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ABSTRACT

Nanoplasmonic devices have become a paradigm for biomolecular detection enabled by
enhanced light-matter interactions in the fields from biological and pharmaceutical research
to medical diagnostics and global health. In this work, we present a bright-field imaging
plasmonic biosensor that allows visualization of single sub-wavelength gold nanoparticles
(NPs) on large-area gold nanohole arrays (Au-NHAs). The sensor generates image heatmaps
that reveal the locations of single NPs as high-contrast spikes, enabling the detection of
individual nanoparticle-labeled molecules. We implemented the proposed method in a
sandwich immunoassay for the detection of biotinylated bovine serum albumin (bBSA) and
human C-reactive protein (CRP), a clinical biomarker of acute inflammatory diseases. Our
method can detect 10 pg/ml of bBSA and 27 pg/ml CRP in 2 hours, which is at least four orders
of magnitude lower than the clinically relevant concentrations. Our sensitive and rapid
detection approach paired with the robust large-area plasmonic sensor chips, which are
fabricated using scalable and low-cost manufacturing, provides a powerful platform for

multiplexed biomarker detection in various settings.
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Nanophotonics is offering multiple opportunities to realize high performance biosensors for
the fields ranging from biological and pharmaceutical research to medical diagnostics and
global healthcare.'™ For instance, the management of acute diseases such as inflammation

and infections® or chronic conditions such as cancer® could benefit profoundly from rapid,



sensitive and cost-effective on-site diagnostic tools. Conventional laboratory techniques, such
as enzyme-linked immunosorbent assay (ELISA)'® and fluorescent labelling!*? can achieve
relevant sensitivity levels of molecular detection, however they require complex optical read-
out, multiple incubation-washing steps and fluorescent tags that can be expensive, unstable
and difficult to produce.

Nanophotonic resonators can efficiently funnel light into nano-scale volumes compatible with
biomolecule dimensions, thereby strongly enhancing light-matter interactions and
transducing molecular surface binding events into far-field optical signals.’* The high
sensitivity of nanophotonic biosensors combined with the scalability of detection schemes,
low-cost operation and capability for multiplexed measurements make them prominent for
biosensing applications. Among the recent ones, optical nanobiosensors based on whispering
gallery mode'*? and hyperbolic metamaterials!® were shown to provide some of the highest
sensitivities down to single-molecule detection.!” However, these techniques require
complex and bulky read-out set-ups, intricate fabrication procedures and have limited
scalability hindering their use as cost-effective and multiplexed biosensors.

On the other hand, nanoplasmonic resonators, made of noble metals, couple the photon
energy to the collective oscillations of the metal’s free electrons, also known as surface
plasmons, which interact with the biomolecules at the metal surface.’® A number of
nanoplasmonic devices have been engineered to efficiently probe the local refractive index
variations upon the biomolecular surface binding events yielding high refractometric
sensitivities.'®1%23 So far, both the propagating (SPR)>* and localized surface plasmons
(LSPR)?>?% have been widely explored for biosensing applications. Particularly, the gold
nanohole arrays (Au-NHA) have been a prominent plasmonic system because they can be
operated in a robust collinear optical configuration allowing integration in low-cost, easy-to-
use, and portable platforms.?’-3° The periodic Au-NHAs exhibit a sharp extraordinary optical
transmission (EOT) resonance associated with a dip and a peak in the far-field spectrum due
to the interplay of coherently interfering resonant interactions and grating effects (Fig. 1E
i.).3! Previously, Au-NHAs were explored for numerous biosensing applications ranging from
the detection of proteins3%33 to exosomes,3* viruses,3>3% bacteria®’ and cell secretion,3®
mainly based on spectral shift monitoring. In an attempt to miniaturize the Au-NHA based
biosensors, intensity imaging in transmission was used to detect the shifts of the EOT peak

without the need of a spectrometer.?’-2° Intensity imaging enables 2D large-area detection



and can be performed using a narrowband illumination source, such as an LED, tuned to the
EOT peak to monitor variations in the transmittance due to the spectral shift of the resonance
(see Figure 1E ii.). Although the approach can be realized with a 2D image sensor array, such
as charge-coupled device (CCD) or complementary metal-oxide-semiconductor (CMQOS), on a
portable optical reader, its previous implementation?® using Au-NHAs could only achieve
detection of 4 ug/ml protein, significantly above the relevant clinical concentrations of most
biomarkers. In these conventional spectroscopic and imaging read-out schemes, the signal
transduction relies on the spectral shifts in plasmonic transmission resonances due to
refractive index changes induced by the accumulation of the analytes on the sensor surface
with a certain layer density and thickness. Consequently, the sensitivity levels of such
approaches are inherently limited by the concentration and the size of the analyte molecules,
as well as non-specific interactions from complex samples.

Here, we present a nanoparticle (NP) enhanced imaging-based plasmonic biosensing
technique using Au-NHAs that enables highly sensitive protein detection with single analyte
resolution. By digital quantification and localization of individual Au-NPs (100 nm diameter)
under bright-field imaging on large area plasmonic imaging surface, the technique enables
the detection of single nanoparticle-labeled proteins. We implement the technique in a one-
step sandwich immunoassay. After being captured by the first (capture) antibody immobilized
on plasmonic Au-NHAs, the protein biomarker is recognized by a second (detection) antibody
conjugated to Au-NPs in solution (Figure 1A). Upon binding to the analyte, Au-NPs locally
disturb the near-fields of the Au-NHAs (Figure 1E iii.), leading to a strong local transmission
suppression in the far-field. These distortions in the transmission from the small vicinity of
the NPs are detected under narrow-band illumination at the EOT peak in the visible range
(Figure 1B-C), creating plasmonic intensity heatmaps that allow visualization of individual
nanoparticle-labeled analytes as high contrast spots. This digital detection approach is
particularly distinct from plasmonic detection mechanisms that use NPs to amplify the
magnitude of the resonance peak shift in conventional refractive index change-based sensors
operating in ensemble-averaged read-out.3%-4

We first applied this biosensing approach in a proof-of-principle detection of biotinylated
bovine serum albumin (bBSA, 67 kDa) and then human C-reactive protein (CRP, 100 kDa), a
well-established biomarker used for clinical diagnosis and management of acute

inflammatory diseases.3*? We show that our approach enables the detection of bBSA down



to 10 pg/ml and CRP down to 27 pg/ml limit-of-detection (LOD). This result is at least four
orders of magnitude below CRP levels determining patients at high risk of inflammatory
diseases**** and is well comparable to the established fluorescence amplification techniques,
such as ELISA.%> At the same time, our technique avoids lengthy signal amplification steps and
the plasmonic chips and NPs are stable over time, unlike fluorescence labels that experience
photobleaching. In addition, the plasmonic signals are highly confined at the sensor interface
and are unaffected by the bulk background, which enables the method to be used in real-
time measurements. Importantly, the Au-NHA sensors are fabricated using low-cost wafer-
scale deep-UV lithography (DUVL) producing exceedingly robust and uniform large-area chips
on solid transparent substrates (Figure 1D).*® In combination with a simple bright-field
imaging set-up in a microarray format, our biosensing technology can be scaled to perform

clinically relevant biomarker detection in a highly multiplexed manner.

RESULTS AND DISCUSION

Principle of detection

The extraordinary optical transmission in Au-NHAs occurs through the hybridization of
propagating surface plasmon polaritons (SPP) and localized surface plasmons (LSP) coupled
to the nanoholes.3! The propagating SPPs are excited by normally incident light through
momentum matching by the periodic nanohole grid, due to a phenomenon known as Wood’s
anomaly.*” This subradiant propagating mode is strongly damped through the radiation
channels created by the strong field localizations at the nanoholes, leading to sharp Fano-
shaped transmission peaks at the resonant wavelengths in the far-field spectrum (Figure 1E
i.). The transmission peak position is highly sensitive to the refractive index changes at the
gold-medium interface and therefore can be used for the detection of molecular binding at
the NHA surface.*®

Contrary to the conventional detection approaches based on spectral peak shift monitoring,
27-29,32-38 gyr transduction relies on the far-field intensity-imaging of the local EOT distortion
induced by the binding of functionalized nanoparticles. To numerically investigate the local
effects created by the Au-NP and the associated changes in the far-field spectrum of the Au-

NHAs, we used a commercially available finite-element frequency domain solver (CST

microwave studio 2016, Materials and Methods Section). A unit-cell, composed of 3 x 3 Au



nanohole array (diameter = 200 nm period = 600 nm) with periodic boundary conditions, is
excited from top with normally incident TM mode (Figure 2A). The size of the simulated 3 x 3
unit cell was chosen to match to the diffraction-limited spot (1.8 um) resolved in our
experimental imaging set-up.

When the 100 nm diameter gold nanoparticle binds to the inner walls or the vicinity of the
nanohole rim, the localized dipolar resonance is disturbed. This local distortion in the
resonant interactions leads to alterations in the radiation pathways and creates suppression
of the EOT peak in the far-field (Figure 2B). We explored the effect of the NP position on the
resonance modes and found that when a NP binds to the top surface of Au-NHA, its impact
on the transmission depends on how close the NP is to the nanohole rim, where the hot-spots
of localized nanohole modes reside. Figure 2B shows that as the NP gets closer to the
nanohole, the peak suppression increases, which correlates with the distortion of the
localized enhanced fields presented in Figure 2C. When a NP is on the gold surface far from
the nanohole, we observed that its effect on the NHA transmission is insignificant. This could
be due to the spatially limited interaction of the propagating plasmon modes with the small
NP volume. Whereas, a NP inside a nanohole produces a drastic distortion on the localized
modes, suppressing the transmission significantly. Since the Au-NHAs have a symmetric
geometry, their resonances are polarization independent and can be excited with unpolarised
light. A NP trapped inside the nanohole can distort the dipolar modes in all lateral directions
(see Figure S1. for excitation polarization effect), resulting in a stronger suppression than the
surface bound NPs close to the nanohole rim. Importantly, these numerical results are in
agreement with the measured NHA transmission spectra and the NP suppression (see Figure
S3).

We also investigated the effects of NP size on the numerically computed far-field transmission
spectra when Au-NPs of various diameters are entrapped inside a nanohole. Figure 2D shows
that the suppression of the transmission peak increases with the NP diameter and saturates
at 100 nm. Moreover, it is essential that experimentally the NPs can easily fit inside the
nanoholes, both of which can have minor size variations. This defined our choice in the
experimental measurements of Au-NPs with 100 nm average size (+10 % dispersity).

We also numerically investigated the effect of a dielectric SiO2 NP with 110 nm diameter and
did not observe any amplitude change in the transmission peak of the Au-NHA, whether

placed inside or outside of the nanohole (Figure S2). These are expected outcomes as the



local fields can penetrate through the dielectric media without being distorted, yet a
minuscule shift in the resonance wavelength is caused by the change in the effective
refractive index of the top medium.

The strong local transmission quenching induced by the gold nanoparticle is critical for our
distinctive detection mechanism. Numerical calculations indicate that individual particles can
produce sufficiently strong spikes on the captured intensity contrast images from the

plasmonic surface to be detected in simple bright-field scheme.

Plasmonic imaging of Au NPs on Au-NHAs

For experimental demonstrations we used uniformly patterned Au-NHA (diameter = 200 nm,
period = 600 nm) sensor chips of area 1 cm?. The plasmonic nanostructures uniformly
covering entire 4-inch quartz wafers were fabricated using a robust high-throughput DUVL
lithography*® (Figure 1D), yielding multiple low-cost sensor chips (50 chips/wafer), which is
crucial for biosensing applications.

We post-patterned Au-NHA wafers defining 10 x 10 microarray regions on each chip by
patterning labels using photolithography and metal (Ti) lift-off techniques (Figure 1D). The
size of each labelled microarray region is 800 um x 800 um and each microarray region can
be functionalized with 2 x 2 bioreceptor sensing spots (150 um diameter spot), providing a
flexible platform for multiplexed measurements.

Our experiments are performed on an inverted microscope with a narrow-band illumination,
centred at 650 nm with 10 nm full width at half maximum (FWHM), where the images are
recorded at 1 s exposure on a 1608 x 1608 pixels grayscale CMOS camera. The optical path is
configured to reach 30x total magnification using a 0.3 numerical aperture (NA) objective lens
and a 0.13 NA condenser. This optical arrangement enables the capture of images covering a
385 x 385 um? area, with a Rayleigh diffraction-limited spot size of

Aillumination

R =1.22

~1.8 um,
NAcondenser + NAobjective

Note that this diffraction-limited area corresponds to a 3 x 3 nanohole unit cell, which is
considered in the numerical analysis above. A detailed description of the optical set-up can
be found in Materials and Methods.

To accurately extract the positions of NPs from the imaging data, we acquire the images of

bare Au-NHA chips patterned with non-transparent Ti alignment marks prior to the bioassay



(Figure 3A). This isimportant because the transmission of bare Au-NHAs exhibits minor spatial
intensity variations, independent of the imaging set-up. This could be attributed to several
reasons, such as minor differences in the metal film crystal structure or the nanohole
uniformity. In order to account for these minor intensity variations, we reference the images
of Au-NHA sensors before and after the bioassay with NPs.

Next, we perform the sandwich bioassay by first functionalizing the Au-NHA chips using a non-
contact micro-dispenser with 2D arrays of capture molecules through gold-thiol surface
chemistry. Then, the chips are successively incubated with the analyte dilutions and a
suspension of Au-NPs conjugated to receptor molecules. See Materials and Methods section
for details. After the sandwich assay, the Au-NHA chips are rinsed, dried and imaged again
(Figure 3B). The images of the corresponding microarray regions before and after capturing
the target analyte and NPs are aligned and subtracted using a custom-made Matlab function.
The two images are first matched by referencing to identical microarray alignment marks,
then scaled to the same average intensity range, corrected for background illumination
gradients, subtracted and normalized (see Materials and Methods for details). The alignment
and subtraction of the images before and after yield highly accurate heatmaps of NPs binding
on Au-NHAs, represented as local intensity spikes (Figure 3C). Finally, the NPs are
automatically identified and quantified from the spikes on the plasmonic heatmap with a
fixed-value threshold. The optimal threshold depends on the imaging characteristics of the
optical set-up, and was empirically found to be 5 % intensity change in our microscope system
by mapping plasmonic images to high-resolution Scanning Electron Micrographs (SEM) for NP
verification. The optimal threshold value was chosen to detect the maximum number of
nanoparticles, while keeping a low rate of false positive signals (see Figure S4 and Figure S5

for details).

SEM validation of plasmonic imaging

To quantitatively analyze the accuracy of our NP enhanced plasmonic imaging technique we
matched plasmonic images to the SEMs of the microarray elements. Figure 3D shows two
representative plasmonic heatmap areas and their corresponding SEMs from NP-deposited
microspot (I) and NP-free region (ll). The details on the test sample preparation used for the

system characterization are provided in the Materials and Methods.



In agreement with the simulations, most of the detected NPs are bound inside the nanoholes,
which are marked with red circles on the SEMs in Fig 3D (also shown in Fig.3E-1). Intensity
peaks, recognised as NPs, are highlighted by red stars on the plasmonic images. A small
fraction of NPs outside of nanoholes, close to the edges of the holes, could also be detected,
supporting our numerical results regarding NP-NHA interactions through disruption of
localized nanohole modes (Fig.3E-3). As expected, the NPs that are bound far from the
nanoholes were not detected (Fig.3E-2). After mapping over 1000 NPs on numerous SEM
images, we found that 40 % of NPs bind inside nanoholes and 60 % over the gold surface as
summarized in Figure 3F. Interestingly, the areal coverage of the hole area is only 9 %, while
40 % of particles bind inside the holes, suggesting that diffusing NPs preferably bind inside
the cavities of nanoholes.* From the plasmonic heatmaps, we are able to detect
approximately 40 % of all nanoparticles, with a 3 % false positive signal rate based on data
with a sample size of 127 plasmonic intensity peaks matched to SEM. In addition, our
detection is robust against non-specifically binding agglomerates of NPs and large
sedimenting contaminants, since they can be easily identified and discarded by the size and

the shape of intensity spikes on the plasmonic imaging surface (see Figure S6).

Sandwich assay protein detection

We first show the biosensing potential of our NP-enhanced plasmonic imaging method by
detecting bBSA as depicted in Figure 4A. We start by acquiring the reference images on the
bare chips that will be used for the bioassays. Next, the Au-NHAs were surface functionalized
with PEG-thiol chemistry to prevent non-specific fouling and ensure optimal protein
immobilization through EDC-NHS crosslinker. Then, microarrays of neutravidin (150 pl
droplets spotted with 200 um pitch) were formed using a non-contact micro-dispenser and
the remaining areas were blocked with BSA to deactivate non-reacted crosslinker groups. The
bBSA dilutions were spiked in 100 pl PBS 1x and incubated with the Au-NHA chips. Finally, a
suspension of Au-NPs covalently tethered to streptavidin in PBS 1x with 1 % BSA was
incubated. After rinsing with milliQ water and drying under N, stream, the second set of
images was acquired. Further details on the bioassay procedure are given in the Materials
and Methods section. To quantify bBSA, the image datasets were processed as described
above. The local intensity spikes were counted over 100 x 100 pum? neutravidin spotted areas

(see Fig. 4B), and the results are correlated to the bBSA concentrations (Fig. 4C). We



experimentally show the successful detection of bBSA concentrations down to 10 pg/ml,
which corresponds to our estimated limit-of-detection (LOD, computed by adding three times
the standard deviation of control signal to the average of the control). These results show
that our method reaches the sensitivity of fluorescence amplification techniques, while
avoiding the signal amplification step, which is used in a typical ELISA. To put into context, a
concentration of 10 pg/ml of bBSA translates to 9x10° molecules in a 100 pl sample incubated
on a sensor chip (1 x 1 cm?). The ratio of a single sensing spot (100 x 100 um?) to the entire
sensor chip (1 x 1 cm?) is roughly 1:10%. Accounting for molecular diffusion limitation, several
hundred molecules reach to a single sensing spot of 100 x 100 um?. Taking into account the
diffusion limitation of NPs and that 40 % of bound particles can be detected (inside or close
to the nanoholes), the 10 pg/ml concentration would result in approximately ~10-100 NP
counts per sensing spot. This estimation is in agreement with our assay, where the 10 pg/ml
bBSA concentration yields on average 50 NP counts per read-out spot. The above results
indicate that our detection method ultimately operates near the actual diffusion limitation of
the system. In this way, the extraction of intensity spikes from the plasmonic imaging
heatmap allows us to digitally count the analytes with high sensitivity, contrary to
conventional affinity sensors where the signals are averaged over sensor areas. Moreover,
this sensitivity limit could be further improved by addressing the diffusion limitation with
active transport mechanisms.>°

The flexibility of our method enables its use in a variety of bioanalytical applications, by using
appropriate biofunctionalization procedures. In order to show the diagnostics potential of the
platform, we detect human C-reactive protein (CRP). Human CRP is a blood biomarker, whose
levels elevate during acute inflammatory conditions, such as sepsis and coronary heart
disease. Septic shock is caused by the response of body to infections and is one of the most
pressing healthcare challenges worldwide with millions of patients diagnosed each year and
over 20 % of lethal incidence.”® Therefore, the development of biosensors enabling timely
and accurate detection of biomarkers such as CRP can have a profound impact on the
effective disease management.

We use the proposed method in a single-step sandwich immunoassay to detect human CRP
from bovine serum albumin (BSA) solution. Fig.4D illustrates the CRP detection and the details

of the assay can be found in the Materials and Methods section.



We experimentally detect CRP concentrations down to 27 pg/ml, which is four orders of
magnitude within clinically critical limit, thus opening the path for early-stage disease
monitoring. As expected, the LOD for CRP is slightly higher than 10 pg/ml LOD in bBSA
detection (Figure 4 E,F), since the CRP assay was performed in media with high BSA
concentration, which may screen antibody-antigen interactions. Additionally, the affinity
between anti-CRP antibodies and CRP are normally lower than the affinity between biotin
and streptavin or neutravidin.

Figure 4 C,F presents the calibration curves of bBSA and CRP measurements. The non-specific
nanoparticle adsorption, indicated with dashed grey lines, was the main limitation for the
LOD in both assays. The control experiments were performed by incubating chips in samples
containing no analyte (i.e. bBSA or CRP), while all other assay steps remained unchanged. In
CRP measurements, the NP concentration was higher than in bBSA assay, which was reflected
on higher specific NP counts, but also higher baseline signal from non-specific NP adsorption.
Importantly, our current results are well comparable to the high performance of commercial
ELISA kits, which can detect down to 3-15 pg/ml of human CRP when performed in a fully
equipped clinical laboratories by trained personnel.*?

To show a proof-of-principle operation in complex samples, we perform detection of human
CRP spiked in supplemented cell culture media with 10 % horse serum (see Figure S7 for
results). We confidently detect down to 100 pg/ml of human CRP spiked in supplemented
media, and the calculated limit of detection (LOD) is 69 pg/ml. The dynamic linear range lies
between 500 pg/ml and approximately 10 ng/ml, which is well within the clinically relevant
values. In order to further optimize the assay for different concentration ranges of different
biomarkers, the dynamic range of measurement could be adjusted, for example by changing
the concentration of NPs. Moreover, our technique can be used in real-time measurements
in agueous environment as well (Figure S8 and supporting video show NPs binding to NHA in-
flow), because the localized field disruption of Au-NHAs by Au-NPs is highly surface-confined
and is also valid for the plasmonic resonances in wet medium.

Further development of the assay biochemistry and applications with serum or whole blood
samples, as well as multiplexed biomarker detection will be essential to explore the full
potential of our approach. Implementation of a compact optical reader, which essentially

comprises a narrow-band illumination source, an optical path generating 1-2 um spatial



resolution and a CMOS sensor in conjunction with image processing algorithms, will be

another step to adapt the technology for on-site diagnostic applications.

CONCLUSIONS

In conclusion, we present a NP-enhanced imaging-based plasmonic biosensing technique
using large-area Au-NHA sensors. We show that by disrupting localized plasmon modes in Au-
NHA surface with Au-NPs, our method produces plasmonic heatmaps that visualize single
sub-wavelength Au-NPs under bright-field imaging. Consequently, by detecting individual Au-
NP-labeled molecules we can digitally quantify the single analyte binding events on the
imaging surface, enabling multiplexed detection of biomarkers at low concentrations,
eminently at the level of current gold-standard laboratory methods, such as ELISA. At the
same time, our technique avoids multi-step staining procedures and does not rely on
advanced read-out set-ups, such as required in fluorescent techniques. We implemented the
proposed method in sandwich immunoassay measurements of bBSA and human CRP,
achieving clinically relevant detection limits of 10 and 27 pg/ml from buffer, respectively, and
69 pg/ml of human CRP from supplemented cell media. Prominently, the large-area Au-NHA
sensor chips are fabricated in a large-scale low-cost manufacturing, enabling high-throughput
biosensing applications. Overall, our simple and scalable detection approach paired with
robust sensor chips presents a flexible platform for highly sensitive multiplexed

measurements in various settings, including for point-of-care applications.

MATERIALS AND METHODS

Gold nanohole array Eminently, the fabrication of Au-NHAs was tion

Gold nanohole arrays (Au-NHAs) were fabricated using high-throughput wafer-scale
deep-UV lithography (DUVL) and ion beam etching techniques. First, 4-inch fused silica wafers
were cleaned with RCA solution (1:1:5 H;02:NH4OH:H,0), rinsed with deionized water and
dried under nitrogen stream. Cleaned wafers were coated with 10 nm of titanium (Ti) and 120
nm of gold (Au) in Alliance-Concept EVA 760 electron-gun evaporator. The NHAs of 600 nm
period and 200 nm diameter were patterned using a 248 nm deep-UV stepper (ASML PAS
5500/300 DUV). The nanohole arrays were transferred into metal films with ion-beam etching
(Oxford Instruments Plasmalab 300 IBE) and the photoresist was stripped with oxygen
plasma.

Microarray marks on Au-NHAs were formed with Ti to enable image recognition and
alignment. The NHA wafers were coated with 1.3 um AZ1512 positive photoresist and
microarray patterns were exposed using Heidelberg MLA150 laser writer. After resist



development, 50 nm Ti was evaporated using an electron gun evaporator. Next, the wafers
were diced into 1x1 cm? chips. The resist was removed from chips by immersing in resist
remover with sonication at 70 °C for 2 hours. Finally, the chips were cleaned in oxygen plasma
for 5 min at 500 W and RCA solution (1:1:5 H,02:NH4OH:H,0 by volume) for 1 min to ensure
uniformly clean gold surface.

Numerical simulations

To numerically investigate the local field effects on Au-NHAs created by the Au-NPs
and the associated changes in the far-field spectrum, we used a commercially available finite-
element frequency domain (FEFD) solver (CST microwave studio 2016, Materials and
Methods Section). We simulated Au-NHAs of 200 nm diameter and 600 nm period in an Au /
Ti (120 nm / 10 nm) thin film (optical parameters from Johnson and Christy) on a 500 nm thick
SiO2 substrate with refractive index (RI) = 1.46 and air background media (RI=1). The Ti layer
not only serves for Au adhesion to the silica substrate in fabrication, but also suppresses
undesired gold-substrate modes, ensuring sharp shape and good isolation of plasmonic
resonant modes in Au-NHA transmission.3®52 The simulated unit cell contains 3x3 nanoholes
with periodic boundary conditions. The unit cell size was chosen to correspond to the ~1.8
um diffraction limited spot resolved in our experiments. The illumination is set from top with
normally incident TM mode. The electric field was monitored at 650 nm (461 THz).

Optical set-up

The microscope measurements were performed on an inverted Nikon Eclipse Ti-E
system. A tungsten halogen lamp was used for illumination together with a narrow-band
optical filter (Thorlabs) with 650 nm center wavelength and 10 nm full width at half maximum,
matching the plasmonic resonance of Au-NHAs in dry. Optical path included a 20x and 0.3 NA
objective lens and a 1.5x intermediate microscope magnification. Images were recorded using
a Nikon Qi2 camera with 1 second exposure and 1.2 digital gain.

Spectral characterization of NHA transmission was performed on Nikon Eclipse Ti-E
system. A tungsten halogen lamp was used for broad-band illumination. Spectra were
acquired using Andor SR-303i imaging spectrometer and recorded on an Andor iKon-M
camera.

Image processing

The plasmonic image heatmaps are obtained by computing the normalized absolute

difference between an image of NHA with NPs and a reference image of bare NHA:

B |Irefx,y — Inpx,y|
Y mean(Iref)

Where Iref, , is the intensity of pixel [x,y] on the reference image of bare NHA. In this way,
plasmonic heatmap image presents the absolute values of the normalized intensity changes
at every pixel position.
NPs binding causes a decrease in the transmitted intensity, however we choose positive sign
convention for illustration convenience.
Chemicals and biologicals

Ammonium hydroxide solution (ACS reagent, 28-30 %), hydrogen peroxide (H202 30
%), N-hydroxysulfosuccinimide sodium salt (sulfo-NHS), N-(3-dimethylamino propyl)-N’-
ethylcarbodiimide hydrochloride (EDC), 2-(N-Morpholino)ethanesulfonic acid (MES), bovine
serum albumin (BSA) lyophilized, biotinylated BSA (bBSA), neutravidin, phosphate buffered
saline (PBS), Tween® 20 and horse serum were purchased from Sigma-Aldrich. Cell culture
medium was from ThermoFisher Scientific. Ethanol (EtOH), absolute was from Thermo




Chemicals. Polyethylene-glycol (PEG) thiols terminated with hydroxyl (HS-C6-(EG)4-OH) and
carboxyl (HS-C11-(EG)4-OCH2-COOH) groups, were purchased from Prochimia. Human C-
reactive protein (CRP) and anti-CRP monoclonal IgG antibodies PCR-196 and PCR-183, used
as capture and recognition antibodies respectively, were provided by Diesse Diagnostica
Senese. Spherical gold nanoparticles of 100 nm dimeter coated with streptavidin or with
protein-G, supplied at optical density (OD) 3 in PBS with 20 % glycerol and 1 % BSA, were
purchased from Cytodiagnostics.*

*A 100 nm diameter gold nanoparticles concentration of optical density (OD) 1
corresponds to 5.6E9 nanoparticles per 1 ml solution; the relation between OD and NP/ml
units is linear.

Au-NHA functionalization

After cleaning in oxygen plasma and RCA, Au-NHA chips were immersed and incubated
overnight in 1ImM PEG-thiol solution in anhydrous ethanol with OH:COOH terminated PEG
mixed in 5:1 ratio. After incubation, chips were gently rinsed with fresh ethanol and milliQ
water, then dried under N; stream. The chips were activated in 70 mg/ml EDC and 20 mg/ml
s-NHS mixture in 0.1 M MES buffer for 20 minutes. Next, the chips were rinsed in milliQ water
and dried under N3 stream. Monoclonal anti-CRP 1gG196 or neutravidin were immediately
spotted on the activated Au-NHAs using Scienion S3 piezoelectric non-contact
microdispenser. The spotting solution contained either neutravidin or anti-CRP IgG at 200
ug/mlin PBS 1x with 0.5 % glycerol. The average droplet volume was 160 pl and the contact
area of the formed spot was approximately 100 um in diameter. The spotted chips were
incubated overnight in a humid atmosphere at 4°C and then blocked with BSA 1 % solution in
PBS to passivate the non-reacted EDC-activated groups. Functionalized chips were used in
measurements on the same day.

Biotin-BSA sandwich assay

Au-NHA chips spotted with neutravidin and blocked with BSA were briefly rinsed in
PBS and immersed in 100 pl of biotin-BSA calibration dilutions prepared in PBS 1x and
incubated for 1 hour. Next, each chip was rinsed in PBS 1x with BSA 1 % and 0.05 % Tween 20
for 20 minutes. After a brief immersion in PBS 1x with BSA 1 %, the chips were incubated for
1 hour in Streptavidin-conjugated gold nanoparticles diluted to OD 0.1 in PBS 1x BSA 1 %.
After incubation, the chips were rinsed in milliQ water for 5 mins and dried under gentle N>
stream.
The fits presented in Figures 4C and 4F were obtained using Michaelis-Menten kinetic model.
The error bars were calculated as the standard deviation from the measurements of at least
5 different biosensing areas of at least 2 different technical replicates (different plasmonic
NHA chips measured at different days).

Au nanoparticle conjugation to anti-CRP antibodies

40 pl of 100 nm gold nanoparticles conjugated to protein G at OD 3 concentration
were mixed with 1 pl of 2.1 mg/ml anti-CRP PCR183 antibody by gentle pipetting and
incubated overnight at 4 °C. Next day, the nanoparticle-antibody solution was diluted in 1 ml
of PBS with 1 % BSA and centrifuged at 200 g until a pellet was formed. After removing the
supernatant, the pellet was resuspended in 1 ml of PBS 1x with 1 % BSA. Centrifugation and
resuspension steps were performed 4 times to remove unbound antibodies from NPs
suspension. After the final centrifugation and supernatant removal, the NPs were
resuspended in 40 ul of PBS 1x with 1 % BSA. The conjugated nanoparticles were used for
measurements on the same day.



CRP sandwich assay

Au-NHA chips spotted with anti-CRP IgG 196 and blocked with BSA were briefly rinsed
in PBS and immersed in 100 ul of CRP calibration dilutions prepared by spiking CRP in PBS 1x
with 1 % BSA. After 1 hour incubation, chips were rinsed in PBS 1x with BSA 1 % and 0.05 %
Tween for 20 min with gentle agitation on a gyro-rocker. After brief immersion in PBS 1x with
BSA 1 %, the chips were incubated for 1 hour in 1gG183-coated Au-NPs diluted to OD 0.2 in
PBS 1x BSA 1 %. After incubation, chips were rinsed in milliQ water for 5 min and dried under
gentle N3 stream.
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Figure 1. Nanoparticle enhanced plasmonic imager for digital biomarker detection. (A) Antigen
(red) is recognized by capture antibodies (blue) immobilized on the Au-NHA and then by detection
antibodies (green) tethered to Au-NPs. (B) Strong local suppression in the transmission by Au-NPs
creates intensity dips (i.e. red spots) at the corresponding locations of the captured image. (C)
Bright-field imaging set-up under narrow-band illumination at the Au-NHA EOT resonance to
detect distortions in transmission from plasmonic NHA chip. For accurate image processing, the
biosensor chip is patterned with microarray labels. The CMOS camera displays transmission signal
as an image heatmap enabling digital detection of biomolecules. (D) Left to Right: Au-NHA wafer
with 50 sensor chips robustly fabricated using scalable low-cost techniques. Au-NHAs uniformly
cover the entire plasmonic sensor surface. SEM of a post-patterned chip with microarray marks.
SEM of Au-NHAs (D = 200 nm, P = 600 nm) with a single Au-NP bound in a hole. Side-view SEM of
two neighboring nanoholes with a NP inside one of the nanoholes. (E) I. Simulated transmission
spectrum of Au-NHAs exhibiting EOT peak at 650 nm in air. Il. Biomolecule binding causes
minuscule spectral shifts in peak position. lll. Binding of Au-NPs to the Au-NHA surface results in

strong local suppression of the EOT peak.
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Figure 2. Simulated transmission spectra and electric near-field maps of the Au-NHAs distorted by
Au-NPs. (A) Unit cell of 3 x 3 nanohole array (D = 200 nm, P = 600 nm) used in the FEFD simulations
excited from top with TM mode and using periodic boundary conditions. (B) Au-NP position
dependent EOT transmission spectra of Au-NHAs. The peak suppression increases when Au-NP is
bound inside the NH or close to the NH rim and is minimally affected when placed far from the
NH. (C) Cross-sections of Au-NHA E-field maps at the EOT resonance (650 nm). When Au-NPs are
inside or close to the NH the LSP modes are disturbed strongly, locally suppressing the
transmission. (D) The transmission suppression increases with the NP diameter, saturating at 100
nm.
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Figure 3. Bright-field plasmonic imaging of Au NPs and SEM validation. (A) Reference images of
bare Au-NHAs with alignment microarray labels. (B) Au-NHAs imaged after Au-NPs binding at the
same microarray elements shown in (A). (C) The microarray field contains 2 x 2 arrays of sensing
spots. Color-coded surface plot of transmission intensity spikes caused by NPs formed by
computational alignment and subtraction of (B) from (A) produce an image heatmap. (D) Left:
Extracted plasmonic images of Au-NHA areas. Right: Plasmonic images overlapped with the SEMs
of identical regions with NPs (I) and without NPs (1), zoomed out from (C). The NPs inside NHs are
marked by red circles and NPs outside NHs with yellow circles. (E) Au-NPs inside nanoholes
produce strong intensity changes (1) and can be detected. NPs far from NHs cannot be detected by
plasmonic imaging (2). A fraction of NPs bound close to the NHs rim produces a sufficient intensity
change to be identified by the plasmonic imaging (3). (F) In the experiments statistically 40 % of
NPs are bound inside and 60 % outside of NHs (1000 NPs sample size, verified by SEM). Plasmonic
imaging correctly identifies around 40 % of NPs, while false positive signals are 3 % (sample of 127
NPs).
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Figure 4. Nanoparticle enhanced digital protein detection. (A) lllustration of bBSA sandwich assay.
(B) Different concentrations of bBSA are detected as different densities of NPs are seen on
plasmonic heatmap images. (C) bSBA calibration curve (LOD = 10 pg/ml). (D) Human CRP sandwich
assay. (E) Different concentrations of CRP can be visually distinguished on plasmonic imaging. (F)

Human CRP calibration, (LOD = 27 pg/ml).
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