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Photonic Crystal Enhanced Microscopy on a 2D Photonic

Crystal Surface

Weinan Liu, Siyan Li, Edmond Chow, Seemesh Bhaskar, Ying Fang,

and Brian T. Cunningham

Digital-resolution biosensing based on resonant reflection from photonic
crystals (PC) has demonstrated significant potential for detection of proteomic
and genomic biomarkers in serology, infectious disease diagnostics, and cancer
diagnostics. An important intrinsic characteristic of resonant metamaterial
surfaces is that enhanced electromagnetic fields are not uniformly distributed,
resulting in spatially variable light-matter interactions with nanoparticle

tags that signal the presence of biomarker molecules. In this work, the spatial
uniformity of resonantly enhanced, surface-confined electromagnetic fields of
a 1D PC is compared with a 2D PC with fourfold symmetry. When illuminated
with unpolarized light, the simultaneously excited electromagnetic fields

of transverse electric and transverse magnetic modes of the 2D PC present
equally strong but complementary spatial distribution, leading to a >100%
increased average near-field intensity accompanied with a >50% compressed
standard deviation compared to the 1D PC. Utilizing Photonic Resonator
Absorption Microscopy (PRAM) to experimentally measure the absorption
uniformity of ~80 nm gold nanoparticles distributed upon the PC surface, a
>100% improvement of the signal uniformity is observed when using the 2D
PC. Overall, improvement in AuNP detection contrast, uniformity, and point
spread function is demonstrated by PRAM performed upon a 2D PC surface.

ultrasensitive approach for applications
in life science research and disease
diagnostics.l'!!' Conventional biosensing
techniques, such as surface plasmon res-
onance (SPR) refractive index biosensing
have been widely used in medical diag-
nostics and environmental monitoring.?!
These methods are cost-effective, effi-
ciently robust, and able to provide label-
free detection. However, for applications
requiring extremely low detection lim-
its, for example, single-molecule sensi-
tivity, conventional methods are ineffec-
tual. Compared to conventional biosens-
ing methods, where the generation of
a detectable signal requires gathering
large numbers of target molecules to
a transducer, digital resolution detec-
tion utilizes imaging-based or cytometry-
based sensing platforms to count the
detected analytes via enzymatic ampli-
fication reactions within small-volume
droplets or through detection of nanopar-

1. Introduction

Digital-resolution detection of genomic and proteomic
biomolecules has emerged as a quantitatively accurate and

ticle tags that emit, absorb, or scat-
ter light.3] Common methods such as
droplet digital polymerase chain reaction (ddPCR)* and the
Simoa technology attain high sensitivity while requiring droplet
partitioning of the sample, thermal cycles (for ddPCR), and enzy-
matic amplification, representing complex workflows.[’] Recent
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innovations in microscopy techniques and nanoparticle contrast
agents help overcome these challenges, showing enhanced capa-
bilities for detecting analytes at lower detection limits. Fluores-
cence microscopy techniques, combined with bright fluorescent
nanoparticle tags such as quantum dots and plasmonic fluors!®!
can also provide digital resolution detection of biomolecules,
where photonic metamaterial surfaces, such as photonic crys-
tals (PC), can enhance excitation, photon collection efficiency,
and lifetime to provide enhanced nanoparticle detection con-
trast while using simple, inexpensive, and compact detection
instruments.’]

Employing the strong light-matter interaction of nanopho-
tonic structures in the context of biosensor microscopy has
been demonstrated using SPR imaging microscopy,!®! local-
ized SPR imaging on an array of plasmonic nanorods,!®! plas-
monic metal thin film-based biosensing of significantly en-
hanced fluorescence,>>1° photonic resonator enhanced inter-
ferometric scattering,['!l and absorption microscopy.*!?] By en-
hancing the field intensity close to the analyte through exciting
resonant electromagnetic (EM) modes, the detected signal (in
terms of fluorescent emission photon output, absorption effi-
ciency, or scattered photon output) can be increased by orders
of magnitude. However, when improved sensitivity is induced by
the enhanced near field, the high quality-factor, localized reso-
nant modes always possess a non-uniform distribution of spa-
tially localized EM hotspots, resulting in a position-dependent
signal intensity. This intrinsic issue leads to a broad signal distri-
bution and low detection accuracy where the image processing
algorithm must be precisely tuned to select a signal-screening
threshold that differentiates signals from background noise.[!12]
In other words, nonuniform EM field distribution can result in
some nanoparticle reporters “hiding” in locations with low EM
field, while the nanoparticles fortunate to land in the EM hotspots
are detected with maximal contrast. Inevitably, when nanopar-
ticles are randomly distributed across a metamaterial surface,
there will be a resulting contrast distribution due to the contin-
uum of spatially nonuniform EM field intensities.

In earlier reports, we introduced Photonic Resonator Ab-
sorption Microscopy (PRAM), which employs gold nanoparticle
(AuNP) tags with localized surface plasmon resonance (LSPR)
wavelengths that match the guided mode resonant reflection
wavelength of a PC surface. In PRAM, hybrid coupling between
the AuNP’s LSPR resonance and the PC’s guided mode reso-
nance is used to enhance optical absorption for each surface-
attached AuNP,[!3] leading to a localized reduction in reflected
intensity, easily measured by illuminating the PC with a low-
intensity LED and capturing the back-reflected light with an im-
age sensor. While the initial PRAM used line scanning and spec-
tral imaging, requiring ~30 s to collect each image, we devel-
oped a more cost-effective and portable version (portable-PRAM,
p-PRAM) by eliminating the spectrometer and capturing whole-
frame images.!'”?*®'%] An upgraded automated portable PRAM
(ap-PRAM) was recently introduced, featuring a motorized trans-
lation stage, autofocus, and temporal image collection, facilitat-
ing rapid automatic biomarker detection, extended field-of-view
tiling, and single-molecule kinetic analysis.*] While the portable
versions use scientific-quality steel precision-machined optical
components with a desktop-sized footprint, we recently described
an inexpensive and portable version (PRAM-mini) optimized
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for point-of-care (POC) environments. In the PRAM-mini we
replaced the metal-based precise optical fixtures with an inex-
pensive acrylic sheet as the breadboard, and utilized 3D-printed
plastic fixtures to hold the less expensive optical components to
produce a textbook-size instrument with a component cost of
~$1000.1%) Using PRAM-based detection, several digital resolu-
tion biomolecular assays were developed that utilize AuNP tags
for detection of miRNA, antigens, and antibodies.[**! It is possible
to accelerate assays by utilize magnetic-plasmonic nanoparticle
tags to overcome diffusion limitations.l'®! Overall, PRAM-based
assays using AuNP tags provide sensitive digital-resolution de-
tection of biomolecular targets without the need for sample parti-
tioning into microdroplets or enzymatic amplification, resulting
in simple (1-2 step) assay workflows and <30 min to provide a
result.

In this work, we present a 2D fourfold symmetric PC con-
sisting of ultraviolet (UV)-curable, square-hole epoxy arrays sput-
tered with a Titanium dioxide (TiO,) layer and cured on a glass
substrate. Due to the symmetry, the 2D PC is able to provide
polarization-independent response and when it is illuminated
with dual polarizations (TE + TM) at the resonant wavelength, the
near field magnitudes of both TE and TM resonant modes will be
efficiently enhanced to identical intensity but spatially aligned to
orthogonal directions. Therefore, the distribution of TE and TM
modes presents a complimentary profile. In areas where the near
field is weak for the TE mode, the TM-polarized field is strong
and vice versa, creating a uniform enhancement of the total near
field. Numerical simulations of gold nanoparticle (AuNP) absorp-
tion cross section for 50 randomly distributed positions on the
PC show that the signal’s standard deviation (measure of error)
of PRAM is reduced by 32% compared to the 1D PC counter-
part. In PRAM, interfacing the plasmonic AuNPs by a biomolec-
ular interaction pull-down mechanism assists in generation of
the hotspots between the plasmonic AuNPs and the dielectric PC
substrate. The resonant coupling at the interface results in re-
duced reflection intensity at the location of the surface-attached
AuNPs, enabling digital counting of the captured molecules.
We fabricated the 2D PC using a cost-effective replica molding
method and experimentally measured polarization-independent
reflection with the sample. Finally, we demonstrate enhanced
image contrast (150%), signal robustness, and improved point
spread function (2/3 smaller in size) than the 1D PC counter-
part. Our work demonstrates more accurate, reliable, and high
contrast detection of AuNPs for PRAM-based assays when per-
formed upon a 2D PC surface.

2. Results and Discussion

2.1. Uniform Near-Field Enhancement of a 2D PC

The 2D PC consists of UV-curable epoxy 2D square-hole ar-
rays that are replica molded and coated with TiO,, cured onto
a glass substrate, as illustrated in Figure la. The period, duty
cycle, hole depth, and TiO, thickness are designed to provide
a high efficiency resonant reflection at a wavelength close to
625 nm (see the design strategy in Figure S1, Supporting Infor-
mation). Figure 1le shows a schematic illustration of the 1D PC,
for which the structural and material information has been pre-
viously reported.['?2] By approximating the grating to a pure slab
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Figure 1. Uniform near-field enhancement by polarization-independent 2D photonic crystal (PC). a) Schematic illustration of the 2D PC. The structure is
a nanopatterned UV-curable epoxy layer coated with high-index Titanium dioxide (TiO,) and cured on a glass substrate. The design parameters include
the period A = 396 nm, radius of inner and outer holes: r; = 0.3 A and r, = 0.325 A, hole depth: t; = 80 nm, coating thickness: t, = 95 nm. Light is
incident from below. b—d) Simulated near-field enhancement on the top of the 2D PC for transverse magnetic (TM), transverse electric (TE), and TM +
TE hybrid polarizations at resonant wavelength. The xz-plane is defined as the plane of incidence hence the electric field is aligned with the x-axis for TM
polarization. e) Schematic of the 1D PC. Corresponding geometric parameters can be found in ref. [12a] f,g) Sampled near-field enhancement on the top
of the 1D PC for TM, TE, and TM + TE hybrid polarizations at resonant wavelength. i,j) Numerically calculated reflectivity of 2D and 1D PCs respectively
for TM and TE polarizations from 600 to 660 nm. The TM and TE spectra of 2D PC are completely overlapped and they both present a resonant peak at
624.5 nm for 2D PC, whereas only the TM-polarized spectra of 1D PC shows a resonant peak at 625 nm. k) Statistical histogram of the surface-sampled
near-field enhancement. The blue bars represent the data from the 2D PC (mean: 16.76 V m~, standard deviation (STD): 2.70 V m~") while the red bars
represent the data from the 1D PC (mean: 8.24 V. m~', STD: 2.04 V m™).

i=1,2,3,...1is the mode order, r = x,y indicates the x or y com-
ponent, m,n are the grating diffraction order along x,y- axes, 4
is the wavelength, 6, is the incident angle along r-axis, A is the
grating period, d is the waveguide thickness, n,, n,, n, are the
e 1 refractive index of the water, TiO,, epoxy, respectively. By solv-

nii (nlyi 4l 3i,) (TM) (1) ing Equations (1) and (2) we can get the resonance wavelength
(AL A for certain waveguide thickness d. For 1D PC, only x compo-
nent needs to be calculated (no periodicity along y direction).

where Under normal incidence, the transverse propagation constant
B, becomes zero (0, = 0, p, > 0), hence Equation (1) for 1D

waveguide, the equation describing the coupling between a slab
waveguide with a diffraction grating can be expressed as:('’]

2

tan (x;,d) = 2t%) ()

tan (k;,d) =
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and 2D PCs share the same formula. This observation inspired
us to use geometric parameters similar to 1D PC to design a
2D PC resonates at 625 nm. The resonant near field of the PC
(Figure 1b—d,f-h) is investigated by sampling the electric field
(30 000 equally distributed sampling points) on the top surface
of the TiO, layer, and the field distribution is numerically cal-
culated by the rigorous coupled-wave analysis (RCWA) software
S4.018]
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Figure 1b—d shows the sampled electric field (total field, |E| =
v/ E2+ E§ + E2, same as below) under TM, TE, and TM + TE (cir-

cular or 45-degree linearly polarized, simulated under the con-
dition where the phase difference between TM and TE polar-
ization is 90 degrees and 0 degrees, respectively) polarized nor-
mal incidence of 2D PC, respectively; Figure 1f-h indicates the
sampled electric field of corresponding illumination for thelD
PC. A global color bar is used to allow direct comparison of
the electric field distributions across different scenarios, where
the uniform near-field enhancement can be clearly observed
from the TM + TE hybrid illuminated 2D PC. Sampled elec-
tric fields with individual color bars are available in the Sup-
porting Information (Figure S3, Supporting Information). The
plane of incidence is defined as the xz-plane, hence the TM-
polarized light has its electric field vector oriented along the x-
axis, and TE-polarized light oriented along the y-axis. We ob-
serve that both PC designs present efficient near-field enhance-
ment (|]_§ |/ |E7| > 1, where E; is the incident electric field) at the
on-resonant illumination condition. The 2D PC demonstrates
an identical-shape mode profile near the surface for both TE-
and TM-polarizations except the TE mode is the 90-degree ro-
tated version of TM mode, which is due to the 2D PC’s four-
fold symmetric structure. Note that for TE polarization, there
is no near-field enhancement for the 1D PC because the reso-
nant condition is not satisfied. One notable observation is that
when both PCs are illuminated with TM + TE hybrid incidence,
since TE and TM modes are orthogonal, the total field distri-
bution is the superimposition of both TE and TM mode pro-
files. Thus, the near-field enhancement of the 2D PC is inten-
sified and shows a uniform distribution since the weak-field ar-
eas emerging in Figure 1b,c are added by the strong field com-
ponent of the orthogonal polarization. The near-field enhance-
ment for the hybrid-illuminated 1D PC, however, exhibits an
intensity close to that of TM illumination due to weak exci-
tation of TE modes. The similarities of TM mode profile for
the 1D and 2D PCs are investigated in Figure S2 (Supporting
Information).

The reflection spectra for normal incidence of the 2D and
1D PCs are calculated by RCWA, as shown in Figure 1Lj, re-
spectively. The reflection spectra indicate the presence of asym-
metric Fano resonance due to the coupling between the guided
modes and the free-space propagating modes scattered off the
PCs. Notice that the resonance quality factor for the 2D PC
(Q = 631) is higher than that for the 1D PC (Q = 431), so in
the 2D PC the interaction between the discrete guided modes
and the continuum propagating modes becomes more promi-
nent, enhancing the asymmetry associated with the Fano ef-
fect (Figure 1i)."] The polarization-independent reflection spec-
trum of the 2D PC enables resonance excitation with any polar-
ization. In contrast, the 1D PC only permits resonance induc-
tion at a wavelength of 625 nm with TM-polarized light. Note
that the full width at the half maximum (FWHM) of the spec-
trum of the 2D PC is designed to match that of the 1D PC.
The statistical histogram of the sampled electric-field enhance-
ment of TM + TE hybrid illumination on the TiO, surface is
shown in Figure 1k. The average near-field enhancement fac-
tor (ITEI/lf(;I) is observed to increase from 8.24 to 16.76, repre-
senting an improvement of 103%. The relative standard devia-
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tion, STD,, is used as the factor to evaluate the uniformity of the
data:

STD, (E) = STD (E)/ Mean (E) 3)

where the STD(E) and the Mean(E) are the standard deviation
and the average of the sampled electric field, respectively, and
smaller STD, indicates better uniformity. The calculated STD, (E)
for the 1D PC is 0.25, whereas for the 2D PC the value is 0.16.
Compared to the 1D PC, the 2D design demonstrates a 56% im-
provement of the near-field uniformity.

2.2. 50-Point Measurement of AuNP Absorption Cross Section

PRAM is a digital resolution biosensing technique, which en-
ables direct observation of single AuNPs by intensifying their ab-
sorption cross section o

Oaps = 1/10/// Qdv 4)

where I, is the incident intensity, Q is the power loss density in
the AuNP, and the integral is taken over its volume. This boost of
0 18 achieved by spectrally aligning the LSPR of the AuNP with
the resonant reflection wavelength of the PC. Upon illumination
under appropriate resonant conditions, the excited modes in the
PC couple with the LSPR of surface-linked plasmonic AuNPs
generating intense dielectric-metal hotspots.

Here, we present a finite element method (FEM) simulation
(COMSOL Multiphysics)!?! of the AuNP’s absorption cross sec-
tion (hybrid illumination for 2D PC and TM-polarized illumina-
tion for 1D PC), where we placed a AuNP at 50 randomly chosen
locations on the surface of the PCs to compare the uniformity
of the PRAM signal they provide by calculating the relative stan-
dard deviation of o, as shown in Figure 2. Figure 2a,b shows
the top view of the unit cell of the 1D and 2D PCs, respectively.
The red dots indicate the positions of the single AuNP placed
at random (x,y) locations in the simulation, selected by the ran-
dom number generator function of MATLAB. Since the AuNP
occupies space, there are certain areas that the AuNP (red dot)
cannot appear — such as regions where the distance to the wall
is less than 40 nm within the groove/hole, shown as the shaded
region inside the groove/hole of the two PCs. A two-step simu-
lation was implemented where we first computed a background
field from the plane wave incident on the PC, which we used to
calculate the total field with the AuNP present. Figure 2¢,d are
the normalized histograms of the 50-point simulated o ,,,. The
calculated relative standard deviation is 46.29% and 35.06% re-
spectively, which demonstrates a 32% improvement of the uni-
formity for the 2D PC. The reduced enhancement of uniformity
compared to the result of near-field calculation (56%) is reason-
able since the AuNP is not an infinitely small point and the en-
hanced near field it couples with has a specific area, or represents
an effectively averaged field, which leads to a marginal improve-
ment in uniformity. As two representative samples, Figure 2e-h
separately show the simulated total near field (after the second
simulation step) and the spectral absorption cross section for 1D
and 2D PCs for a AuNP placed in the center of the groove/hole.
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Figure 2. 50-point simulation for the uniformity enhancement of AuNP absorption. a,b) Top-view illustration of the unit cell for 1D (a) and 2D PC
(b) (not to scale). The red dots are the positions of the AuNP set in the simulation software, whose coordinates were generated by a MATLAB script. c,d)
Normalized histogram of the AuNP absorption cross section of 1D, 2D PC. The mean ¢, is 0.82 um? and 1.52 um? and the standard deviation is 0.38
pm? and 0.53 um? for 1D and 2D PC respectively. Therefore, the relative standard deviations (STD,) are 46.29% and 36.06%. The simulation shows that
the 2D PC demonstrates an 85% enhancement of the averaged ¢, and a 32% of the uniformity over the 1D counterpart. For example Finite element
method (FEM) simulation calculated total electric field within one unit cell of a AuNP presenting in the center of the groove/hole of the 1D/2D PC with

normal incidence at the resonant wavelength. f,h) Spectral absorption cross section calculated by FEM simulation for the AuNP set in (e) and (g).

The line shape of the spectral 6,,, in Figure 2f,h shows a single
peak at wavelength of 625 nm, where the EM near field is at its
maximum.

2.3. Fabrication and Characterization

Numerous nano-fabrication techniques have been developed for
PC fabrication including focused-ion beam (FIB) etching,[?!) di-
rect UV laser writing,[??] electron beam lithography (EBL),[?*] X-
ray lithography.[>*) However, biosensing for POC detection appli-
cations must circumvent expensive and sophisticated fabrication
devices, trained personnel, and long-turn processing, an efficient
and cost-effective replica molding method is hence preferred for
the 2D PC fabrication. There are two steps included in the replica
molding: 1) a mold, which has an opposite profile to the structure
we want to make is fabricated with a both physically and chem-
ically robust material. We patterned the mold on a silicon sub-
strate by EBL followed with inductive coupled plasma (ICP) etch-
ing of the silicon to generate the profile for the mold. 2) use the
mold as a template to reproduce multiple nano-structure replicas
in a polymer material. Figure 3a—e shows the step-by-step work-
flow of the replica molding method. A 5uL UV-curable epoxy
droplet was cast on the silicon mold (Figure 3a) and covered by a
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coverslip (Figure 3b), followed by a 40 sec exposure under a 500 W
UV lamp (Xenon RC-600, Figure 3c). The cured replica was gen-
tly lifted from the silicon mold (Figure 3d) and then deposited
with a layer of TiO, (80-nm thickness) using a reactive radio fre-
quency (RF) sputtering system (Kurt Lesker PVD 75, Figure 3e).
Figure 3f,g are the scanning electron microscope (SEM) images
of the EBL + ICP fabricated silicon mold. Figure 3h,i are the SEM
images of the replica molded 2D PC. They all showed good con-
sistency with our design, where the period and the filling factor
were observed to be uniform across the patterned area. Charac-
terization of the 2D PC via atomic force microscope (AFM) can
be found in the (Figure S5, Supporting Information). Figure 3j
shows a photo of the fabricated 2D PC.

The transmission spectrum of the PC was measured on a
home-built optical setup, as shown in Figure 3k. The 2D PC was
mounted on a rotation stage. Linearly polarized white light from
a tungsten halogen lamp (Ocean Optics LS-1) collimated by two
lenses (lensl: f=5 mm, lens 2: f= 30 mm) was incident onto
the PC surface (illumination area ~ 25 mm?). The zero-order
transmitted light was collected by a fiber collimating lens and
guided by an optical fiber into a spectrometer (Ocean Optics USB
2000). By rotating the polarizer, we measured the transmission
spectra for both TE and TM polarization. Since the PC is com-
prised only of dielectric materials without loss, we simply use
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Figure 3. Cost-effective 2D PC fabrication and experimental setup of spectrum measurement. a) Silicon mold fabricated via a combination of electron
beam lithography (EBL) and inductive coupled plasma (ICP) etching techniques. b) Placing a glass microscope slide over the epoxy drop-cast silicon
mold. c) Ultraviolet (UV)-curing the epoxy to generate 2D hole array. d) Gently lifting the mold up. The cured epoxy is left on the glass slide. e) Sputtering
an 80 nm thick TiO, layer on the sample by the reactive radio frequency sputtering system. f,g) Top view of the 11k- and 45k-fold magnified scanning
electron microscope (SEM) images of the silicon mold. h,i) Top view of the 11k- and 45k-fold magnified SEM images of the 2D PC. j) 2D PC (the region
reflecting green light) fabricated on a glass slide, holding on a tweezer. k) Homemade transmission optical setup to measure the spectrum of PC in air.
P: polarizer. L1: lens 1. L2: lens 2. AP: aperture. PC: photonic crystal. SP: spectrometer. |) Measured reflectivity for TM- and TE-polarized light incident

on the 2D PC sample.

R = 100% — T to calculate the reflectivity, where R is the re-
flectivity and T is the transmission. The measured reflectivity is
shown in Figure 31, where we observed a highly reflective peak
and a good overlap of TE and TM polarizations, indicating the ex-
citation of a polarization-independent resonance as expected for
a fourfold symmetric PC nanostructure. Note the transmission
measurement was performed with the PC surface exposed to air,
thus the peak of the resonance is located near 602 nm. When the
PC surface is covered with water, the peak wavelength shifts to
624 nm (Figure S6, Supporting Information).

2.4. PRAM-Based Detection of Surface-Captured AuNPs Using
an Antibody-Antigen Binding Interaction

To compare the performance of the 1D and 2D PCs through
capture and imaging of a moderately high density of immobi-
lized AuNP tags and PRAM-based detection, we performed a
pull-down assay based upon immobilization of an antigen on
the PC biosensor to capture AuNPs prepared with immobilized
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antibody. The approach used in this work is adapted from a
blocking biosensor assay in a previous report’! using the ap-
PRAM instrument!?®! (Figure S7, Supporting Information) for
detection of SARS-CoV-2 antibody. Here, our goal is not to per-
form an assay, but rather to capture many AuNPs on the PC sur-
face with biomolecular bonds, so we may compare the PRAM-
imaged AuNP features when the assay is performed with 1D
and 2D PCs. In a blocking biosensor assay, the SARS-CoV-2 N
protein is first immobilized on the surface of 1D and 2D PCs
as the target antigen. To block any remaining binding sites on
the PC surface, the Power Block reagent (Thermo Fisher) is ap-
plied next. After a wash step to remove free blocking reagent,
the test sample containing anti-SARS-CoV-2 antibodies is intro-
duced into each sensing region, followed by incubation at 37 °C
for 60 min with gentle agitation to maximize antigen-antibody
binding efficiency. In the second step, a solution of monoclonal
antibody (mAb)-conjugated AuNPs targeting the SARS-CoV-2 N
protein is added to each reaction and incubated at room temper-
ature for 15 min. The 15-min incubation time is optimized for
distinguishing infected and uninfected serum samples obtained
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Figure 4. Performance of 1D versus 2D PCin the blocking assay for capture of antibody-linked AuNPs to an antigen-linked PC surface. a) Flowchart for the
blocking assay. 1) Coating the SARS-CoV-2 nucleocapsid (N) protein and the Power Block on the PC surface. 2) Introducing AuNPs-PEG-mAb conjugates
into the sensing area. The AuNP conjugate binds to the viral antigen proteins immobilized on the PC surface. PEG: Polyethylene Glycol. b,e) ap-PRAM
images of the blocking assay. The images are processed by Tophat filtering to remove the uneven background for better visualization. The size of bound
AuNP in 2D ap-PRAM is obviously smaller than they are in 1D ap-PRAM c,f) AuNP mask (red dots) recognized by our image processing algorithm.
d,g) Digitalized representation of the counted AuNPs. These identical blue circles are centered at the centroid of each dark spot in the ap-PRAM image.
h—j) Normalized histogram of the signal contrast, spot eccentricity, spot area, for the 1D and 2D ap-PRAM images, respectively.

from clinical cases. Extending the assay time beyond this point
did not significantly enhance the detection limit and, instead, led
to increased background signals that could hinder assay sensitiv-
ity and specificity. The mAb-conjugated AuNPs selectively bind
only to N proteins on the PC surface that have not interacted with
antibodies in the test sample, as binding sites on antigens occu-
pied by test sample’s antibodies prevent further interaction with
the mAb-conjugated AuNPs. The blocking biosensor assay is con-
sidered as an “inverse” assay, in which greater concentration of
the analyte results in fewer AuNPs attached to the biosensor sur-
face at the conclusion of the assay protocol, and thus the greatest
AuNP density is obtained for a negative sample that contains no
analyte. We intentionally selected this type of assay for compari-
son of AuNP features in PRAM images between 1D and 2D PCs
because a large number uniformly distributed AuNPs is ensured.
Here, we perform the assay only in the negative control condition
(with no antibody in the test sample) to ensure that many AuNPs
are linked to the PC surface by antibody-antigen bonds.

Adv. Mater. Technol. 2025, 2401837 2401837 (7 of 11)

The blocking biosensor assay incorporates anti-SARS-CoV-2
N mAb and purified SARS-CoV-2 N protein to detect species-
nonspecific antibody generation across SARS-CoV-2 infected an-
imals and human beings.””) Figure 4a shows a schematic illus-
tration of the immunoassay. 1) the 1D and 2D PCs were coated
with 10 uL of nucleocapsid (N) protein (8 ug mL~!) and incubated
overnight at 4 °C. Following this, each sensing region received
20 pL of 1x Power Block (Thermo Fisher) and was incubated at
37 °C for 1 h to effectively minimize nonspecific binding of
AuNPs during the assay. The PCs were then washed three times
with 1x phosphate buffered saline with Tween (PBST). Polyethy-
lene Glycol (PEG) was used to conjugate the AuNP and the
mAb. To ensure homogeneity, the AuNPs-PEG-mAb conjugate
was sonicated for 10 s and assessed for aggregate absence us-
ing dynamic light scattering (DLS). 2) The prepared PC is placed
onto the sample-holding stage of the ap-PRAM instrument. The
wash reagent was then removed using a pipette. Subsequently,
10 pL of AuNPs-PEG-mAb conjugates were introduced into the
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sensing area. The reaction mixture was allowed to incubate for
15 min. Following this incubation, the PCs were illuminated at
normal incidence by a red LED (M617F2, Thorlabs, center wave-
length: 625 nm), and the reflected image of the PC was captured
by the instrument’s image sensor, where each AuNP on the PC
was displayed as a location with lower intensity in the image. To
optimize performance, the light incident on 1D and 2D PCs is
TM and TE + TM hybrid polarized by rotating the polarizers’ an-
gle to 0 and 45 degree, respectively. This procedure was system-
atically repeated at three different locations on both 1D and 2D
PCs, with each sample analyzed at least twice to ensure reliability
and reproducibility of the results.

Figure 4b,e shows a representative region of one of the ap-
PRAM images (field-of-view (FOV): 102 pm x 102 um) of the
assay using 1D and 2D PCs, respectively. Figure 4c,f separately
show how the image processing algorithm produced mask of
Figure 4b,e, which mark the pixels belonging to the dark spots
generated by the AuNP binding. A digitized representation of the
ap-PRAM images (Figure 4b,e) is shown in Figure 4d,g, where
identical blue rings/circles are employed to replace the dark spots
of the original ap-PRAM image and are placed at the centroid
of each recognized mask to provide an abstract and concise vi-
sualization of the detected AuNPs. Details of the image pro-
cessing algorithm can be found in the (Figure S8, Supporting
Information).

To demonstrate the performance of the 1D and 2D PCs used in
the assays, we developed an image processing algorithm to ana-
lyze the contrast, eccentricity, and area of the dark spots observed
in the ap-PRAM images. First, the algorithm calculates the aver-
age pixel intensity within the detected mask of each AuNP spot [
(i=1,2,3, ..., n,nisthe number of detected AuNPs). Next, the
algorithm uses a Tophat filter to produce the background with
no AuNP present. The mean intensity of the background I, is
calculated using all the pixels in the Tophat-filtered image. Then,
the contrast of the ith spot is computed by Contrast; = I, — I.
The three-position contrast histogram of all the AuNP spots ap-
pearing in the ap-PRAM images of 1D and 2D PCs is shown in
Figure 4h. The top panel reflects the contrast calculated with the
1D PC while the bottom represents the 2D PC’s outcome. Due
to the spatially nonuniform illumination from the LED (great-
est intensity occurs in the center of the image) and the moder-
ate contrast of 1D ap-PRAM image, there are some spots whose
gray scale intensity is larger than the average of the background,
resulting in instances of negative contrast in the 1D PC’s con-
trast histogram. The Tophat algorithm is thus used to remove the
uneven illumination background to improve the AuNP counting
accuracy. For the 1D PC, the 1D-1, 2, 3 data include 580, 642,
707 counted AuNPs, while the 2D-1, 2, 3 data contain 589, 915,
1633 counted AuNPs, respectively. The histogram is normalized
according to this number of AuNPs. To analyze the correlation of
the three data sets, we calculated the Pearson correlation coeffi-
cient according to:

n
Nl1 2<Mi ﬂM)(Ni ﬂN) )
- Om On

i=1

p (M,N) =

where p,, and o, are the mean and standard deviation of M, re-
spectively, and py and o are the mean and standard deviation
of N. The calculated Pearson coefficient for the contrast correla-
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tion between 1D-1 and 1D-2, 1D-2 and 1D-3, 1D-3 and 1D-1 are
0.84, 0.92, 0.87, and the Pearson coefficient for 2D-1 and 2D-2,
2D-2 and 2D-3, 2D-3 and 2D-1 are 0.86, 0.98, 0.84, respectively,
which are all close to 1, demonstrating good reproducibility and
repeatability. The measured contrast of the AuNP spots on 1D PC
is: 0.12 + 0.090, on 2D PC is 0.30 = 0.085 (normalized gray-scale
range), indicating a 150% enhancement of signal contrast and a
165% improvement of contrast uniformity (comparing the STD,:
% % = 265%) for 2D over 1D PC. The 150% contrast boost
is close to the calculated enhancement of the near field. However,
the experimentally measured uniformity improvement is signif-
icantly greater than the simulation outcome. This is the result
of the uneven background illumination and the weak near-field
enhancing capability of 1D PC where some spots are observed
to have negative contrast, which leads to a small mean contrast
with the same order-of-magnitude standard deviation, resulting
in a sizeable STD,.

In addition to the characterization of the contrast, we also
examined the eccentricity of the AuNP-generated dark spots
from 1D and 2D ap-PRAM images. The eccentricity of every
connected component (the detected mask of each AuNP spot)
E(i=1,2,3,...,n) was extracted and plotted as a histogram
shown in Figure 4i. The data sets present interesting correlations.
The average of eccentricity for AuNPs in 1D PC is 0.72, while
the average of 2D PC is 0.58, which means the spot obtained in
2D PC ap-PRAM has better roundness compared to the 1D PC.
This is a specifically meaningful improvement for imaging-based
biosensing since the image processing algorithm always requires
some pre-knowledge of the signal to enumerate them, a higher
standard of circularity enables the algorithm to screen out non-
signal objects (artifacts, scratches and so on) that usually appear
as a non-circular shape.

Finally, we compared the size of the AuNP-generated spots be-
tween the 1D and 2D ap-PRAM and plotted their normalized
histogram in Figure 4j. Although the actual size of the AuNPs
is ~#80 nm diameter in all cases, the observed dark spots in the
PRAM images are determined by the point spread function (PSF)
of the instrument, combined with the spatial characteristics of
the PC reflected resonance quenching when the AuNP absorbs
energy within the PC’s evanescent field. It is evident that the size
of the AuNP-generated features on the 2D PC are smaller com-
pared to the 1D PC, as shown in Figure 4e. Note that the algo-
rithm employs the upper and lower limit of the area (120-300
pixels for 2D, 50-100 pixels for 1D) as the cut-off size threshold
to accurately recognize the AuNPs from other non-nanoparticle
features, this is the reason why there are two steep boundaries
in these histograms. The overall spatial extent of the detected
AuNPs upon the 2D PC is 1/3 of the 1D PC. Since the diame-
ter of the AuNPs are much smaller than the wavelength, the dark
spots in ap-PRAM image represent their PSF. In microscopy the-
ory, smaller PSF indicates that the blurriness surrounding the
point is suppressed, resulting in enhanced resolution within the
imaging system, corresponding to a sharper image. Therefore,
utilizing the 2D PC, the PSF of AuNPs observed by PRAM are
substantially refined. Though the limit of detection (LoD) of 2D
PC-based blocking assays will not be drastically improved by a
finer PSF because the LoD is mainly affected by the noise coming
from nonspecific binding, we anticipate that the elevated AuNP
imaging resolution will assist in more accurate AuNP binding
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Table 1. Comparison of SARS-CoV-2 detection techniques.
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Refs. Biosensor Biomarker Digital-resolution Assay duration

Ref. [30] 2D PC SARS-CoV-2 spike protein No <15 min

Ref. [31] 1D PC anti-SARS CoV-2 antibodies No 10 min

Ref. [32] 2D PC SARS-CoV-2 spike protein No N/A (computational study)
Ref. [33] Digital FLISA? Nucleocapsid protein Yes >60 min

Ref. [34] Indirect ELISAP) 1gG, IgM, and IgA No >75 min

antibodies
Blocking Assay 2D PC surface (this work) SARS-CoV-2 mAb Yes 15 min

% ELISA: Fluorescence-linked immunosorbent assay; b

reporting (enhanced selectivity) to enable differentiation of sam-
ples with similar concentrations, or to reduce the time needed
for detection. Table 1 shows the comparison of the blocking assay
used in this work with other similar SARS-CoV-2 protein detec-
tion techniques.

3. Conclusion and Outlook

We designed, fabricated, and characterized a fourfold symmet-
ric 2D PC to serve as a substrate surface for detection of AuNPs
by PRAM. When the device is illuminated by TE + TM-hybrid
polarization, the excited dual-resonant EM modes create a uni-
formly enhanced near-field profile, significantly improving the
consistency of the light-matter interaction across the surface-
exposed positions upon which AuNPs are randomly distributed
during PRAM-based digital resolution biosensing assays. Nu-
merical simulation and experimental detection show that utiliz-
ing the 2D PC within the PRAM biosensing instrument pro-
vides a substantial enhancement to the uniformity, signal-to-
background intensity (contrast) and PSF compared to the uni-
axial 1D PC counterpart. Further, the 2D PC was fabricated by an
efficient and cost-effective replica molding technique, enabling
high-throughput and inexpensive manufacturing for POC detec-
tion scenarios. 3D PC is able to provide even more design degree
of freedom, however, in terms of POC biosensing features such
as compactness, weight, fabrication difficulty and cost, surface
photonic devices (1D and 2D PCs) currently demonstrate more
advantages over the 3D PC.

Digital resolution biosensing is a rising technology that is
highly promising for next-generation healthcare monitoring.
Current challenges about digital resolution biosensing include
excessive manufacturing cost and complex biosensing mecha-
nisms induced inferior robustness and accuracy. In a previous
report,['2l we demonstrated a miniature, low-cost (%$500 USD)
version of the PRAM instrument and the cost for each assay was
~$2.5 USD. With significant performance enhancement, we ex-
pect that the 2D PC can improve the robustness and accuracy
of digital resolution biosensing assays that use AuNPs as tags
for individual biomolecules, detected with the compact and inex-
pensive PRAM instrument. In addition, the presented 2D PC can
be an ideal substrate for surface-enhanced Raman spectroscopy
(SERS) and surface plasmon-coupled emission (SPCE)/photonic
crystal-coupled emission (PCCE) applications. 28]

Further, it is important to elaborate on the highlight of this
work from the perspective of metasurface design and applica-
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ELISA: Enzyme linked immunosorbent assay.

tion. The hole arrays in our structure that comprise the 2D
PC, when integrated with plasmonic antennas, help concen-
trate the electromagnetic (EM) fields into the nanoregimes be-
tween the PC and the plasmonic nanoantennas, in the so-called
“hotspots”, thereby significantly improving sensitivity. While the
nanoparticle-on-a-mirror (NPoM) configuration has been studied
for several decades, they predominantly rely on the plasmonic
NPs over the plasmonic thin films. On account of the lossy na-
ture of the plasmonic substrates, the PCs have been widely used
in sensor development. Moreover, the PCs render the possibil-
ity to tune the resonant wavelength to the desired region of the
visible spectrum vis-a-vis nearly fixed plasma frequency of plas-
monic substrates. Recently, metallo-dielectric hybrid interfaces
are gaining importance on account of their ability to generate in-
tense field confinement and enhancement as compared to metal-
metal or dielectric-dielectric counterparts. Moreover, the period-
icity and arrangement of the holes in 2D PCs of the underly-
ing all-dielectric PC present the quintessential field distribution,
while the precise positioning of the plasmonic antennas over the
hole arrays enables deterministic, position-dependent sensing.
This approach provides control over the localized field enhance-
ment, improving the resolution and sensitivity of the sensor pro-
posed in this work. We believe that the ability to tune sensor
responses by adjusting the antenna positions offers a novel ap-
proach for highly sensitive, position-dependent detection, which
is valuable for applications in chemical and biosensing. Overall,
we envision this approach to be suitable for simple, rapid, and
sensitive assays for a variety of biomolecular target analytes us-
ing inexpensively manufactured sensors and instruments.

4. Experimental Section

Fabrication of the Photonic Crystal Mold: Electron beam lithography
(EBL) was used to pattern the mold template on a silicon wafer. The de-
tailed fabrication procedure is as follows: The silicon (Si) template, featur-
ing an 8 x 8 mm? array composed of 260 nm diameter disks with a pitch
of 396 nm, was fabricated via a combination of EBL and inductive cou-
pled plasma (ICP) etching techniques. Initially, a 200 nm layer of maN2410
negative EBL resist was spun onto a silicon substrate. Subsequently, expo-
sure was carried out utilizing a 20 nA beam current with the Elionix 150 kV
EBL system (ELS-G150), employing a single pixel exposure strategy with
a defocused beam at a dose of 900000 uC cm~2 to expedite the exposure
process. Following exposure, the Si template underwent development in
ma-D532 developer for 90 s, followed by a 2-min rinse in deionized (DI)
water. The maN2410 resist layer (200 nm) served as the etching mask
for the subsequent ICP etching step, facilitating the etching of 80 nm of
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silicon. The etching process utilizes SFg and CHF; gases at a pressure
of 5mT with 600 W ICP power. Post-etching: the silicon template under-
went cleaning in NMP solution at 80 °C for 30 min, followed by a brief O,
plasma descum process to remove any residual maN resist.

AFM Analysis:  All AFM data was collected using an Asylum Research
MFP-3D AFM instrument, and the analysis was performed using freely
available Gwyddion software. The median of differences flattening was
adopted.

Preparation and Functionalization of the PC: The process begins by
immersing the PC in a glass jar filled with acetone and sonicating it for
2 min. This step is repeated with isopropyl alcohol (IPA) and Milli-Q water
for thorough cleaning. The PC is then dried under a nitrogen stream and
placed in a 60 °C oven to remove any residual moisture. Surface activation
is performed using an oxygen plasma generator at 100% power for 10 min.
A 5% solution of 3-Aminopropyltriethoxysilane (APTES, Sigma-Aldrich) is
prepared by mixing 47.5 mL of tetrahydrofuran (THF, Sigma-Aldrich) with
2.5 mL of APTES. The activated PC is then immersed in this APTES solu-
tion and incubated for 1 h on a shaker at 600 rpm and room temperature.
After incubation, the APTES solution is discarded, and the PC is cleaned
again using THF, acetone, ethanol, and Milli-Q water in a sonication pro-
cess. Finally, the PC is dried, wrapped in aluminum foil to shield it from
light, and stored in a desiccator for up to one month, ensuring it is pre-
pared for future functionalization and assays.

Preparation of Antigen and Monoclonal Antibody: The N antigen was
produced and purified following the methods outlined in our previous
study.?72] The purified protein was dialyzed in 1x phosphate-buffered
saline (PBS) at 4 °C and subsequently concentrated using polyethylene
glycol 8000 (Thermo Fisher Scientific, Waltham, MA). The SARS-CoV-2 N
protein-specific monoclonal antibody #127-3 was also developed in our
prior research.[?°]

Synthesis of Spiky Core—Shell AuNP: A two-step growth method is used
for synthesizing the spiky core-shell gold nanoparticles (AuNPs). 25 pL of
a commercially available 20 nm nanoparticle seed solution (Cytodiagnos-
tics, 3 M) was first incubated in 600 uL of a 20 mm sodium citrate solution
for 30 min with moderate shaking. Following this, the nanoparticles were
washed three times by centrifugation at 20000 g and then redispersed in
2 mL of a 6 mm sodium citrate solution (Sigma-Aldrich). Next, 4 mL of a
0.5 mm HAuCl solution (Sigma-Aldrich) was brought to a boil, and 2 mL of
the nanoparticle seed solution was quickly added while stirring vigorously
at 700 rpm. The mixture reacted for 10 min at boiling temperature, dur-
ing which the solution changed color from brown to burgundy. Deionized
water was added as needed to maintain a consistent volume. The solu-
tion was then cooled while stirring for an additional 10 min, followed by
three rounds of centrifugation at 4000 g. The resulting smooth spherical
core-shell AuNPs were resuspended in 1.5 mL of a 2 mm sodium citrate
solution to serve as seeds for the next step. For the growth of the spiky gold
coating, a mixture was prepared with 5 mL of 0.25 mm HAuCI, 65 uL of the
NP seeds (absorbance at 535 nm =3.0), and 11 uL of 1% (w/v) sodium cit-
rate, all stirred vigorously. Next, 500 uL of a 30 mm hydroquinone solution
(Sigma-Aldrich) was quickly injected to initiate the reaction. The growth
solution was allowed to react for 30 min at room temperature while stir-
ring consistently at 700 rpm, during which the solution transitioned from
pink to blue. The resulting spiky AuNP solution was washed three times
at 1000 g and resuspended in a 0.1% (w/v) Pluronic F-127 solution for
long-term storage.

Anti-N mAb-AuNP Conjugation:  First, a fresh aliquot of SH-PEG-NHS
(MW 5000, JenKem Technology, Plano, TX, USA) is diluted in Milli-Q water
to a final concentration of 4 um. Next, 20 pg of the anti-SARS-CoV-2 N mAb
is gently mixed with the SH-PEG-NHS solution at room temperature, us-
ing a pipette to ensure thorough mixing without vigorous agitation. This
mixture is then incubated on a shaker at 900 rpm for 2 h to facilitate the
conjugation of SH-PEG to the mAb. After conjugation, the mixture is fil-
tered using a MilliporeSigma Amicon Ultra-0.3 Centrifugal Filter Unit to
remove any unbound PEG, performed at 4 °C to maintain the integrity of
the proteins and linker. The concentrated SH-PEG-mAb conjugate is re-
covered and quickly combined with AuNPs in a non-stick microcentrifuge
tube, avoiding vortexing to protect the delicate conjugates. The AuNPs and
SH-PEG-mAb are incubated overnight at 4 °C to promote efficient binding
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of the mAb to the AuNPs. Following incubation, the conjugates undergo
DLS analysis to confirm an increase in particle size, indicating successful
conjugation. The solution is then stabilized by adding filtered 2% BSA and
incubated further to ensure complete coating of the conjugates. Excess
mAbs are removed by centrifugation at 1000 rcf for 5 min, and the conju-
gates are resuspended in a 10% PBST (Pierce) solution for final storage at
4 °C, where they remain stable for up to one week.

Statistical Analysis: The statistical analysis of experimental data was
performed by using Matlab (version R2021b, MathWorks, Natick, MA,
USA). Continuous variables are expressed as mean + STD, (sample size
n =30 000 for the surface electric field, n = 50 for the 50-point AuNP ab-
sorption simulation, n = 580, 642, 707 for the AuNP count with 1D PC,
n =589, 915, 1633 for the AuNP count with 2D PC).
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