caps ratio without
sacrificing on the quality factor.

By varying the relative mass ratios of the PS and PMMA, we
realized MIM-MS of structurally-induced varying coloration with
a high chromaticity. Green, orange, and red surfaces were gener-
ated (Fig. 3a) by controlling the average size of the MIM scat-
terers in the distribution with mean diameters being 195 nm,
340 nm, and 645 nm, respectively (Fig. 3b). Using an optical
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Fig. 3 (a) Stable and tunable structurally-induced coloration with high
chromaticity is obtained using the biomimetic fabrication technique. (b)
MIM-MS with a mean diameter of 195 nm, 340 nm, and 645 nm resulted
in green, yellow and red structural colors, respectively. (c) The far-field
scattering profile of the three MIM-MS measured through DF
microscopy shows resonance profiles with maximas at 555 nm, 636 nm,
and 732 nm, respectively. (d), (e) 3D FDTD simulations of a 4 pm X 4 pm
array of the MIM-MS matching the geometry of the three fabricated
samples shows a good correlation with the experimentally measured
scattering results.
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micro-spectroscopic setup in dark-field (DF) mode, the scatter-
ing spectral response of each of the three plasmonic metasur-
faces was obtained. Matching their macroscopic appearance,
the metasurfaces displayed scattering resonances with maximas
at 555 nm, 636 nm, and 792 nm as shown in Fig. 3c.

3D FDTD simulations were performed on a 4 pm by 4 pm
spatial array of MIM scatterers matching the size and spatial
periodicity of the fabricated samples (Fig. 3d). The FDTD simu-
lation results confirm similar resonance profiles as the DF
measurements indicating the presence of highly-radiant higher-
order modes that scatter strongly to the far-field (Fig. 3e).

Leveraging the tunable quadrupolar resonant mode of the
MIM-MS, we experimentally demonstrate broadband multi-
plexed fluorescence enhancement by sensing the streptavidin-
biotin complex. We chose the geometry with a mean diameter
of 340 nm (orange sample as shown in Fig. 3) due to its broad-
band scattering response centered at 636 nm, making it ideal
for the 550-850 nm wavelength range. The MIM-MS were
designed with SiO, as the insulator layer as it can be easily
functionalized with a silane (-SH) group to bind with analytes
of interest at the plasmonic hotspot.

The streptavidin-biotin complex plays a crucial role in
numerous laboratory methods for the detection of low-concen-
tration proteins and nucleic acids.>® For instance, streptavidin
conjugates bind strongly to biotinylated probes such as second-
ary antibodies to improve the signals from molecules expressed
in low concentrations in whole samples.”® By further enhancing
the signal from the conjugated reporters through broadband
plasmon-enhanced fluorescence, the detection limit of analytes
at low concentrations can be greatly improved.

First, we functionalized the metasurface with silane-poly-
ethylene glycol-biotin (SH-PEG-biotin) and detected different
fluorescent conjugates of the protein streptavidin. The fluo-
rescent conjugates used were Alexa Fluor 555 (AF555, excitation
(ex)/emission (em) - 555/580 nm), Alexa Fluor 647 (AF647,
ex/em - 650/665 nm), Alexa Fluor 750 (AF750, ex/em - 749/
775 nm) and Alexa Fluor 790 (AF790, ex/em — 784/814 nm). The

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) A schematic of the selective streptavidin—biotin detection. (b)
Multiplexed biosensing of streptavidin conjugated with AF555, AF647,
AF750, and AF790 fluorophores. (c) Broadband fluorescence enhance-
ment relative to a glass control for different streptavidin conjugates with
varying PEG lengths. The numerical enhancement factor for each case
computed through FDTD is plotted as dots.

schematic of the experiment is shown in Fig. 4a. The plasmon-
enhanced fluorescence from a multiplexed assay consisting of
all the aforementioned streptavidin conjugates is shown in
Fig. 4b. The ring-shaped distribution corresponding to plasmo-
nic hotspots of individual MIM scatterers is clearly visible.

Next, by varying the PEG molecular weight from 600 Da-
2000 Da, we adjusted the chain length and consequently the
distance of the fluorophores from the hotspot between
7-11 nm.”” The distance was estimated by summing the chain
length of the PEG and the size of a streptavidin tetramer.*® We
then measured the fluorescence intensity for each sample and
normalized it relative to a control glass sample prepared under
the same conditions. As the PEG length was shortened, the
observed fluorescence enhancement for each fluorophore
relative to the corresponding control increased (Fig. 4c). In all
cases, a fixed concentration of the silane-PEG-biotin and strep-
tavidin were used. For PEG 600, enhancement factors of 91-,
288-, 403-, and 501-fold were observed for AF555, AF647,
AF750, and AF790, respectively. To further test the suppression
of quenching we directly bound AF647 to the SiO, layer
(i.e. emitter distance ~ 0 nm). This was achieved through sila-
nization of the SiO, layer with (3-aminopropyl)triethoxysilane
(APTES) and subsequent labeling of the free primary amine
(-NH,) end with the N-hydroxysuccinimide (NHS) ester of
AF647. An enhancement factor of 586-fold was obtained in
this case, indicating strong suppression of quenching. All the
experimental results were in good agreement with enhance-
ment factors that were numerically computed using FDTD
(Fig. 4c and Fig. S31). We also modeled the radiative and non-
radiative decay rates associated with quantum emitters placed
at various distances from a single MIM scatterer (Fig. S41) and
compared them with those of an isolated nanostructure
(Fig. S51). The first-order dipolar mode of the isolated nano-
structure quenches the emitter as it moves closer to the struc-
ture while the MIM scatterer effectively suppresses quenching.

To demonstrate the utility of the MIM-MS as a biosensor,
we targeted the detection of the HIV-1 gag, CD4, and CCR5
genes popularly studied in the pathogenesis of HIV-1. They
encode the Gag, CD4, and CCR5 proteins respectively. Gag is a
structural polyprotein that is essential for virion assembly as it
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forms the capsid that encapsulates the viral genome HIV-1.%°
Gag is routinely used as a marker for the detection of HIV-1-
infected cells®® and the quantification of HIV-1 virion pro-
duction.*' CD4 is primarily expressed on CD4+ T-lymphocytes
and functions as co-receptor to the T-cell receptor during
antigen presentation.>”> CCR5 is a G-protein-coupled receptor
(GPCR) found on the surface of various immune cells, includ-
ing T lymphocytes, macrophages and dendritic cells.** HIV-1
predominantly infects CD4+ T-lymphocytes through inter-
actions with CD4 and a co-receptor, which during early infec-
tion is almost exclusively CCR5.%* Therefore, a threshold level
of CD4 and CCR5 receptors is required to support the
infection.>**® While CD4 is abundantly expressed on CD4+
T-cells, its expression fluctuates on macrophages®® and CD34+
hematopoietic stem cells,’” making them also potentially sus-
ceptible to HIV-1 infection. Moreover, CCR5 expression is
highly variable on different subsets of immune cells and
depends on the cell maturation state.** Consequently, studying
the expression of HIV-1 gag, CD4, and CCR5 in parallel
through selective capture and quantification could provide
important information about the interplay of HIV-1 receptor
expression levels and susceptibility to infection.

To selectively immobilize and detect the gag, CD4 and CCR5
nucleic acids on the MIM-MS, we utilized DNA/RNA hybridiz-
ation reactions in a sandwich assay format. The target nucleic
acid would first be immobilized on the plasmonic hotspot by
means of a capture oligonucleotide and then detected with a
fluorescently-labeled detection oligonucleotide (Fig. 5a). To
test the sandwich assay, we selected the first 100 base pairs
(bp) of the coding strand in the target complementary DNA
(cDNA) sequences. Then, using a nucleic acid analysis software
(NUPACK) to avoid secondary structure formations, we selected
the binding sites for the complementary capture and detection
oligos (Fig. S67).*® Following hybridization, the detection oligo
conjugated with AF555 (gag), AF647 (CD4), and AF750 (CCR5)
at the 5-end is bound to the target sequence. Fig. 5b shows
multiplexed detection of gag, CD4, and CCR5 100 bp ssDNA
sequences at a concentration of 100 nM.

For the remainder of the study, the CD4 gene was chosen as
a representative to study the MIM-MS biosensing specificity in
more detail. Fig. 5¢ and Fig. S71 show capture and detection of
the CD4 100 bp ssDNA from a concentration of 10 pM to
10 pM. Overcoming quenching, we also demonstrate the
sensing of just the detection oligo (20 bp) at concentrations as
low as 10 pM (Fig. S81). Next, an ssDNA analogue of the full-
length CD4 cDNA coding strand (1377 bp) was generated
through a two-step PCR protocol and diluted to working con-
centrations of 10, 60, and 125 nM in a hybridization buffer. To
demonstrate sequence capture specificity, chimeric CCR5-CD4
ssDNA molecules containing bases 1-56 of the CCR5 ¢cDNA
and bases 57-1377 of the CD4 ¢cDNA were used as a control.
This particular region of the CD4 cDNA was replaced because
the capture and detection oligos were designed to bind to
bases 1-20 and 36-56, respectively (Fig. S61). While the fluo-
rescence intensity from the MIM-MS containing the CCR5-CD4
ssDNA control remained comparable to the background signal
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Fig. 5 (a) A schematic of the selective nucleic acid sequence detection assay. (b) Multiplexed detection of 100 bp gag, CD4, and CCR5 sequences
on MIM-MS with detection oligos conjugated with AF555, AF647, and AF790 compared to glass controls treated with the same conditions. (c)
Normalized fluorescence intensity for the 100 bp CD4 sequence captured at concentrations ranging from 10 pM-10 pM. (d) Fluorescence intensity
of a ssDNA analogue of the whole CD4 gene captured and detected at concentrations of 10, 62, and 125 nM. In comparison, the negative control
shows negligible change in fluorescence. (e) Fluorescent micrographs of the functionalized MIM-MS for the lysate of untransfected (control) and
transfected cell cultures. (f) The sample overexpressing CD4 mRNA displays a 5.4-fold higher average fluorescence intensity compared to the

untransfected control.

for all three concentrations, the intensity for the full-length
CD4 ssDNA samples scaled by 1.9- and 2.6-fold for 60 and 125
nM compared to 10 nM (Fig. 5d). This indicates high speci-
ficity and scalability of the sandwich assay using the MIM-MS
towards the detection of full-length nucleic acid molecules.
Finally, we tested if our MIM-MS sandwich assay protocol
could specifically detect CD4 mRNA molecules in total RNA
samples derived from Expi293 cells. Total RNA was isolated
from the lysate of Expi293 control cells and cells transiently-
transfected to overexpress CD4. Initially, cell surface expression
levels of the CD4 protein were verified using flow cytometry
(Fig. S97). Although mRNA only represents a small fraction of
total RNA,*® and thousands of genes are expressed simul-
taneously in mammalian cells,’® the MIM-MS sandwich assay
was able to specifically detect full-length CD4 mRNA molecules
in the total RNA sample of the transfected cells. Compared to
the control cells, the sample derived from the transfected cells
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displayed a 5.4-fold increase in fluorescence (Fig. 5e and f). In
a similar fashion, multiple genes of varying concentrations
could be simultaneously isolated, detected, and quantified
using this approach, making it a highly versatile platform for
studying nucleic acids.

Conclusions

In summary, using a three-step biomimetic fabrication
process, we have developed a highly scalable MIM-MS that con-
sists of a dense array of closely-coupled Au nanodisks and
nanoholes separated by 5 nm SiO, nanogaps. The higher-order
quadrupolar gap mode of this configuration is highly radiant
in the VIS-NIR regime, displays negligible absorptive losses,
and suppresses quenching, making it highly suitable for sup-
porting plasmon-enhanced fluorescence. The nanogaps can be

This journal is © The Royal Society of Chemistry 2019
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engineered to have sufficiently large usable surface areas
which can be physically accessed and functionalized for bio-
sensing applications. Utilizing these benefits, we conducted
the multiplexed, substrate-enhanced biosensing of proteins
(streptavidin-biotin complex) and nucleic acid sequences
(gag, CD4 and CCRS5) of varying sizes (and therefore varying
proximity to the plasmonic hotspot) and demonstrated the
versatility of the MIM-MS in a practical application.
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