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ABSTRACT

The current fabrication methods of surface-enhanced Raman scattering (SERS) chips used for biological detection mostly require antibodies
conjugated on nanostructured metals or additionally connected to a reporter, which leads to complicated fabrication processes and increases
the cost of these chips. More importantly, only a single-layer (2D) signal source is generated on the substrate of the chip, resulting in poor
sensitivity. Herein, we constructed a single-component, multiscale, three-dimensional SERS (M3D-SERS) substrate from silver nanowires
(AgNWs) packing. According to our results, the Raman enhancement effect of the M3D-SERS substrate was related to the degree of AgNW's
stacking along the z axis. In addition, the light source-dependent plasmonic partition and hotspot formation of the M3D-SERS substrate were
evaluated by the finite integration technique to prove that M3D-SERS offers advantages, with isotropic localized surface plasmon resonance
as well as homogeneous hotspot distribution, for SERS over its 1D and 2D counterparts. Experimentally, the optimal construction of the
M3D-SERS chip was explored and established based on the Raman signal enhancement of bovine serum albumin, and consequently, the effi-
ciency of the M3D-SERS chip in detecting SARS-CoV-2-related biomolecules was investigated based on the detection superiority to biomole-
cules. This study demonstrates a simple, label-free, pre-treatment-free potential biosensor technology that can be used in healthcare units.
Furthermore, in combination with a suitable laser light source, this technology can be applied for efficient detection in point-of-care tests
with a handheld spectrometer.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155256

I. INTRODUCTION sensitivity down to the single-molecule level.”” SERS was first observed
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The ease of synthesis methods and the fine control over nano-
structured materials allow the study of light-matter interactions and
the manipulation of light at the nanoscale in a well-controlled man-
ner.' This has ushered in a field, plasmonics, which has played a domi-
nant role in the enhancement of the small Raman-scattering cross
sections of various molecules and substances. The extremely large elec-
tromagnetic fields from the localized plasmons at the surface of noble
metal nanostructures are utilized to enhance the weakly scattered
Raman signals from probe molecules, known as surface-enhanced
Raman scattering (SERS). With SERS, it has been possible to achieve

with roughened substrates’ and later with substrates decorated with
nanoparticles (NPs) with different geometries and morphologies. The
development of wet-chemical synthesis methods offered good control
over the morphology of various types of nanostructures with different
shapes and sizes, along with surface functionalization and tailored
optical properties, in a highly reproducible manner.” This renders
SERS a nondestructive technique with a wide application range,
including food safety and clinical diagnosis.” Moreover, SERS sub-
strates have many other additional advantages that enable them to be
applicable under different environmental, analyte, or lasing conditions.
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Therefore, based on the issue at hand, a suitable selection can be made
regarding the substrate, required nanostructured material, and synthe-
sis method. Owing to their unique dielectric properties, noble metal
nanostructures of gold (Au) or silver (Ag) are specifically chosen as
SERS substrates. In contrast to symmetric nanoparticles, such as nano-
spheres, anisotropic nanoparticles have larger SERS enhancement fac-
tors, owing particularly to the presence of edges, vertices, corners, or
any sharp features, which serve as inherent hotspots.” Furthermore,
the modification of nanostructures, such as chemical etching, coating
with different materials, alignment, and geometries, is often performed
to enhance the weakly scattered Raman signal. Quasi-one-dimensional
nanostructures, such as nanowires (NWs) and nanorods, have excel-
lent localized surface plasmon resonance (LSPR) tunability over the
visible and near-infrared ranges, in addition to other advantages, such
as acting as waveguides below the diffraction limit.”

Both label-free and Raman reporter-based indirect SERS studies
have been conducted in regard to biomolecules, food and agricultural
products, and clinical diagnosis.” '® The development of nanoparticle
synthesis and fabrication technologies has resulted in the fabrication of a
wide variety of SERS substrates, such as electrospun nanofibers,” silver-
capped aluminum nanorods,”’ polystyrene (PS)/Cu,S/Ag structures,”
boron nitride (BN)-modified nanorod arlrays,22 TiO, nanorods decorated
with gold nanoparticles,” Au-Ag bimetallic nanoparticles decorated sili-
con nanowires,”* Ag/TiO, nanocomposites,”” and Ag@ZnO@Bi, WOy
membrane disks,”® to name a few. However, most of these substrates
require rather complex fabrication processes and involve two or more
materials with further pre/post-modification, and SERS substrates are
limited to only one- or two-dimensional (1D/2D) structures.

In an attempt to overcome these issues, three-dimensional (3D)-
structured SERS substrates have recently been developed. 3D struc-
tures provide a greater number of hotspots, with a large specific area
for exposure to laser sources and probe molecules, and more impor-
tantly allow SERS enhancements to be engineered with a high degree
of flexibility. Efforts are being focused on creating multilayer-
structured nanoparticles, with the aim of improving the organization
of the nanoparticles, which can yield more uniform distributions of
hotspots.” By using 3D assemblies of plasmonic nanoparticles, Mueller
et al.”” achieved a uniformly enhanced SERS response, which was also
well supported by finite-difference time domain (FDTD) simulations.
Vieira et al. studied the plasmonic properties of both silver and gold
nanoparticles in mono- and bilayer arrangements.”® With the com-
bined use of transmission electron microscopy (TEM), small-angle x-
ray scattering (SAXS), and x-ray cross-correlation analysis (XCCA),
Schulz et al.” studied the changes in the lattice constant and degrees
of orientational order with an increase in the number of AuNP (gold
nanoparticle) layers.”” Zhou et al. demonstrated that selected R6G
peak intensities follow an increasing trend toward an optimum value
with an increase in Ag thickness and a reverse trend with a subsequent
further increase in Ag thickness.”' Despite all these advances in SERS
with multilayered structures, such enhancements in single-component
anisotropic noble metallic nanoparticle assemblies along with a com-
bined theoretical approach for understanding the underlying mecha-
nisms remain unexplored.

As COVID-19 has evolved into influenza, the high-cost and
long-time detection of RT-PCR generation is over. Rapid screening
became urgently needed. There must be a fast and accurate method to
detect antibodies instead of viruses. Therefore, if there is a convenient
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detection method that can collect a strong signal, there is no need to
use artificial intelligence enhancement, statistics, or other identification
methods to increase the detection cost and time. To build an efficient
biomolecule-detecting platform, we report a simple and economical
method for fabricating a single-component, multiscale/multilayer chip,
a three-dimensional surface-enhanced Raman scattering (M3D-SERS)
substrate, from silver nanowires (AgNWs) without any pre- or post-
modification. With regard to plasmon resonance, this kind of multilayer
packing and its influence on electromagnetic field (E-field) generation
remains unexplored to the best of our knowledge. Hence, we used com-
putationally extensive electrodynamic simulations, via the finite integra-
tion technique (FIT), to investigate how such multilayer nanostructures
influence SERS enhancements in M3D-SERS chips under different con-
ditions. The effects of the length, diameter, interwire gaps, end-to-end
gaps, intersecting nanowires, and layer dependence of the local electro-
magnetic field distributions were simulated to compare them with the
corresponding experimental SERS results. We observed that the plas-
monic properties of AgNWSs were closely related to the morphological
dimensions. Moreover, the multilayered structure of the 3D AgNW
packing substrates caused isotropic plasmon enhancement based on the
3D homogeneous hotspot distribution. (Fig. 1) Experimentally, we col-
lected the SERS signal criteria of the blank biomolecule bovine serum
albumin (BSA) to explore the optimal layer packing of M3D-SERS, and
this benchmark was not only used to doubly confirm the FIT theoretical
calculations but also applied to perform SERS evaluation for other bio-
molecules. Consequently, from the perspective of attaining an effective
fast-screening technique for the detection of SARS-CoV-2-related bio-
molecules, we present the efficiency of such a M3D-SERS chip in detect-
ing SARS-CoV-2 S-protein and antibodies.

Il. EXPERIMENTAL

A polyol method was adopted for the synthesis of AgNWs.”**
Materials used in the synthesis procedures and characterization techni-
ques are described in detail in the electronic supplementary material
(ESI).

A. Electromagnetic field simulations

The finite integration technique (FIT),3 * which allows discretized
Maxwell’s equations to be solved in an integral form, was used for E-
field simulations of the nanostructures by CST Studio Suite. The
dimensions of the AgNWs for the input simulation parameters were
5um (length) x 100nm (diameter). Each AgNW was discretized by
tetrahedral meshes, with fixed edge lengths of 1/5 of the radius of a
AgNW. The solver accuracy of the equation system was set to 10~ °.
All other contributing factors, such as higher orders of partial waves
and retardation effects, were inherently considered for the simulations.
The maximum E-fields from the AgNWs in different configurations
under different laser excitation wavelength sources were expressed in
terms of E*. The dielectric permittivity of silver for the simulations was
referenced from Johnson and Christy.”

B. Construction of a three-dimensional surface-
enhanced Raman scattering (M3D-SERS) substrate

We adopted a layer-by-layer approach to construct a multilayer,
three-dimensional SERS (M3D-SERS) substrate by using our as-
synthesized silver nanowires in ESI. This as-synthesized silver
nanowires with UV-Vis spectrophotometric optical density of
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FIG. 1. Construction of multilayers following the layer-by-layer method: As-synthesized AgNWs were spread onto a glass substrate followed by vacuum drying (referred to as
the first layer, 1 L). Likewise, the subsequent layers deposited as such after vacuum drying were labeled 2 L, 3L, 4L, 5L, and 6 L.

2.6 (4.5mg/mL) served as the stock solution for the fabrication of all
the layered SERS substrates. A circular well on a glass plate with a
diameter of 0.5 cm and depth of 0.02 cm is the substrate template. In a
typical fabrication procedure, as shown in Fig. 1, the first layer was cre-
ated by spraying 10 uL of the stock solution (with a handheld pipette
positioned at a 45° angle) onto a circular well on the glass substrate.
The AgNW structured first-layer substrate was then vacuum dried and
stored in a vacuum desiccator to avoid any contamination from the
external environment. After the substrate was fully dried, we labeled it
layer 1 (1 L). Following the same approach, we sprayed another vol-
ume of the AgNWs (10 uL) stock solution onto the previously pre-
pared 1L substrates, and thus fabricated 2 L substrates, after vacuum
drying. Therefore, these 2 L substrates contained a total of amount of
20 uL. AgNWs. To construct a third-layer SERS substrate, the same
constant volume (10 uL) of AgN'Ws was sprayed onto the 2 L substrate
and vacuum dried. Consequently, this process was repeated for the
construction of the fourth (4L), fifth (5L), and sixth (6L) layered
SERS substrates (M3D-SERS). A constant volume (10 uL) of target
molecules, bovine serum albumin (BSA) and SARS-CoV-2-related bio-
molecules (antigens/antibodies), were used in this study. These target
molecules were introduced into the multilayered AgNWs, followed by
vacuum drying. In this way, the M3D-SERS substrate for drop casting
the analyte-containing aqueous solution and drying was ready for
SERS detection.

C. Characterization and SERS measurements

The surface morphology of the as-synthesized AgNWs was char-
acterized by scanning electron microscopy (JEOL JSM-7800F Prime

Schottky field emission scanning electron microscope). The optical
absorbance of the AgNWs was measured by a Thermo Genesys 6 UV-
visible spectrophotometer. Nano size measurement was performed by
dynamic light scattering (DLS) using a SZ-100—HORIBA (Minami-
ku Kyoto, Japan). A Thermo Scientific x-ray Photoelectron
Spectrometer (XPS) with monochromatic Al K, x-ray radiation at
1486.6 eV was employed to characterize the core energy levels of the
1L-6 L SERS substrates. The spectra were collected with a constant
analyzer pass energy of 50eV and with step sizes of 0.025eV. The
uncertainty in binding energy positions was determined by referencing
the bulk gold Au 4f;, photoelectron line at 84.0 eV and a C 1s photo-
electron line at 284.8eV and estimated to be *0.02eV. The as-
obtained high-resolution Ag 3d core-level spectra were subject to a
Shirley background subtraction followed by standard peak fitting pro-
cedures. These fitted values served as quantitative parameters for fur-
ther analysis. The SERS measurements were carried out on a Micro
Raman Identify Dual system (MRID-Raman, Protrustech Co., Ltd,
Taiwan) mounted with one TE cooled CCD of 1024 x 256 pixels as
integrated by Protrustech Corporation Limited. A 50 x long-working-
distance lens (Olympus America, Inc.) was used to acquire SERS spec-
tra at different laser excitation sources, with wavelengths of 532, 633,
and 785nm. Selected target molecules, BSA and SARS-CoV-2
(COVID-19) spike RBD protein, His tag (active) (Cat. No.
GTX136090), and SARS-CoV/SARS-CoV-2 (COVID-19) spike anti-
body [1A9] (Cat. No. GTX632604) from GeneTex co., were used for
SERS measurements. Spectra were acquired from at least ten different
points on one sample with a constant integration time of 5 s for all
SERS measurements. The as-obtained spectral data were preprocessed
with the asymmetric least squares method for baseline correction and
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then averaged to obtain the final spectrum, which was used for quanti-
fication purpose.

I1l. RESULTS AND DISCUSSION
A. Characterization of the synthesized silver nanowires

The polyol method is one of the most widely employed wet
chemical approach-based synthesis methods for synthesizing aniso-
tropic metal nanostructures.”” Typically, a metal precursor (silver
nitrate, AgNOs, in our case) is dissolved in a polyol (ethylene glycol,
EG, in our case) in the presence of a suitable capping agent (polyvinyl-
pyrrolidone, PVP, in our case). Varying the available parameters, such
as temperature, rate of addition, molar ratio between the constituents,
and reaction time, can result in a variety of nanostructured products
with different morphologies. The detailed preparation is described in
the ESL

Morphological and structural characterization was performed by
scanning electron microscopy (SEM), x-ray diffraction (XRD), and
dynamic light scattering (DLS), respectively (Fig. S1). The as-
synthesized silver nanowire solution was sprayed onto a clean silicon
substrate and vacuum dried. Figure S1(a) shows the morphology of
our as-synthesized silver nanowires (AgN'Ws). The broad plasmon res-
onance spanning the entire visible range of the AgNWs is evident in
Fig. S1(b). The x-ray diffraction (XRD) patterns of the AgNWs,
indexed according to JCPDS card no. 04-0783 of cubic silver, are
shown in Fig. S1(c). The patterns revealed major peaks (20) at 38.12,
4442, 64.41, 77.53, and 81.59 A°, corresponding to the (111) (200),
(220), (311), and (222) cubic silver crystal planes, respectively. The
most intense peak at 38.12 A°, indicative of the (111) crystal plane, and
the lattice parameter of 4.08 A° are both in good agreement with the
results reported in the literature for silver nanowires.”® Figures S1(d)
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and S1(e) present the average values for the diameter and length of the
silver nanowires. Although there is a broad dispersion in size, charac-
teristic values of (96.46 * 27.84) nm in diameter and (3.13 = 2.64) um
in length were collected by DLS. We extracted the size of nanowires
from statistical analysis of several SEM images and found that they
were 80-120 nm in width and >2 um in length.

B. Intrinsic electromagnetic field simulations of silver
nanowires

Nanowires exhibit higher-order modes compared to either nano-
particles or nanorods. This is due to larger dimensions relative to the
incident illumination wavelength. For all silver nanowire dimensions,
we varied the excitation wavelength over a wide range, from 200 to
1800 nm, and found that the E-fields generated from these nanowires
spanned a wide range from the visible to near infrared region [Figs.
2(a) and 2(b)]. The corresponding peak maxima of the E-field gener-
ated from AgNW:s with varied dimensions were observed to vary from
390 to 630 nm. Nonetheless, the E-fields generated from these nano-
wires covered the visible range, irrespective of their dimensions. By
varying in the length of the nanowires (with a constant diameter of
100 nm) from 50 to 5000 nm, we observed the electromagnetic magni-
tudes increased with increasing length but became saturated at approx-
imately 4000 nm [inset in Fig. 2(b)]. Moreover, the silver nanowire
diameter was varied at a constant length of 5000 nm [Figs. 2(c) and
2(d)]. With an initial increase from 50 to 100 nm, an increasing trend
in the field magnitude was observed. A further increase in the diameter
led to a decrease in the electromagnetic field [inset in Fig. 2(d)],
thereby demonstrating the existence of an optimum value. The propa-
gation of electromagnetic waves shown in actual aspect scale of nano-
wire is shown in Fig. S2. Here, we observed that the number of nodes
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of the electromagnetic field is proportional to the length of the nano-
wire [Fig. S3(a)] and the energy of the incident light [Fig. S3(b)]. From
these two different behaviors mentioned above, it can be concluded
that the aspect ratio of the AgNWs strongly dictates the enhanced field
behavior from an “individual silver nanowire.” In addition, irrespective
of the variations in the length or diameter of the AgN'Ws, the EM fields
in all cases spanned the entire visible range, characteristic of aniso-
tropic AgNWs.

C. Electromagnetic field simulations of possible
plasmon coupling between two silver nanowires

Next, simulations were carried out to investigate the gap-
dependent E-field enhancements between two nanowires. The maxi-
mum E-fields from a two-parallel-nanowire system as a function of
the interwire gap distance are shown in Fig. 3(a). It was observed that
the magnitudes of the field enhancements decreased very rapidly with
increasing distance, indicating a significant reduction in the plasmon
coupling between the two parallel nanowires, which was least-square-
fitted to demonstrate that the decay could be approximated by a
double-decay exponential function [equation inserted in Fig. 3(b)].
Then, we considered a simulation with an alternative arrangement
geometry of two nanowires, end-to-end, for the scaling of the E-field
enhancement. It is known that mimicked metal-insulator
(media)-metal (MIM) systems have demonstrated near-perfect optical
absorption, immense radiative rate enhancements, and independent
tunability of the spectral response and modal intensity.” Figure 3(c)
shows the distance-dependent field decay between two end-to-end
nanowires. Although the maximum E-field in this case is not as intense
compared to the that of parallel mode in Fig. 3(a), this mode is typi-
cally nonnegligible, symmetric, and tightly localized in the nanogap
region [zoom-in in Fig. 3(c)], which allows the enhanced optical pro-
cesses to be tuned by varying the dielectric medium. Both of these
results shown in Fig. 3 indicate that the E-field-enhanced phenomenon
remains valid for nanowires, while greatly approximated exponential
decays with the nanogaps increase. Moreover, the E-fields generated in
these two geometries, parallel and end-to-end configurations, were
also simulated under different laser excitation sources, i.e., 785, 633,

ARTICLE pubs.aip.org/aip/are

and 532nm, and demonstrated similar double-exponential decay
behaviors [Figs. 3(b) and 3(d)]. The E-field magnitudes calculated at
different laser-excited wavelength sources showed similar double-
exponential decay behavior with respect to the distance of separation
irrespective of configurations but with different magnitudes of intensi-
ties. The E-field in the end-to-end geometry is lower than that of paral-
lel nanowires at all excited wavelength sources.

Investigating the multilayer packing, the interaction between two
nanowires should be considered first. In addition to parallel and end-to-
end alignment, it is highly probable that nanowires often intersect each
other and thereby affect electromagnetic enhancement [Fig. 4(a)]. Here,
we found that surface plasmons from nanowires can be tuned in the
presence of another nanowire. This intersecting geometrical configura-
tion of nanowires also yields an appreciable amount of E-field, which
can result in SERS enhancement due to strong plasmon coupling.
Furthermore, we also explored the E-field caused by stacking with differ-
ent crossing angles, as shown, in Fig. S4. Surprisingly, the 40°-50° cross-
ing produced a larger-amplitude plasmonic resonance oscillation, but
the intensity is higher than that of 90°. Nevertheless, we summed and
compared the E-fields caused by the above possible stacks. Figure 4(b)
shows that a single nanowire also possesses propagating surface plas-
mons but has the lowest E-field in all configurations. Additionally, the
area of influence of the E-fields is the largest in the case of two intersect-
ing nanowires [hotspot indicated in Fig. 4(c)], which improves SERS
enhancement by several factors compared to that in the case of other
geometries. Combined with the results shown in Fig. 3, this demon-
strates the importance of the nano-assembly, which plays a vital role in
dictating the overall E-field. On the other hand, E-field distributions in
all the cases, with respect to excitation laser sources of wavelengths 785,
633, and 532 nm, were also examined. Figure S4 also showed that higher
wavelength (lower energy) light sources presented higher plasmonic res-
onance effects in all stacking conditions.

D. Construction of an M3D-SERS substrate and charac-
terization with bovine serum albumin (BSA)

The scheme in Fig. 1 shows the procedure of using silver nano-
wires to fabricate an M3D-SERS substrate with random, crossed-wire,

FIG. 3. Plasmonic hotspot generation and
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layer-by-layer packing through a very conventional sprinkling method.
In this way, the layer number (along the z direction) and the density
within the layer are determined according to how many volumes of
nanowire-containing stock solution are sprayed into the well. The
SEM surface morphologies of M3D-SERS substrates with increased Ag
nanostructured layers, 1 L-6 L, are shown in Fig. 5(a). From x-ray pho-
toelectron spectroscopic (XPS) analysis on Ag 3d core energy levels
from all our SERS substrates with different layers, 1 L-6 L, we observe
the two characteristic, Ag 3ds/, and Ag 3ds,, peaks [Fig. 5(b)]. The Ag
3ds, binding energy position occurs at 368.3eV, consistent with
reported values.”” The spin—orbit-splitting values between the two
core-level peaks remain constant at 6.0 eV, which is consistent with
reported values. A qualitative overview shows that both the peak inten-
sities increase with increase in the number of sprayed silver
multilayers. To verify it quantitatively, we plotted the area under the
Ag 3ds,., peak against the increasing multilayers. The resulting depen-
dency was best fitted with the function

Y =Y, + A*eX/Y. 1)

Overall, x-ray photoelectron spectroscopic (XPS) analysis revealed the
multilayer dependent features from our as-constructed SERS
substrates.

After drying, the SERS characteristics of the M3D-SERS chips
were examined based on bovine serum albumin (BSA) to evaluate the
optimized layer packing and AgNW gathering density. The SERS
results from BSA with an excitation wavelength of 633nm on the
M3D-SERS substrate included peaks at ~845, 1008, 1139, 1241, 1401,
and 1593cm ™! [Fig. 6(a)], which match those reported in the litera-
ture.”” Moreover, the spectral comparison of M3D-SERS chips of
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FIG. 4. (a) The possible interaction modes
between two nanowires are parallel, end
to end, and intersected. (b) The resulting
E-field comparison in relation to the exci-
tation energy. (c) Schematic diagram of
hotspot formation from nanowires stacking
under 785 nm excitation.

variable densities indicated that the intensity of the Raman spectra
apparently increased up to the fourth cycle (4L) of AgNW sprinkling
[experiment 2.2, Fig. 1(a)] with a constant concentration of BSA
(10nM x 10 uL). The high SERS signal enhancement can be explained
by the fact that more layer formation, more cross-stacked nanowires,
and more z-direction hotspots inside the M3D-SERS eventually induced
strong plasmonic coupling along the vertical direction [Fig, 1(b)].***"

On the other hand, the signal intensity decreased with more than
four cycles of spreading, which can be explained by the fact that the
transmittance of the substrate decreases dramatically as the number of
stacking layers increases and then causes the incident light (and the
Raman signal output) penetration to decrease. Moreover, if the mole-
cules are distributed in more layers, the number of molecules in each
layer decreases. Nevertheless, transmittance is the criterion for fabricat-
ing an optimized M3D-SERS substrate for SERS measurement.
Furthermore, light source-dependent SERS spectra were collected using
532, 633, and 785nm excitation, as shown in Fig. 6(b). We observed
the same Raman bands in the relative spectral range, while there was
variation in the relative intensities. The variation in the Raman spectra
from a single location acquired using different excitation wavelengths
revealed the coupling between the phonons and electronic transitions.
During the experiment, we found that strong excitation energy is easy
to damage biological organic molecules, whether it is stronger laser
energy, longer exposure time, or more times of CCD accumulation.
Consequently, we concluded that lower energy excitation was the most
suitable for BSA biomolecule SERS measurement, and the LOD (limit
of detection) was approximately 10 pM [Figs. 6(c) and S5]. Finally, the
minimum detection limit for BSA was determined to be 10~"' M in
10 uL volumes using a M3D-SERS (4 L) chip.
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in (b) shows a quantitative analysis of the area under the peak-fitted Ag 3ds,, component.

Here, we tested the uniformity and reproducibility of M3D-SERS
substrates. At first, we also constructed the M3D-SERS substrate by
adding the entire AgNWs directly (not step-by-step procedure, as
Fig. 1 shown) onto the glass substrate and then following the same vac-
uum drying process. We used 10 nM of BSA as a probe molecule to
see the difference in the SERS spectra. Here, SERS spectra were col-
lected from ten different positions of substrate, and Fig. S6(a) presents
that the one-time layer packing approach provides higher SERS signal

(a)

data with reproducible repeatability with a data error distribution
<15%, while layer-by-layer case reveals slightly lower signal, but better
consistency with a data error distribution <10%, as can be seen from
Fig. S6(b). In light of these findings, we have emphasized on the greater
uniformity from the multilayered nanostructured substrates, leading to
the generation and propagation of plasmonic modes not only on the
xy plane but also in the z direction. This three-dimensional plasmonic
behavior adds another dimension to the understanding of the SERS
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enhancement mechanisms. Furthermore, another reproducibility for
M3D-SERS substrates was tested after the prepared chip was placed in
the atmosphere for over 90days. The SERS signal could still be
detected with a decrease in less than 10%, as shown in Fig. S7.

E. SARS-CoV-2-related biomolecules (antigen/
antibodies)

With the current ongoing SARS-CoV-2 pandemic, which is
caused by a virus that is highly contagious and fast-transmitting in
nature,” we recommend detecting SARS-CoV-2-related biomolecules
(antigens/antibodies) by using SERS technology, primarily owing to
its nondestructive nature, ease of sample preparation, and capability
to facilitate detection at a distance in ambient environmental condi-
tions. Figures 7 and S8 show the SERS spectra collected from spike
RBD protein (S-protein) and its antibody (1A9-protein) by M3D-
SERS. To determine the manufacturing conditions for the mass pro-
duction of M3D-SERS to achieve fast screening, the number of
AgNW layers was varied from a single layer (1 L) to six layers (6L). As
can be observed, the largest SERS enhancements of S-protein and
1A9-protein (10nM) were obtained with the M3D-SERS substrate
with ~four layers (4L) of AgNWs, at all three excitation wavelengths
of laser sources. The enhanced SERS responses from the different
vibrational bands were also observed to be layer dependent. As
expected, similar to the situation encountered by BSA, the well-
resolved Raman peaks were not observed at 532 nm condition (Fig. 8).
There are some spectral broadenings around 1400 and 1600cm ™',
implying the decomposition of organic molecules. We will not discuss
it further in this manuscript. On the other hand, since sensitivity is a
key factor in SERS, a nanomolar concentration of each biomolecule
was used to test the efficiency of the multilayer M3D-SERS under dif-
ferent excitation sources, which is shown in Fig. 7. Therefore, we con-
cluded that M3D-SERS can detect biomolecules (both S-protein and
1A9-protein) at a level of 0.1 nM, no matter under the laser conditions
of 633 or 785 nm (Fig. S9).
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Distinct Raman peaks from S-protein and 1A9-protein were
peaked and assigned as shown in Fig. 8(a). With the SERS of SARS-
CoV-2 being a recent observation, both the processes of resolving the
technical difficulties of its detection and peak assignment, the observed
vibrational bands based on rigorous theoretical calculations are being
continuously refined and developed. We assigned these vibrational
peaks based on the corresponding results reported in the available lit-
erature.”” ** There is no doubt that these signals we obtained indicate
the secondary structure of a bioorganic molecule.”” However, we found
that the Raman signals in these journal articles are weak, and even
need to use statistics programs to amplify the data (signals) for differ-
entiating variable biomolecules. In contrast, the Raman spectra in
Fig. 7 are intense, clear, and well-defined. More importantly, we find
out the corresponding excitation laser light source to avoid the prob-
lem that the biomolecule is easy to decompose. Therefore, we do not
need program statistics to amplify data, and we do not need to use
reporter to indirectly show the detection limit of SARS-CoV-2 and
emphasize the convenience of detection. For example, using Fig. 8, we
can easily compare the difference in Raman signal between the spike
protein and its antibody. We can observe that lasering 633 nm seems
to be able to get well-defined spectra and excellent detection limit
between three excitation light sources, while the SERS spectra in
785nm can reveal a more obvious difference between spike and anti-
body [Fig. 8(b)]. Here, we found that the signal difference between
1A9 antibody and spike antigen may mainly come from the difference
in Trp number [737, 887, 1579 cm ™" in Fig. 8(a)] and accompanied by
a little difference in secondary structure (o-helix, 1646, 1288 cmfl).

On the other hand, it is very important whether this platform can
recognize antibodies in the presence of other biomolecules or in the
blood environment. As mentioned in this manuscript, as long as we
can detect the SERS signal, we can get the Raman fingerprint for iden-
tification. Figure S10 shows the results of variable mixing ratios of anti-
body 1A9 in HSA. It can be seen that our platform can still recognize
the signal of the antibody. Meanwhile, we have also made a compara-
tive analysis with different SERS substrates, other detection methods,

1A9633 nm
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materials, and limit of detection values from the target analytes. Our
approach leverages a single-component nanostructure, offers label-free
detection, and does not require the use of advanced statistics or
machine learning algorithms for data analysis to achieve sensitive and
accurate detection of BSA (Table S1) and SARS-CoV-2 biomolecules
(Table S2 in ESI). The integration of these features within our research
framework aims to uncovering the intricate interactions between bio-
molecules in different biological environments.

F. A comparative analysis of experimental and
theoretical simulation results

To understand such unique features, it is necessary to perform a
systematic study to model AgNWs and simulate them to calculate the
E-fields in terms of layer-dependent E* with different AgNW layers
and different excitation wavelength sources. Simulations were per-
formed on the AgNWs with the dimensions of 5um (length)
% 100 nm (diameter) as input parameters. Followed the condition and
parameter in Figs. 2 and 3, simulation was carried out on each individ-
ual 2D AgNW layer in the 3D multilayered substrate to investigate in-
depth the behavior and magnitudes of the E-fields. (Fig. 9).

In the case of one-layered (1 L) AgNWs, the SERS enhancement
solely originated from the nanowire gaps, in either aligned or end-to-
end configurations, as Fig. 3 shown. It is different from that observed
in the case of AgNWs with two layers (2 L) or more due to (1) the gen-
eration of nanogaps in the vertical (z-axial) direction and (2) interlock-
ing nanowires. These three types (vertical and lateral nanogaps and
intersecting nanowires) of hotspots were generated with the addition
of each AgNW layer. This followed a sequence of consecutive assem-
blies of layers, initially beginning with a monolayer (1L) or two-
dimensional (2D) to a three-dimensional (3D) configuration of two
layers (2 L). With such a transition from a 2D to a 3D AgNW assem-
bly, the increased number of intersections resulted in a significant
increase in the number of SERS hotspots. That is, an increase in the
number of layers of course increased the probability of nanowire

Wave number (cm™)

intersection [hotspot, Fig. 9(b)]. In this way, the entire M3D-SERS
chip underwent homogeneous plasmonic coupling [Fig. 1(b)] and it was
obvious that hotspots were dominant and the most important factor.
Therefore, the collective plasmonic coupling in the directions of the
x-y (parallel gap) and x-z (perpendicular gap) axes must be effectively
exploited to design large-area, uniform, and ultrasensitive SERS
platforms.

A multilayer 3D-SERS substrate has an exposed top outermost
layer for target molecules as well as photons from the laser source to
interact with, thus providing more access compared to the intermedi-
ate layers. That is, the intermediate layer provides in a comparatively
lowered SERS performance, owing primarily to the restricted plas-
monic area. Thus, the overall utilization efficiency of the substrate is
lowered. In addition, the increase in space height due to these vertically
stacked 2D interlayers imposes a threshold on the penetration depth of
each individual laser beam, thereby limiting the SERS performance
from the multilayered 3D-SERS substrates. That is why the M3D-
SERS exhibits an optimal layer (L = ~4) packing condition [Fig. 9(c)].

For all biomolecules (HSA, S-protein, 1A9), we plotted the strong
and intense Raman peak intensities from the analyzed biomolecules
placed on the M3D-SERS substrates. Initially, the SERS intensities
increased with an increasing number of 2D AgNW interlayers and pla-
teaued after reaching their maxima at 3-4 layers [Fig. 9(d)]. The lower
SERS enhancement from a single AgNW layer (1L) could be due to
the presence of insufficient number of hotspots. This is because there
is less interlocking of nanowires, as well as an increased distance
between two adjacent nanowires. As a result, one should expect a lower
E-field enhancement in the initial layer. Compared to that of the first
layer, an increased SERS response from additional AgNW layers
toward the target molecules is reasonable. The addition of a subse-
quent layer resulted in a decrease in the nanogaps and an increase in
the intersection. More importantly, an additional factor was that the
analyte molecule was trapped in a three-dimensional field filled with
plasmonic enhancements. On the other hand, the increasing trend of
the SERS intensities reversed with a further increase in the number of
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FIG. 9. Simulation results of layer-dependent 3D AgNWs (a) and their relative z-direction hotspot formation (b). Comparison between theoretical E-field values and experimental
SERS results of the multilayer nanostructured AgNWs: FIT-simulated E-field values show the existence of an optimum irrespective of incident irradiation wavelength sources
(c), which is also well supported by the experimental SERS measurements of 2D AgNW layers with different biomolecules under the same conditions (d).

2D AgNW layers, which can be explained by the increasing close-
packed structures of the multilayers with depth drastically influencing
the finite penetration depth of the laser excitation source. Therefore,
signals that would have provided information on the deeply buried
layers were either blocked or scattered between the layers, thereby
resulting in weaker SERS signals.

The results above indicated that each increasing layer had an
impact on the overall E-field from the substrate. Both the SERS and FIT
results further confirmed the previous results. Figures 9(c) and 9(d)
show that the simulated trend of the electric field between different
layers was similar to the trend of the Raman peak intensity obtained
from the experiment, even at different excitation wavelengths of 785,
633, and 532 nm. This confirmed that the 3D plasmons, both in the x-y
and x-z directions, nanogaps, and the distance between them were the
major contributing factors toward such SERS enhancement from a rela-
tively simple, single-component SERS substrate. Based on the above
results, we propose a simple, single-component, multilayer-structured
M3D-SERS substrate fabricated from silver nanowires. This kind of sub-
strate with layer-by-layer 3D packing generates intense E-fields along
the vertical and parallel nanogaps, thus resulting in a high density and
isotropic plasmon coupling inside the substrate. Furthermore, the inter-
locking of AgNWs forms a homogeneous 3D hotspot distribution com-
pared to the loosely packed 2D monolayer nanostructures. The SERS
enhancement is much higher in a multiscale assembly of 4 = 1 layers,
thereby indicating that a thin SERS substrate from only one component
(e.g., Ag) can purposefully result in a highly sensitive SERS substrate.
Most of the related reports are based on 1D or 2D assembled SERS sub-
strates. Our study could thus fill this knowledge gap and provide a better
understanding of 3D SERS substrates.

Finally, we need to discuss about the morphological discrepancy
between the experimentally obtained constructs and the models for
FIT simulations. In this ideal case, if the nanowires are perfectly
aligned and crossed, we can control and predict the hotspots and
quantify the generated electric fields with high precision. On the other
hand, in practical scenarios, more interactions are possible from a vast
array of geometric configurations, such as angles, overlaps, or distan-
ces. The collective response may lead to the generation of extra hot-
spots and expected electric fields of greater strength. In Fig. 4, we have
shown that, for two silver nanowires, AgNWs in aligned or end-to-end
configurations can also generate higher electromagnetic fields, albeit at
lower strengths compared to crossing nanowires. Moreover, the result
of Fig. $4 further proved that the orthogonal interaction is not the best
result. Therefore, it can be inferred that the effect of the M3D-SERS
substrate will be better than the theoretical calculation.

Another important issue for the construction of random-crossed
stacking AgNWs in M3D-SERS substrate is the applicability to the
analytes, although many kinds of the literature reported their special
technologies to fabricate oriented layer-by-layer silver nanowires with
a relatively precise arrangement, resulting in an organized structure.
The regular orthogonal stacking can only allow a specific size of the
analyte to be deposited. While it is different in M3D-SERS substrate,
we want to construct a randomly arrange nanowires and stack them
layer by layer to create variable sizes of defects, so as to “trapped” the
variable sizes analytes, which can be surrounded by plasma coupling
region. That is why we used a spraying process to construct a ran-
domly cross-stacked M3D-SERS substrate and expect it to successfully
detect variable size of analytes (small organic molecules, DNA, protein,
and virus).
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IV. CONCLUSION

In summary, we developed an M3D-SERS chip suitable for
detecting biomolecules by fabricating an ultrasensitive, multi-layered,
3D, single-component SERS substrate from silver nanowires via a
consecutive layer-by-layer assembly method. Using finite integration
technique (FIT) simulations with specific emphasis on the addition of
individual AgNWs under different laser excitation sources revealed
that the extremely localized plasmonic hotspots in the vertical and
lateral directions from the nanogaps were responsible for SERS
enhancement from the M3D-SERS substrate. Experimentally, the
M3D-SERS substrate demonstrated a nanomolar-concentration detec-
tion level for three different types of biomolecules: bovine serum albu-
min and SARS-CoV-2 antigen and antibody. Three different laser
sources also further demonstrated similar detection levels. Both the
experimental and theoretical simulation results excellently corre-
sponded with each other and indicated the existence of an optimum
limit of the 2D layer in the 3D SERS substrate, which is responsible for
the highest SERS enhancement. This simple approach of fabricating a
single-component, multi-layered, 3D SERS substrate has application
potential in the clinical diagnosis of different biomolecules.

SUPPLEMENTARY MATERIAL

See the electronic supplementary material for synthesis detail and
characterization of the nanowire and for Figs. S1-S10 and Tables S1
and S2.
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