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Nanomaterial-based optical techniques for biomarker detection have garnered tremendous attention
from the nanofabrication community due to their high precision and enhanced limit of detection (LoD)
features. These nanomaterials are highly responsive to local refractive index (RI) fluctuations, and their Rl
unit sensitivity can be tuned by varying the chemical composition, geometry, and dimensions of the
utilized nanostructures. To improve the sensitivity and LoD values of these nanomaterials, it is common
to increase both dimensions and aspect ratios of the fabricated nanostructures. However, limited by the
complexity, prolonged duration, and elevated costs of the available nanofabrication techniques, mass
production of these nanostructures remains challenging. To address not only high accuracy, but also
speed and production effectiveness in these nanostructures’ fabrication, our work reports, for the first
time, a fast, high-throughput, and cost-effective nanofabrication protocol for routine manufacturing of
polymer-based nanostructures with high sensitivity and calculated LoD in the pM range by utilizing
anodized aluminum oxide (AAO) membranes as templates. Specifically, our developed platform consists
of arrays of nearly uniform polystyrene nanopillars with an average diameter of ~185 nm and aspect
ratio of ~11. We demonstrate that these nanostructures can be produced at a high speed and a notably
low price, and that they can be efficiently applied for biosensing purposes after being coated with
aluminum-doped silver (Ag/Al) thin films. Our platform successfully detected very low concentrations of
human C-reactive protein (hCRP) and SARS-CoV-2 spike protein biomarkers in human plasma samples

Received 16th July 2021, with LoDs of 11 and 5 pM, respectively. These results open new opportunities for day-to-day fabrication

Accepted 20th September 2021 of high aspect ratio arrays of nanopillars that can be used as a base for nanoplasmonic sensors with
DOI: 10.1039/d1tb015564 competitive LoD values. This, in turn, contributes to the development of point-of-care devices and
further improvement of the existing nanofabrication techniques, thereby enriching the fields of

rsc.li/materials-b pharmacology, clinical analysis, and diagnostics.

Current approaches used for improvement of the surface
sensitivities of optical nanomaterials towards biomarkers are

1 Introduction

Motivated by the strong need for fast and accurate disease
diagnostics, especially in light of the recent COVID-19 viral
outbreak, light-matter interaction-based techniques for biomarker
detection have gained momentum due to their high precision,
real-time monitoring, accessibility, and simple-to-use features."
These optical techniques commonly utilize nanostructures of
certain chemical composition, size, or geometry, all of which can
be controlled during the nanofabrication process.*® This led to
the growing demand in development as well as improvement of
high-throughput, fast, and affordable nanofabrication strategies.
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mainly based on using high performance chemical materials
and increasing the size and aspect ratio of the base nano-
structures.>” ** The first strategy exploits plasmonic materials
with a smaller imaginary and a larger absolute value of the
negative real parts of the dielectric constant such as silver (Ag).
However, due to its high reactivity, Ag has not been actively
used for detection of biomarkers.”'" Nonetheless, recently it
has been shown that doping thin films of Ag with aluminum
(Ag/Al) enhances the stability of Ag films under ambient con-
ditions and improves their sensitivity towards changes in the
surrounding media.”'* An additional, and arguably a more
efficient, surface sensitivity enhancement strategy involves
increasing the overall size and aspect ratio (length/width) of
the base nanostructures."> ' However, despite the significantly
boosted surface sensitivity generated by these geometrical
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modifications, the complex, time-consuming, and expensive manu-
facturing process of such nanostructures makes the fabrication of
these platforms challenging.'® Existing nanofabrication techniques
can be divided into two main groups: high-resolution but low-
throughput and high-throughput but low-resolution methods.'”*
Production of nanostructures in high-resolution primarily involves
techniques such as electron beam, X-ray, soft, photon-beam, top-
down, and nanoimprint lithography techniques, all of which
involve intense amounts of nanofabrication time and high quality,
expensive chemicals.'®'”'*?° The lithography-based techniques are
high-resolution but less high-throughput when compared to solely
wet chemical synthesis-based methods, which can be efficiently
used to fabricate nanostructures over large areas but in decreased
resolution.”

In this study, we report a fast, cost-effective, and high-
throughput protocol for fabrication of high aspect ratio plas-
monic nanopillars with great reproducibility. To speed up the
nanofabrication process, whilst simultaneously notably decreasing
the production cost, we used commercially available anodized
aluminum oxide (AAO) membranes as templates for shaping the
top surface of the polystyrene polymer film into nanopillars of the
preferred dimensions, with a resulting average diameter of
~185 nm and aspect ratio of ~11. Next, we coated these
nanopillars with thin films of aluminum-doped silver (Ag/Al)
and successfully applied our developed platform for the detection
of biomarkers through standard immunoassay experiments with
both human C-reactive protein (hCRP) and SARS-CoV-2 antibody-
antigen systems. We then confirmed the biosensing efficacy of the
resulting nanomaterials by comparing immunoassay results and
calculated their limits of detection (LoD) in the PBS buffer solution
to be 10 and 4 pM for hCRP and SARS-CoV-2 spike protein
antigens, respectively. Finally, to validate our nanomaterial perfor-
mance in real samples, we conducted the same antigen detection
experiments in spiked human plasma samples and found the LoD
to be on the same orders of magnitude, 11 and 5 pM, respectively.

2 Chemicals and materials

Anodized aluminum oxide membranes (diameter = 13 mm,
thickness = 200 pm, and nanopore size = 200 nm) were acquired
from Global Life Science Technologies, Japan. A polydimethyl-
siloxane (PDMS) elastomer kit was purchased from Dow Sylgard
184, USA. Glycerol (C3HgOs3;, >99.5%), acetone ((CH;),CO,
>99%), tert-butyl alcohol (TBA, (CH;);COH, >98%), ethanol
(C,H50H, >98%), polystyrene (PS) film ((CgHg),, thickness =
190 pm, GF48641876), 11-mercaptoundecanoic acid (MUA,
450561, >98%), 6-mercapto-1-hexanol (MCH, 725226, >97%),
Tween 20, bovine serum albumin (BSA, A2153, >96%),
phosphate-buffered saline tablets (PBS, P4417), and human
plasma were all purchased from Sigma-Aldrich, Japan. 1-Ethyl-
3-(3-(dimethyl-amino)propyl)carbodiimide hydrochloride (EDC,
22980), N-hydroxy-succinimide (NHS, 24500, >98%), and inter-
leukin 6 (IL-6, PHC0066) were purchased from Thermo Scientific,
Japan. Deionized (DI) water from an 18.2 MQ cm ' Milli-Q
Integral 3 water purification system (Millipore, Germany) was
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used for rinsing and preparing buffer solutions. Human C-reactive
protein (hCRP, MAB17072-SP, >99%) and human CRP antibody
(anti-hCRP, MAB17072-100) were purchased from R&D Systems,
Japan. The SARS-CoV-2 spike protein peptide (ABIN1382273) and
SARS-CoV-2 spike protein antibody (ABIN1030641) were purchased
from antibodies-online.com, Germany.

3 Results and discussion

3.1 Plasmonic polystyrene nanopillars with controlled aspect
ratio

Our fast, simple, and versatile protocol for fabrication of the
optically active polymer-based nanopillars with controlled
dimensions and aspect ratios involves three key steps: prepara-
tion of the template for further shaping of the polystyrene film
surface into polystyrene nanopillars, fabrication of the poly-
styrene nanopillars using the prepared template, and plasmonic
metal deposition on the surface of the formed polystyrene
nanopillars.

3.1.1 Fabrication of the PDMS-filled AAO templates. High
aspect ratio polystyrene (PS) nanopillars were fabricated follow-
ing a modified protocol of the Feng research group.?” In order
to use anodized aluminum oxide (AAO) membranes for shaping
PS nanopillars, we needed to prepare polydimethylsiloxane
(PDMS)-filled AAO templates first. Although AAO membranes
have the necessary architecture to produce uniform polymer
nanopillars, because of the elevated adhesion properties of
aluminum oxide, extraction of PS nanopillars from the AAO
membranes directly resulted in stretching or breaking of the
polymer nanostructures.> Thus, pre-coating the AAO nanopore
surface with thin layers of the PDMS mixture not only helped to
equalize the surface energies of the PDMS-coated AAO nano-
pores and the PS polymer, but also acted as a releasing agent
for the PS nanopillars.>?

PDMS-filled AAO templates, required for the next fabrication
step, were prepared by first attaching the AAO membranes
(nanopore diameter = 200 nm, membrane thickness =
200 um) to the surface of the 20 x 20 mm?® SiO, glass slide
using a double-sided tape (thickness = 68 um, 3 M, 8018PT) and
then drop-casting 15 pL of the PDMS and curing agent mixture
in a 35:1 ratio by weight (Fig. 1a(i)). Although the recom-
mended ratio of the PDMS to its curing agent is 10: 1, for our
purposes the 35:1 ratio worked notably better. Decreasing the
density and viscosity of the PDMS mixture accelerated its
penetration inside the AAO nanopores. In addition, since in
the later steps pressure was applied on top of the PDMS-coated
AAO membranes, decreasing the modulus of the final cured
PDMS by using less curing agent prevented the delicate AAO
templates from being damaged. Spin-coating a small volume
of the uncured PDMS mixture at a high speed (5000 rpm,
60 seconds) ensured uniform spreading of the liquid PDMS
mixture layer on the AAO membrane surface (Fig. 1a(ii)), leading
to the filling of the interiors of these AAO membranes’ nanopores
with the uncured PDMS:curing agent mixture. After spin-
coating the PDMS mixture, the PDMS-coated AAO membranes

This journal is © The Royal Society of Chemistry 2021
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a) Fabrication of AAO templates: b) Fabrication of PS nanopillars:

i) i)

PS nanopillar

Drop-casting PDMS mixture Spin-coating for 1 minute
on the AAO membrane at 5000 RPM

penetration depth

iv)

Melting PS films into the PDMS-coated AAO
templates under 0.2 MPa pressure at 100°C

Dissolving extra PDMS Degassing for 2 hours
mixture in TBA at 80°C ii)

glass substrate PDMS mixture
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while flipping it 180°
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c) Plasmonic coating of PS Nanopillars: PS nanopillar height = 2 pm
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A%=10%) o

(+]
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0.1 nm/s and 160 W and 0.01 nm/s, respectively

d) SEM images of Ag/Al-coated PS Nanopillars:
i) SR B ii)

Ag/Al-coated PS nanopillars

Fig. 1 (a) Fabrication of the PDMS-coated AAO templates: (i) a 15 pL PDMS mixture (mint-green) was drop-casted on the AAO membrane (gray); (i) the
PDMS mixture was spin-coated on top of the AAO membrane at 5000 rpm for 60 seconds; (iii) the PDMS mixture-coated AAO membrane was degassed
for 2 hours and, after the PDMS mixture infiltrated the AAO membrane nanopores, excess PDMS was dissolved in TBA at 80 °C for 4 minutes; (iv) the post-
TBA treated AAO membrane was cured overnight at 100 °C and thus the PDMS-filled AAO template was obtained. (b) Fabrication of the PS nanopillars:
(i) the PS film (dark blue) pressed down onto the PDMS-filled AAO template with 0.2 MPa pressure at 100 °C for 4 hours using a custom built aluminum
mold (dark-gray); (ii) the resulting PS nanopillars on the surface of the PS film after peeling it off from the PDMS-filled AAO template. (c) Plasmonic
coating of PS nanopillars with a mixture of Ag and Al (10 wt%) metals. (d) SEM images of the Ag/Al-coated PS nanopillars: (i) top view and (ii) side view
(tilt angle = 46°), scale bar = 5 um, inset scale bar = 500 nm.

were degassed for 2 hours at —0.06 MPa pressure using an AS
ONE vacuum desiccator. Subsequent prolonged degassing of
the PDMS-coated AAO membranes accelerated both capillarity-
and gravity-driven infiltration of the uncured PDMS mixture
inside the nanopores of the membranes and eliminated air

This journal is © The Royal Society of Chemistry 2021

bubbles trapped under the PDMS mixture (see the magnified
image in Fig. 1a(iii)). After the PDMS mixture infiltrated the
nanopores, the PDMS-coated AAO membranes were immersed
horizontally into 150 mL of the tert-butyl alcohol (TBA) solvent
at an elevated temperature (80 °C) for fixed periods of time
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(1, 2, 3, 4, and 5 minutes), together with a magnetic bar being
stirred at 350 rpm. In this step, the hot TBA solvent dissolved
any excess amounts of the uncured PDMS: curing agent mixture
from the surface of the AAO membrane and slightly penetrated
the interiors of the nanopores. Depth of this penetration
depended on the total immersion time of the PDMS-coated AAO
membranes into the hot TBA solvent (Fig. 1a(iv), where the upper
gray part of the nanopores represents the interior of the PDMS-
coated membrane penetrated by the hot TBA solvent). The longer
the PDMS-coated AAO membranes were immersed into the hot
TBA solvent, the larger the amount of the PDMS: curing agent
mixture was dissolved, leading to deeper resulting PDMS-coated
nanopores (Fig. 1a(iv)). The penetration depth of these PDMS-
coated nanopores set the length of the later fabricated PS nano-
pillars (Fig. 1b(i)). Since the PDMS: curing agent mixture dissolu-
tion time was fixed, post-TBA polymer-coated AAO membranes
had the same nanopore depth, leading to the PS nanopillars with
the same aspect ratio (Fig. 2b). PDMS-filled AAO templates were
formed after overnight curing of the post-TBA PDMS-coated AAO
membranes at 100 °C and were used in the next fabrication step
after being sonicated in ethanol at 25 °C for 5 minutes.

3.1.2 Fabrication of the polystyrene (PS) nanopillars. The
prepared PDMS-filled AAO templates (Fig. 1la(iv)) were next
used to produce arrays of the PS nanopillars (Fig. 1b) with well
controlled dimensions and aspect ratios. Thin circular films of
the PS polymer (diameter = 15 mm, thickness = 190 pm) were
cut from the PS film purchased from Sigma-Aldrich, Japan
(GF48641867, 30 x 30 cm? thickness = 190 pm) using a
Graphtec FC 2250-120 flatbed cutting plotter (cutting force =
50 fg, passes = 3, speed = 5 cm s~ %, and acceleration = 1 cm s~ 2).
After cutting out the PS circles, these PS circles were continu-
ously pressed on top of the PDMS-filled AAO templates with
0.2 MPa pressure at the glass transition temperature of the PS
(Tg = 100 °C) for 4 hours. A uniform pressure of 0.2 MPa was
applied with compressive forces by clamping the top and
bottom parts of a custom built aluminum mold and securing
them with M6 bolts (the aluminum mold is shown in dark-gray
in Fig. 1b(i)). A glass slide with the PDMS-filled AAO membrane
was sandwiched between the top and bottom parts of the
aluminum mold, which were then tightened with a torque
screwdriver until the torque reached 120 cN m. This setup
was then cooled down to room temperature, and the reshaped
PS films were carefully peeled off from the surface of the AAO
templates, repeatedly rinsed with ethanol, and carefully blow-
dried with a weak stream of compressed N, gas (Fig. 1b(ii)).
Using higher temperatures while simultaneously applying pres-
sure (120 cN m torque over the AAO template with a known
diameter of 13 mm) promoted melting and subsequent infil-
tration of the PS polymer inside the empty parts of the AAO
template nanopores (gray empty regions on the top of the
PDMS-filled AAO membranes in Fig. 1a(i) were filled with the
blue PS polymer in Fig. 1b(i and ii)). Thus, controlled depth of
the PDMS-filled AAO template nanopores (~150 nm to 2.42 pm),
achieved using the fixed PDMS: curing agent mixture dissolution
time in the hot TBA solvent, led to a sufficiently uniform height of
the resulting PS nanopillars. Based on the SEM characterization
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Fig. 2 (a) Size distribution histogram: average diameter of the polystyrene
nanopillar = 185 £+ 22 nm (inset: sample particle diameter analysis using
the Imaged software, scale bar = 200 nm). (b) Relationship between the
aspect ratio of the PS nanopillars and the 80 °C TBA solvent contact time
of the PDMS-coated AAO membranes: a longer TBA time led to a higher
aspect ratio of the produced PS nanopillars (each data point is an average
value with the standard deviation from 5 measurements).

(FEI Quanta 250 FEG, Fig. 1d), the PS nanopillars were almost
uniformly distributed across the whole PS film surface. Small
deviations in the average diameter of the PS nanopillars can be
explained by the standard deviation of the nanopore diameter in
the used AAO membranes. Using these SEM images, we measured
the average PS nanopillar dimensions (average diameter = 185 +
22 nm, Fig. 2a) and found that they have an increasing aspect
ratio (height over diameter of the nanopillar) with increasing TBA
contact time (Fig. 2b). Although the longer contact time with the
hot TBA solvent led to a higher aspect ratio of the PS nanopillars
(5 minutes - 12.5 aspect ratio), the optimal hot TBA contact time
was fixed at 4 minutes (height ~2 pum) to avoid gravity-driven
collapse of the PS nanopillars when a hot TBA dissolution time
longer than 4 minutes was used. In addition to the prominent
collapse of the PS nanopillars, immersing PDMS-coated AAO
membranes in the hot TBA for over 4 minutes led to thinner
layers of the PDMS coating on the inner sides of the nanopores,
thereby increasing the adhesive forces between the AAO template
and the later introduced polymer film (PS), thereby making
extraction of the PS nanopillars less efficient.*> Generally, higher

This journal is © The Royal Society of Chemistry 2021
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aspect ratio plasmonic nanopillars were expected to result in
higher refractive index unit sensitivity and, consequently, better
LoD values. However, the increased instability of polymer nano-
pillars with a 12.5 aspect ratio led to less reproducible refractive
index measurements, thereby making systematic studies on this
platform less reliable. As a result, we fixed the hot TBA contact
time at 4 minutes, which resulted in PS nanopillars with an aspect
ratio equal to ~11.2 (2.09 um height/185 nm diameter). After
peeling the PS films off the surface of the AAO templates, the
PDMS-filled AAO templates were successfully reused for fabrica-
tion of more PS nanopillar samples with highly reproducible
results up to five times (Fig. S1 and S2, ESIt).

Overall, our proposed protocol for the fabrication of high
aspect ratio polymeric nanopillars is both cost- and time-
effective since it only requires a hot plate and takes slightly
over 4 hours to produce a circular sample of a 13 mm diameter.
The final size of the sensor platform is pre-defined by the size
of the AAO membrane diameter, which can be larger or smaller
if needed, making this protocol highly scalable. Meanwhile,
other fabrication approaches require expensive cleanroom
equipment and could take up to 20 hours (based on estima-
tions using the electron-beam lithography manual provided by
ELIONIX Inc.) to produce a sample of similar size containing
nanostructures of the same dimensions (most of the nanopillar-
like structures reported in the literature were fabricated by means
of electron-beam lithography and had aspect ratios of <10).>*2°
In addition, a broad selection range of various diameters, thick-
nesses, and nanopore diameters of the commercially available
AAO membranes makes this fabrication protocol extremely
tunable. Therefore, our protocol can be employed for high-
throughput fabrication of the PS polymer (or a different polymer
given that the protocol is properly optimized) nanopillars with
controlled dimensions and aspect ratios in a quick, cost-effective,
and reproducible manner.

3.1.3 Coating PS nanopillars with Al-doped Ag films
(Ag/Al). In this part of our work, we tested if the developed
platform can be efficiently used for optical detection of
biomarkers in both PBS buffer and diluted human plasma
solutions. One example of these optical techniques is localized
surface plasmon resonance (LSPR) spectroscopy, which is a
highly efficient optical tool for identifying and quantifying
biomolecules specific to certain diseases in a quick and label-
free manner.””>° The LSPR phenomenon occurs when plasmonic
nanostructures are smaller than the wavelength of the incident
light they are exposed to,***" which leads to resonant electrons
oscillating at the frequency affected by the shape, size, and
chemical composition of these nanostructures, as well as the
dielectric constant or refractive index (RI) of the medium around
them.**** To make the resulting PS polymer nanopillars optically
active, we coated them with thin films (thickness = 20 nm) of a
plasmonic material using an atomic e-beam evaporator (PLASSYS
Bestek, France) at 0.1 nm s %, 1 x 107 Torr, and 80 mA while
constantly rotating the sample to improve the uniformity of the
deposited metal layer. Since gold (Au) is stable under ambient
conditions, readily available, and is often used as a benchmark
platform for plasmonic studies, we initially coated the PS

This journal is © The Royal Society of Chemistry 2021
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nanopillars with thin films of pure atomic Au (Fig. 3a(i)).**
To eliminate additional LSPR effect contributions from indivi-
dual plasmonic nanoislands, it was essential to coat the upper
part of these nanopillars with continuous Au films.’ However,
nanometer-scale dimensions of our nanostructures limited the
maximum thickness of the deposited metal layer in order to
avoid gravity-driven collapse of the PS nanopillars. Given that
atomic Au starts forming nearly continuous films from 10 to 11
nm,* PS polymer nanopillars were coated with 20 nm of Au.
Energy dispersive X-ray spectroscopy (EDS, JEOL JSM-7900F)
analysis of the fabricated samples was performed using sput-
tering with small amounts of Au to reduce the charging effect
from the materials’ surfaces, which is why all of the recorded
spectra were expected to possess small peaks corresponding to
Au. The EDS spectrum of the PS nanopillars after exposure to
atomic Au (Fig. 3a(i)) demonstrated that the e-beam deposition
of Au resulted in Au-coated PS nanopillars, whereas the UV-Vis
spectrum of these nanopillars showed that they were plasmo-
nically active with the main LSPR peak at ~ 600 nm (Fig. 3b, red
spectrum).

Refractive index unit sensitivity (RIS) of the Au-coated nano-
pillars was measured using five concentrations of aqueous
glycerol solutions (Fig. 3c) corresponding to the RI values of
1.33 (water), 1.34 (10 wt% glycerol), 1.36 (20 wt% glycerol), 1.37
(30 wt% glycerol), 1.38 (40 wt% glycerol), and 1.40 (50 wt%
glycerol). The measured RIS for Au-coated PS nanopillars was
found to be 229 £+ 7 nm per RIU, which is comparable to those
for similar optical sensing nanomaterials available on the
market.***” Replacing the Au coating of the PS nanopillars
with 20 nm thick films of Al-doped (10 wt%) Ag (Ag/Al) led to an
enhanced RIS value of 291 + 6 nm per RIU (Fig. 3c). The EDS
analysis of Ag/Al films demonstrated that co-sputtering of the
Ag and Al metals led to Al-doped Ag thin films, which were
observed as notable Ag and Al peaks (inset of Fig. 3af(ii)),
implying that the surface of the PS nanopillars was coated with
Ag/Al thin films (small Au peaks were caused by the initial Au
sputtering step for reducing the surface charging effect prior to
imaging of the samples). To form thermally stable Ag/Al nano-
films, we followed a protocol provided by Gu et al. In their work,
Al-doped Ag nanofilms were formed via co-sputtering of Al and
Ag metals (Fig. 1c).” For our sample preparation, the sample
holder was constantly rotated and Al was sputtered at a 160 W
power and a 0.01 nm s ' deposition rate, whereas Ag was
deposited at 200 W and 0.1 nm s~ ', respectively. This led to
the formation of Al-doped Ag films that were chemically more
stable and oxidation resistant due to spontaneous formation of
a protective or so-called capping layer between Al atoms and
atmospheric oxygen. The UV-Vis spectrum of these nanopillars
showed the main LSPR peak at ~490 nm (Fig. 3b, blue
spectrum). In addition, both Au- and Ag/Al-coated plasmonic
nanopillars displayed two distinct plasmon frequency peaks
which are characteristic of plasmonic nanostructures with
anisotropic shape, specifically of nanorod-like structures.*>*
The nanorod-like shape of these nanostructures provides two
axes for plasmon oscillations: along the long axis — longitudinal
resonance mode and along the shorter axis - transverse
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(a) EDS spectra of (i) Au-coated PS nanopillars and (i) Ag/Al-coated PS nanopillars; (b) sample UV-Vis spectra of Au-coated PS nanopillars (red)

and Ag/Al-coated PS nanopillars (blue); (c) refractive index unit sensitivity (RIS) comparison using aqueous glycerol solutions containing 0%, 10%, 20%,
30%, 40%, and 50% of glycerol by weight was repeated five times for both Au- and Ag/Al-coated PS nanopillars: RIS values were 229 + 7 nm per RIU and

291 + 6 nm per RIU, respectively.

resonance mode (Fig. 3b: larger peak to the left and smaller
peak to the right, respectively).>® The longer LSPR wavelength
of the transverse resonance modes provides additional infor-
mation over existing single peak biomolecule detection techni-
ques, such as detection of biomarkers in the near infrared region.
This can be helpful for the analysis of bodily fluids (including
blood, plasma, saliva, and urine) that commonly comprise bio-
molecules resonating in the near infrared region (thereby making
their detection in the UV-Vis region challenging).>* Nonetheless,
since it has been demonstrated that the transverse LSPR peaks are
less sensitive to the dielectric constant fluctuations of the sur-

40,41 &
7T n

rounding media when compared to the longitudinal ones,
the interest of this study, we primarily focused on the maximum
peak values of the longitudinal LSPR modes.

3.1.4 Biosensing performance of high aspect ratio Ag/Al-
coated PS nanopillars. The absorbance spectra of the material
surfaces were measured in the 280-850 nm wavelength range
by transmitting light through the sample functionalized with

biomolecules and by comparing the collected signal against the
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reference (Fig. 4). Given that Ag/Al-coated PS nanopillars
resulted in a higher RIS value, we proceeded with performing
standardized immunoassay tests using the Ag/Al nanoplasmonic
platform for detection of changes in the UV-Vis spectra caused by
biomolecular interaction events, and calculated the experimental
LoD values for detection of the human C-reactive protein (hCRP)
and of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) spike protein. Regarding the two biomarkers used in
the immunoassay tests, hCRP is a well-studied and thoroughly
characterized acute phase protein that actively rises in response to
an infection, inflammation, or any tissue injury; in addition, it is
commonly used to predict cardiovascular diseases or to character-
ize metabolic syndrome, which makes its accurate detection
essential for diagnostic purposes.**** SARS-CoV-2, on the other
hand, is a recently discovered RNA virus that led to the 2019
coronavirus infectious disease (COVID-19) pandemic.’**> SARS-
CoV-2’s highly infectious nature, rapidness of spreading across
the globe, and severity of the symptoms among the infected
patients motivated the development of highly sensitive diagnostic

This journal is © The Royal Society of Chemistry 2021
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a) Schematic of the UV-Vis measurement setup: b) Real image of the UV-Vis
measurement setup:

Light source

Light source

Readout

Sample e °
°

Sensor  +® ° 9 %

Extinction (a.u.)

>

Spectrometer
Detector

Fig. 4 (a) Schematic of the UV-Vis measurement setup: the tungsten
halogen light source (HL-2000-HP-FHSA, Ocean Optics, Japan) emitted
light on the material surface and the transmitted light was collected at the
bottom using the detector, after which it was sent to the spectrometer
(USB4000-UV-VIS-ES, Ocean Optics, Japan); the detected signal was
visualized as a plot of maximum extinction (a.u.) versus wavelength (nm)
from 280 to 850 nm and analyzed using SpectraSuite spectrometer
operating software (Ocean Optics, Japan); (b) real image of the UV-Vis
measurement setup.

platforms for the detection of its antigens,*® which is why we used
our developed nanoplasmonic platform to quantify one of its
antigens, SARS-CoV-2 spike protein.

The biosensing capabilities of the PS nanopillars coated with
20 nm of Ag/Al film were tested using aqueous hCRP and SARS-
CoV-2 spike protein antibody-antigen model systems. To monitor
the changes occurring on the sensor surfaces, the UV-Vis spectra
were measured before and after each surface chemistry step as
well as after the introduction of biomarkers (Fig. 4). All antibody
and antigen solutions were diluted in 0.01 M phosphate-buffered
saline (PBS) solution. Prior to the UV-Vis signal detection before
and after each immunoassay step, all sensor surfaces were rinsed
with wash buffer (0.01 M PBS + 0.05% Tween 20 detergent) and
carefully blow-dried with compressed N, gas. Metal-coated PS
nanopillars were functionalized with anti-hCRP and anti-SARS-
CoV-2 spike protein following an optimized MUA:MCH bio-
molecule immobilization protocol that was shown to be the most
efficient for the immobilization of biomolecules on non-spherical
plasmonic nanostructures.”” Briefly, these Ag/Al nanopillars were
incubated in a 1 M: 9 M solution of MUA : MCH diluted in ethanol
(2 mL, overnight, at 24 °C, on a shaker), where the volume of the
solution was pre-determined by the dimensions of the Petri dish
that was used for the incubation step; here 2 mL was sufficient for
complete immersion of the sensors. This was followed by 1 more
hour of incubation in 2 mL of 1 mM MCH diluted in ethanol at
24 °C on a shaker. Due to spontaneous formation of covalent
bonds between the Ag atoms and the thiol functional groups
(-SH) of both MUA and MCH molecules, the introduced thiol
linkers self-assembled on the metal coating of the PS nanopillars,
and the ones that did not immobilize were rinsed with ethanol
(Fig. 5a(i)).***° Later, the carboxyl (-COOH) ends of the MUA
linkers were activated by introducing 2 mL of aqueous EDC : NHS
solution in a 4 M:1 M ratio for 15 min at 24 °C on a shaker
(Fig. 5a(ii)). Next, the aqueous EDC:NHS mixture was immedi-
ately replaced with 2 mL of 100 ng mL ™" solution containing an

This journal is © The Royal Society of Chemistry 2021
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antibody of interest, anti-hCRP or anti-SARS-CoV-2 spike protein,
diluted in 0.01 M PBS, and incubated for 2 hours at 4 °C on a
shaker (Fig. 5a(iii)). Lastly, the functionalized platforms were
rinsed with wash buffer, incubated in 2 mL of 0.01% bovine
serum albumin (BSA) buffer for 1 hour at 24 °C on a shaker,
rinsed with wash buffer again, and finally incubated in 2 mL of
five different concentrations of hCRP and SARS-CoV-2 spike
protein, respectively, for 1.5 hours at 4 °C on a shaker. More
details on the immobilization protocol can be found in our
previously published work.*” The UV-Vis spectra detected before
and after the final antigen incubation step were used to evaluate
the overall optical performance with respect to the specific anti-
gen detection. Fig. 5b presents the UV-Vis spectra and averaged
wavelength shifts measured after each immunoassay step when
Ag/Al-coated PS nanopillars were used to detect 100 ng mL "
solutions of hCRP and SARS-CoV-2 spike protein antigens. Speci-
fically, the UV-Vis spectra plots in Fig. 5b(i and iii) correspond to
the capture of hCRP and SARS-CoV-2 spike protein, respectively.
The wavelength shifts caused by the addition of MUA linkers and
BSA blocking buffer were negligible, which can be explained by a
relatively small size of the MUA molecules and by the lack of
available space for BSA binding. The largest wavelength shifts
were detected after immobilization of anti-hCRP and anti-SARS-
CoV-2 spike protein as well as after capture of their respective
antigens (Fig. 5b(ii and iv), respectively).

The optical performance and LoD values of the fabricated
nanoplasmonic platforms were estimated by plotting the
detected wavelength shifts versus five different concentrations
of hCRP and SARS-CoV-2 spike protein antigens diluted in both
aqueous PBS and diluted human plasma solutions (Fig. 6). To
ensure that the detected signals were caused by the antigens of
interest rather than by non-specific biomarkers, we introduced
a specificity test using interleukin-6 (IL-6) protein. Similar to
hCRP, IL-6 is a well-characterized biomarker of immune system
activation, which is why it suits well for the purposes of our
specificity test. Initially, we measured AA;spr caused by the
control sample (0.01 M PBS) and a non-specific antigen sample
(100 ng mL™~ IL-6 in 0.01 M PBS), and found that no notable
wavelength shifts were caused by either of these samples,
Alrspr ~ 0 nm (inset of Fig. 6(a)). To quantitatively characterize
the developed nanopillar platform, we calculated the LoD
values using the wavelength shifts from Fig. 6 and the following
formula: LOD = 3.3 X (SDpani/slope), where SDppni is the
standard error equal to the standard deviation calculated from
the 0 ng mL~"' sample and the slope of the regression line (see
detailed calculations in Section S2 in the ESI{).>® According to
Fig. 6 and more detailed Fig. S4(a and b) (ESIt), both hCRP and
SARS-CoV-2 spike protein can be successfully detected in PBS
using our platform with the respective LoD values of 1.2 + 0.36
(= 10 pM) and 0.74 + 0.55 ng mL ™" (= 4 pM). These LoD values
support the fact that the suggested protocol results in a highly
sensitive platform composed of plasmonic nanopillars with
regulated aspect ratios.

The real samples analyzed for clinical diagnostic purposes
are significantly more complex than the aqueous PBS-based
samples used for initial characterization. For this reason, we
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Fig. 5 (a) Antibody immobilization on the Ag/Al-coated PS nanopillars via carbodiimide crosslinker chemistry: (i) immobilization of MUA and MCH
molecules via physical drop-casting, (ii) intermediate step after the addition of the EDC and NHS mixture: formation of a semi-stable amine-reactive

NHS-ester, and (iii) formation of a stable amide bond after the addition of an antibody of interest. (b) Al spr detected during the immunoassay: (i) & (iii)
UV-Vis spectra of Ag/Al-coated PS nanopillars measured after each immunoassay step using anti-hCRP/hCRP and anti-SARS-CoV-2/SARS-CoV-2 spike
protein, respectively; (i) & (iv) Al spr detected after each immunoassay step (with respect to the previous step) and averaged over 8 data points for
anti-hCRP/hCRP and anti-SARS-CoV-2 spike protein/SARS-CoV-2 spike protein, respectively.

repeated the same antigen detection experiments with spiked
human plasma samples (1:100 in 0.01 M PBS) instead of pure
0.01 M PBS as a buffer. At this stage of the device development,
to avoid extra scattering caused by using complex biological
samples, we have diluted the human plasma samples with PBS

8858 | J Mater. Chem. B, 2021, 9, 8851-8861

buffer. Al gpr caused by both control (diluted human plasma)
and non-specific (100 ng mL~" IL-6 in diluted human plasma)
samples were found to be negligible (~0 nm), which ensured
that the components of the human plasma did not interfere
with our measurement system (Fig. 6b). The LoDs for hCRP and

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Al spr caused by the detection of 0, 0.1, 1, 10, 100, and 1000 ng mL~*
hCRP & SARS-CoV-2 spike protein, and non-specific interleukin-6 (IL-6)
antigens diluted in (a) 0.01 M PBS and (b) diluted human plasma with LoDs
for hCRP equal to 10 and 11 pM and those for SARS-CoV-2 spike protein
equal to 4 and 5 pM in PBS and human plasma, respectively. Insets present
the magnified plots of signals caused by the introduction of the control,
0 ng mL™?! specific antigen, and of the non-specific antigen solution,
100 ng mL™! IL-6; both solutions led to negligible wavelength shifts.

SARS-CoV-2 spike protein detection in the spiked human serum
samples are comparable to those in pure PBS, 1.3 + 0.27 (11 pM)
and 0.93 + 0.57 ng mL ™" (5 pM), respectively. The calculated LoDs
for our developed nanoplasmonic platforms in both PBS and
human plasma are on the same orders of magnitude as those for
other optical sensing platforms based on plasmonic nanopillar-
like structures of similar dimensions and aspect ratios but
fabricated using significantly more complex fabrication proto-
cols (in terms of both time and cost).>*' Overall, when com-
pared with the LoDs of other biomarker detection methods
used for quantification of SARS-CoV-2 biomarkers, ELISA (LoD =
100 ng mL™~', ~0.5 nM) and quantum-dot based lateral flow
assays (LoD = 10 ng mL ™", ~55 pM),>* our system exhibited 100-
and 10-fold improvements of the LoD, respectively.

4 Conclusions

In this work, we developed a fast, high-throughput, low-cost,
and highly reproducible protocol for the fabrication of polymer-
based nanopillars with well-controlled dimensions and high
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aspect ratios. We demonstrated that, with plasmonic metal
coating, this platform can be successfully used for biosensing
purposes with enhanced RIS caused by replacing Au films with
Al-doped Ag films. The final system successfully detected down
to 11 and 5 pM of hCRP and SARS-CoV-2 spike protein in spiked
human plasma samples, respectively. In summary, (1) PDMS-
filled AAO templates can be used for the fabrication of high
aspect ratio PS nanopillars at high throughput and low cost,
(2) Al-doped Ag films improve the sensitivity of plasmonic
nanostructures towards fluctuations in the surrounding
environment, and (3) the developed PS nanopillar-based system
can be efficiently utilized for sandwich immunoassay-like
detection of biomarkers in human plasma samples. The
proposed nanofabrication protocol can be effectively optimized
to a large variety of polymeric materials, nanoplatform dimen-
sions (predefined by the diameter of the AAO membrane
templates), and to various preferable dimensions of nano-
structures (predefined by the geometry of the AAO membrane
nanopores). All of these make our nanofabrication protocol
highly advantageous for device integration and point-of-care
optical sensing applications with a direct impact on fast and
affordable clinical diagnostics.
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