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ABSTRACT: Virus detection is highly important; the last several years, since the onset of the SARS-CoV-2 pandemic, have
highlighted a weakness in the field: the need for highly specialized and complex methodology for sensitive virus detection, which also
manifests as sacrifices in limits of detection made to achieve simple and rapid sensing. Surface-enhanced Raman spectroscopy
(SERS) has the potential to fill this gap, and two novel approaches to the development of a detection scheme are presented in this
study. First, the physical entrapment of vesicular stomatitis virus (VSV) and additional virus-like particles through substrate design to
localize virus analytes into SERS hotspots is explored. Then, the use of nonspecific linear polymers as affinity agents to facilitate
polymer-enabled capture of the VSV for SERS detection is studied. Quantitative detection of the VSV is achieved down to 10"
genetic copies per milliliter with an R* of 0.987 using the optimized physical entrapment method. Physical entrapment of two more
virus-like particles is demonstrated with electron microscopy, and distinctive SERS fingerprints are shown. This study shows great
promise for the further exploration of label-free virus detection methods involving thoughtful substrate design and unconventional

affinity agents.

1. INTRODUCTION simple and requires specialized knowledge to conduct.”
In light of the SARS-CoV-2 pandemic, it is easy to understand Further, PCR is irrelevant for virus-like particles lacking
the urgency and necessity of sensitive virus detection. Viruses nucleic acid cargo. These challenges are common across
are not only important to study because of their pathogenic sensing schemes for many biological analytes; however,
potential but also are critical in the burgeoning field of virus- surface-enhanced Raman scattering (SERS) is a method that

based therapeutics. Oncolytic applications of viral therapies are
also being explored for their ability to selectively attack
cancerous cells. Vesicular stomatitis virus (VSV) is a bullet-
shaped, enveloped, single-stranded RNA virus in the
Rhabdoviridae family which has recently shown promise as a Revised:  May 17, 2024

therapeutic to preferentially target cancerous tumors (Figure Accepted: June 4, 2024
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can overcome these challenges and has been used for detection
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The current gold standard for virus detection is the
polymerase chain reaction (PCR), which is neither rapid nor
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Figure 1. VSV structure. An electron micrograph of the VSV structure (by the Centers for Disease Control and Prevention, public domain) with
callout of a single virion, including size dimensions and some surface information. Created with BioRender.com.

of biologically relevant small molecules, viruses, and bacteria.””
For example, bacteria have been detected and accurately
classified by species at the single-cell level using Raman
microspectroscopy coupled with chemometric analysis.”®
Despite the precedent work, applying SERS to virus detection
remains a relatively unexplored pathway ripe for innovation,
having only taken off in the past few years, with much literature
emerging since the onset of the COVID-19 pandemic.””

Vibrational spectroscopy gives chemical fingerprint informa-
tion because the molecular vibrational modes manifest as
spectral features, reflecting the vibrational character of each
functional group. In Raman spectroscopy, molecular vibrations
that affect molecular polarizability are active. Raman scattering
is the inelastic scattering of photons and is a rare phenomenon
which occurs naturally for only 1 in 107 scattered photons.’
The mechanism behind the Raman signal intensity is
controlled by the strength of the dipole induced by the
molecular vibration, which depends on the polarizability of the
molecule and the electric field. Because Raman scattering
occurs infrequently, it produces inherently low signals;
plasmonic enhancement of Raman scattering is needed to
use Raman spectroscopy as a reliable and practically useful
analytical technique. SERS allows for Raman signal gains of up
to 10'° by manipulating both the polarizability of the molecule
and the electric field.” Electromagnetic enhancement is
facilitated by exciting a localized surface plasmon resonance
(LSPR) on noble metal nanostructures and contributes up to
10°® to the signal enhancement.” The LSPR depends on the
dielectric constant of the material as well as the size, shape, and
spacing of the nanoscale features.'” When performing SERS, it
is therefore important that the A, of the substrate extinction
(absorption plus scattering, indicating the excited LSPR) is of
similar energy to the laser wavelength so that the plasmon will
be effectively excited, and the electromagnetic fields necessary
for surface enhancement are generated.

Plasmonic substrates can be developed in a variety of forms
for SERS applications, mainly divided between colloidal
nanoparticles and substrate-bound nanostructures. Metal film
over nanospheres (FONs) are one such reproducible and
easily fabricated substrate,'' which generally have enhance-
ment factors around 10°, are shelf-stable, and allow for the use
of liquid-phase analytes without dilution."””"* The LSPR is
tuned by changing the film thickness, the size of nanostructures
and any gaps, and the plasmon-supporting material.> Other
forms of nanoscale lithography are also popular, as are colloidal
metal nanoparticles as substrates.”'”'® Another consider-
ation when developing SERS detection schemes is whether to
measure the molecular fingerprint of the analyte (intrinsic
SERS) or to use a Raman tag, which may aid in the detection

of weak scatterers (extrinsic SERS). Extrinsic SERS is easy to
analyze but does not give direct information about the analyte,
while spectra obtained by intrinsic SERS can be definitively
assigned and interpreted in relation to the analyte. Affinity
agents are often used to enable intrinsic SERS to help bring the
analytes into enhancement zones or provide selectivity, but
they often have peaks in overlapping wavenumber regions as
the analytes, thus visually complicating the spectra.'” Thus, the
experimental design of intrinsic SERS for sensing must
consider the balance between complex data analysis and the
potential difficulty in spectral congestion.

This work will show that SERS can be exploited to
sensitively detect VSV as a proof-of-concept with preliminary
explorations into the detection of additional virus-like particles.
Two strategies will be employed: (i) localization of the analyte
in the enhancement zones by modeling the nanostructured
gaps on the substrate surface to fit the dimensions of the
analyte and (ii) capture by nonspecific linear polymers as
affinity agents. The small size of individual virions allows for
the use of micro- and nanoscale features to facilitate analyte
localization in substrate gaps while still supporting plasmonic
resonance.””*" The localization is driven by physical forces like
evaporation of the analyte solution post-incubation into the
virus-sized gaps engineered in the substrate. This novel
strategy will offer the advantage of only having the analytes’
vibrational modes interpreted in the spectra.

This work aims to advance this field not only by detecting
novel analytes but also by exploring multiple uncommon
strategies for label-free detection: the physical entrapment of
analytes and the use of promiscuous linear polymer affinity
agents. Though compelling, it may be disadvantageous to rely
on physical entrapment alone. As such, passive localization will
be compared with the use of nontraditional affinity agents,
such as linear polymers. These polymers do not have a specific
affinity to the VSV but instead contain multiple functional
groups that will promote noncovalent interactions with the
analyte while being covalently attached to the substrate
surface.”>** Utilizing chemical attraction could bring more
analyte to the enhanced substrate regions, though it will
complicate the data with polymer vibrational fingerprints. The
physical entrapment of the VSV on the substrate surface across
a wide range of concentrations will be presented following
preliminary data using virus-sized model nanobeads. Two
linear polymers and two methods for the interaction of the
analyte with the polymer are explored with VSV detection over
a range of concentrations. Overall, this work reveals that the
physical entrapment method is preferable and allows for VSV
detection at low concentrations and for quantitation.
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2. MATERIALS AND METHODS

2.1. FON Fabrication. FONs were fabricated following
previously published protocols.'#**** In brief, silicon wafers
were cleaned using a piranha solution to remove metals and
contaminants from the surface. Nonfunctionalized silica
nanospheres (Bangs Laboratories, Inc., Fishers, IN) of desired
diameter (500 or 1000 nm) were resuspended in Milli-Q water
and then drop-cast onto the clean silicon and allowed to dry in
ambient conditions. A Denton 502B vacuum deposition
system was used to deposit rough gold films onto the self-
assembled monolayer of silica spheres at a deposition rate of
~2 A/s. Substrates were mounted onto a metal disk with
vacuum-safe polyimide tape. Gold (99.999% pure, Kurt J.
Lesker Co., Jefferson Hills, PA) film deposition was monitored
by a quartz crystal microbalance. Extinction spectroscopy was
performed by using an Ocean Optics USB2000 reflectance
fiber optic spectrometer on each substrate after calibration
with a reflective gold blank.

2.2. Polymer Synthesis. All polymers in this work were
synthesized by reversible addition—fragmentation chain trans-
fer (RAFT) polymerization.”* Poly-N-(2-aminoethyl)-
methacrylamide (pAEMA) and poly-2-hydroxyethyl methacry-
late (pHEMA) were synthesized from commercially available
monomers [Polysciences, Inc. (Warrington, PA) and Sigma-
Aldrich (St. Louis, MO), respectively] (Figure S1). To the
monomer solutions, initiator 4,4’-azobis(4-cyanovaleric acid)
and chain transfer agent 4-cyano-4-
(propylsulfanylthiocarbonyl) sulfanylpentanoic acid were
added.” Details are shown in Figure S1. To prepare the
products for size exclusion chromatography (SEC) and nuclear
magnetic resonance (NMR), they were run through dialysis
and lyophilization. An Agilent 1260 Infinity Quaternary LC
system with Eprogen columns [CATSEC1000 (7 um, 50 X
4.6), CATSEC100 (5 pum, 250 X 4.6), CATSEC300 (5 um,
250 X 4.6), and CATSEC1000 (7 um, 250 X 4.6)] was used
for SEC to obtain the molecular weight of the products with a
Wyatt HELEOS 1I light scattering detector (4 = 662 nm) and
an Optilab rEX refractometer at 658 nm. To confirm the
structure, AX-400 'H NMR at the UMN Department of
Chemistry NMR laboratory was used. The results of these
characterizations are shown in Table S1.

2.3. Physical Entrapment of Virus-Sized Nanobeads.
To model the dimensions of the VSV, 68 nm-diameter
polystyrene and 177 nm-diameter silica (Bangs Laboratories,
Inc., Fishers, IN) nanobeads were incubated on FONs. As a
preparation, the silica nanobeads were centrifuged and
resuspended in Milli-Q water several times to remove
surfactant. The polystyrene nanobeads were used without
preparation. Twenty yL of the nanobead solutions were added
to FONs and allowed to dry overnight. Samples were then
mounted on scanning electron microscopy (SEM) stubs and
coated with 2 nm-thick Pt. SEM was performed at a 5.0 kV
accelerating voltage with secondary electron detectors. The
FON’s templated with 1000 nm-diameter spheres were imaged
on a JEOL 6500 scanning electron microscope, while the
FONs templated with 500 nm-diameter spheres were imaged
on a Hitachi SU8230 scanning electron microscope.

2.4. Physical Entrapment of VSVs. To perform SERS on
a wide range of VSV concentrations, 1:100 serial dilutions from
the stock VSV solution (10'" genetic copies/mL) down to 10'
genetic copies/mL were prepared. Each VSV solution was
added to a FON in triplicate, incubated at room temperature

for 2 h, and then dried with N, gas. SERS measurements are
described below.

For the imaging of VSV on a FON surface, VSV solutions
were added to FONs and incubated for 2 h at room
temperature and dried with N, gas. After mounting on SEM
stubs with conductive carbon tape, they were immediately
coated with 1 nm of Pt using an Ion Beam Sputterer TM200S
(VCR Group, Inc.). SEM was performed at a 5.0 kV
accelerating voltage with secondary electron detectors on the
Hitachi SU8230 scanning electron microscope.

VSV samples and an appropriate buffer were provided by
Boehringer Ingelheim (Ridgefield, CT). The provided samples
were genetically modified to not contain infective RNA. For
the other virus-like particles, the same physical entrapment
SERS and SEM protocols were followed. Adeno-associated
virus empty capsids were purchased from PROGEN INC.
(Wayne, PA). The virus-like particle VLP-NS213 was
purchased from ACROBiosystems (Newark, DE). Dilutions
of AAV and VLP-N5213 were made in 1X DPBS (Corning
Inc., Corning, NY).

2.5. Polymer-Enabled Capture. 2.5.1. Preincubating vs
Premixing. Polymer-enabled capture of the VSVs can be done
by first incubating the polymer on the substrate surface,
followed by drying, and then the introducing the analyte onto
the polymer-functionalized FON, which will be referred to as
preincubating. One mM pHEMA or 1 mM pAEMA in water
was dropped onto the FON surface, incubated for 2 h at room
temperature, and then dried with N, gas. The VSV stock
solution was added to the surface for 2 h at room temperature
and then dried with N, gas. SERS measurements are described
in the following Materials and Methods section.

The premixing method of polymer-enabled capture involved
first combining equal parts of 1 mM pAEMA or 1 mM
pHEMA with the stock VSV. This mixture was stirred on a
rocking shaker for 2 h at room temperature and then added to
the nonfunctionalized FON. The polymer-VSV mixture was
allowed to incubate on the FON for 2 h at room temperature
and then dried with N, gas. SERS measurements are described
in the following Materials and Methods section.

2.5.2. Premixing pAEMA with a Range of VSV Concen-
trations. To perform SERS on a wide range of VSV
concentrations, the premixing method was used. The VSV
solutions were prepared as 1:100 serial dilutions from the stock
solution (10! genetic copies/mL) down to 10" genetic copies/
mL. A 50:50 mixture of each VSV solution was individually
mixed with 1 mM pAEMA for 2 h at room temperature on a
rocking shaker. Each VSV solution was added to a FON in
triplicate, incubated at room temperature for 2 h, and then
dried with N, gas. SERS measurements are described in the
following Materials and Methods section.

2.6. SERS Experiments. SERS measurements were
recorded using a SnRI Sierra system (Snowy Range Instru-
ments, Laramie, WY) and an XYZ sample stage and a 785 nm
excitation laser. Samples were mounted to the stage and
measured at five different spots on the substrate to obtain five
spectra per sample. 38 mW laser power and 15 s integration
time were used unless otherwise noted. The data were then
baselined with a program adapted from an open-source
algorithm (BubbleFill).”> Baselined results for each exper-
imental condition were then averaged. Plots were created in
Origin 2018 (OriginLab). Principal component analysis (PCA)
was performed on baselined data to visualize variance between
the different experimental conditions and was implemented
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Figure 2. Physical entrapment geometric considerations. (A) illustrates the morphology and dimensions of VSV. (B,C) show geometric
representations of the gap created at the intersection of three nanospheres with a nanobead (green) sized to fill the aforementioned gap. The ideal
diameter for the nanospheres to accommodate an 80 nm-diameter bead, which corresponds to the small dimension of the VSV, is S00 nm (B). The
ideal diameter for the nanospheres to accommodate a 170 nm-diameter bead, which corresponds to the long dimension of the VSV, is 1000 nm.
(D) shows a representative extinction spectrum for a FON made with 500 nm-diameter nanospheres, with a A, at 800 nm. (E) shows a
representative extinction spectrum for a FON made with 1000 nm-diameter nanospheres, with a 4,,,, at 568 nm. The 500 nm-diameter nanosphere-
based FON can therefore support greater electromagnetic signal enhancement when using a 785 nm excitation laser (represented by the red vertical

line in parts D and E). Created with BioRender.com.

using scikit-learn in Python. Outlier analysis for the calibration
curves was performed using GraphPad’s ROUT method with a
maximum false discovery rate (Q) of 1% and can detect
multiple outliers from a data set, eliminating a maximum of
30% of a data set.”

3. RESULTS

3.1. Physical Entrapment. Determining the viability of
the simplest intrinsic detection scheme was done first using
model nanobeads as stand-ins for the VSV sample, which was
available only in limited quantities. VSV is bullet-shaped
(Figure 2a) ,”” thus one nanobead was used to model the short
dimension (80 nm) and one for the long dimension (170 nm)
of the VSV. With the goal of localizing the VSVs in the gaps
between the nanospheres comprising the substrate surface, the
ideal sizes of the nanospheres were geometrically determined
to be S00 nm to fit the short dimension of the VSV (Figure
2b) and 1000 nm to fit the long dimension of the VSV in the
nanosphere array gaps (Figure 2c). However, the sizes of the
templating nanospheres have implications for the utility of the
SERS substrate due to the effects on the LSPR. FONs are
generally highly tunable, and there is typically a positive
correlation between the sphere size and the LSPR wavelength,
whereas for the thickness of the gold film and the LSPR
wavelength, the correlation is negatlve % Therefore, the gold
thickness was adjusted when using the 500 nm spheres to have
the maximum absorbance around 785 nm, the wavelength of
the excitation laser (Figure 2d). With the 1000 nm spheres,
however, the LSPR was not tunable through adjustments of the

gold thickness (Figures S2 and 2e). This unexpected result
meant that the 1000 nm substrates were not useful for this
project as the majority of the SERS enhancement comes from
the LSPR, and the available laser was fixed at 785 nm, despite
the geometry of this substrate being able to accommodate both
dimensions of the VSV. All SERS experiments therefore
utilized the 500 nm FONs, thus focusing on VSV capture
based on the smaller dimension.

As a proof-of-concept demonstration of physical entrap-
ment, the model nanobeads were incubated on the surfaces of
the 500 nm-diameter FONs and the 1000 nm-diameter FON's
for 2 h and dried. SEM was used to visualize nanobead
localization on the FONs (Figure 3). In both cases, the bare
FONs show that the monolayered nanosphere array packs with
good uniformity over a large area (Figure 3a,b, respectively).
Figure 3c shows that the long-dimension model nanobeads
settle in the gaps and crevices between the 500 nm-diameter
nanospheres despite the smallest footprint of the gaps not
being large enough to fully encapsulate the beads, which
should still allow for substantial LSPR effects. The large-
dimension nanobeads are also shown packing in the 1000 nm-
diameter FON crevices, suggesting that the relative closeness
of the VSV to both the 500 nm-diameter and 1000 nm-
diameter high curvature features on the FONs would be similar
(Figure 3d). In Figure 3e, the small-dimension nanobeads on
the 500 nm-diameter FON are packed in the gaps and crevices
very similarly to the way the large-dimension beads are packed
on the 1000 nm-diameter FONS, indicating that substrates that
are ideally designed for one size of nanobead exhibit packing of

10305 https://doi.org/10.1021/acs.analchem.4c01117
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Figure 3. SEM images of model nanobeads localized on FON
surfaces. (A) shows the bare 500 nm-diameter FON surface. (B)
shows the bare 1000 nm-diameter FON surface. (C) shows the large
beads and (E) shows the small beads packed into the 500 nm-
diameter nanosphere array, corresponding to the illustration in Figure
2B. (D,F) show the 1000 nm-diameter FONs with the large and small
beads, respectively, corresponding to the illustration in Figure 2C.

that nanobead into ordered gaps and crevices and not just
holes. The small-dimension nanobeads have a large size
differential from the 1000 nm spheres, resulting in many
nanobeads packing into each gap (and many not being within
close proximity of the plasmonic surface; Figure 3f). Overall,
based on both the tunability of the LSPR of the 500 nm-
diameter substrates and the ability of both sizes of nanobead to
sit in the gaps and crevices of the FON, work proceeded using
the 500 nm-diameter FON for all further experimentation.

Having demonstrated the physical entrapment technique
using the model nanobeads with size features relevant to VSV,
SERS detection of VSV was undertaken. To our knowledge,
there were no prior examples in the literature of the fingerprint
of VSV with SERS. Thus, a characteristic SERS spectrum of
the undiluted sample alongside hypothesized vibrational band
assignments is shown in Figure 4 and Table 1, respectively.
Generally, the SERS signals seen are likely attributable to the
surface glycoproteins.

Based on this fingerprint spectrum, a range of concentrations
of VSV were tested. In Figure S, the SERS spectra for the stock
concentration of VSV (in black) and hundred-fold serial
dilutions through 10" genetic copies per milliliter are shown.
There is a clear difference between the group of the three
highest and the group of the three lowest concentrations, with
larger signals accompanying the higher concentrations of
analyte. For some of the vibrational modes, the signals scale
linearly against the logarithm of the concentration, with an R?
of 0.987 (Figure 6). For instance, the peak at 986 cm™ shift
may come from the aromatic amino acids tryptophan and
phenylalanine or C—C stretching.”® This linear scaling may
indicate that their presence on the surface of the VSV is
important to the SERS detection and that the glycoprotein
(containing numerous phenylalanine and tryptophan residues)
is in close proximity to the substrate as it serves as a conduit
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Figure 4. VSV SERS fingerprint spectrum of stock VSV solution
deposited on a FON. The identified peaks have hypothesized Raman
shift assignments in Table 1.

Table 1. Hypothesized Raman Shift Assignments for VSV

Raman shift (cm™) possible peak assignments

~617 N-H (bending)***!
~685 C—S8 (stretching)"**
~766 Trp (ring breathing)***"*
~986 C—C (stretching)*>**
~998 Ph (ring breathing)*>*'
~1028 Trp,”® Phe,”’ Arg*' Gly,*' Tle*!
~1096 C—N (stretching)***"*
~1298 C—H (deformation),” imidazole (ring stretching)**
~1397 Trp indole ring32
~1444 CH,/CHj; (stretching)*"*
~1565 Trp (ring stretching)***"*
M
—— 10" gc/ml N
10®ge/ml
—— 10% gc/ml A ,\A

—— 107 gc/ml
10°ge/ml
——10"" gc/ml

2000 1800 1600 1400 1200 1000 800 600 400

—_—
5 ADU mW's™

Wavenumber (cm™)

Figure S. SERS of physically entrapped VSV over a wide range of
concentrations from 10''to IOIgenetic copies/mL (gc/mL). There is
a clear trend that the lower concentrations of analyte have smaller
peaks. The highest concentration of VSV (10'") is shown in black at
the bottom of the graph, with each spectrum being 100 times less
concentrated than the one below it. The pink spectrum is 10° the
orange spectrum is 107, the green spectrum is 10°, the blue spectrum
is 10°, and the purple spectrum is 10' gc/mL. Spectra are offset
vertically for easier visualization.

for viral introduction into host cells.”’ The reason for the
linearity on the logarithmic scale is likely because the
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Figure 6. Calibration curve for the 986 cm™" Raman shift band for the
physically entrapped VSV. The error bars shown are the standard
error of the mean. The flat dashed line is the calculated LOD. There is
a positive linear relationship between the peak intensity and the
logarithm of the concentration of the VSV, characterized by an R* of
0.987.

increasing concentration of the analyte increasingly occupies
the sites of significant SERS enhancement, such that the effect
reaches a maximum.

Additionally, the peak at the 766 cm™ shift also follows a
linear trend, with an R* of 0.948 (Figure S3). This signal may
come from a tryptophan ring breathing mode and further
supports the idea that a higher concentration of the analyte
results in more of the VSV surface glycoprotein in the SERS
hotspots. The horizontal dashed line in Figures 6 and S3
represents the limit of detection (LOD), calculated as three
times the average noise in a Raman silent region of the spectra.
Clearly, even with the low end of the explored concentrations
of the analyte, the signals exceed the LOD, showing that the
VSV is detectable at around 10' genetic copies per milliliter
and potentially lower concentrations beyond the tested range.

Overall, the physical entrapment method worked well for
VSV and has the potential to be applied to a range of virus-like
particles and viruses that exist in accommodatable size ranges
when designing FONs (Table S2). The simplicity of this
detection scheme is enticing as a low LOD was attained for the
intrinsic detection of the bioanalyte without the need for an
affinity agent. Additionally, results are comparable to other
detection methods for viruses like PCR, which has an LOD of
around 10* genetic copies/mL for COVID testing.”* Thus,
SERS, making use of physical entrapment, holds potential for
development into clinical or environmental assays for virus
detection, especially for virus-like particle detection where the
nucleic acid cargo has been removed to facilitate loading with
alternate cargo.

The physical entrapment method is further supported by the
visualization of virus-like particles on the FON surface, shown
in Figure 7. The particles rest in the gaps and crevices between
the template spheres. Before SEM analysis, the samples were
platinized to help with sample charging, which also resulted in
the film left from the buffer appearing in the images (especially
apparent in Figure 7b). In Figure 7a, the bullet shape of the
VSV is clearly shown, and Figure 7b shows many VSV particles
seated in the gaps between the 500 nm-diameter spheres.
Figure 7c¢ shows a VLP-NS5213 particle entrapped between the
FON’s template nanospheres. AAV, though much smaller than
the VSV and VLP-NS5213, packs into the FON gaps well and
more closely resembles the model nanobead packing due to its
roughly spherical shape (Figure 7d). The same behavior of
localization in the nanogaps is shown for all three virus-like
particles, providing strong support for the utility of FON-based
physical entrapment for a broad range of virus analytes.

Figure 7. SEM images of VSV, VLP-N5213, and AAV on FONs,
platinized to minimize charging. Many of the virus-like particles are
circled for added clarity. (A) shows the characteristic bullet shape of
the VSV resting in a gap between 500 nm-diameter spheres. (B)
shows many VSVs localized in the FON crevices. (C) shows VLP-
5213 between 500 nm-diameter spheres. (D) shows multiple AAVs in
the 500 nm-diameter sphere array.

Having demonstrated that physical entrapment functions
similarly among the three virus-like particles, comparisons
between the SERS spectra were examined. The fingerprints for
AAYV and VLP-N5213 are shown in Figure 8. Comparison with
the VSV fingerprint (Figure 8) clearly shows the visual
differences between all three analytes. Additionally, the PCA
shows that the different analytes cluster distinctly (Figures S4—
S6). KMeans analysis reveals that the clusters of VSV and a

VLP-N5213 _
—— VLP-N5213+VSV mix
AAV _ 5 ADU mw-'s™"
— AAV+VSV mix
— VSV
et \I\I\}\'WW—-———

2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm™)

Figure 8. SERS spectra of AAV and VLP-NS5213 individually and
mixed with VSV. Spectra are offset for easier visualization. The pink
spectrum (top) is that of VLP-NS213 at 50 ug/mL. The purple
spectrum is 50 ug/mL VLP-N5213 mixed with 10'! gc/mL VSV. The
yellow spectrum is 10'" capsids/mL AAV. The green is 10" capsids/
mL AAV mixed with 10" gc/mL VSV. The blue spectrum is 10" gc/
mL VSV. The fingerprints for the AAV and VLP-NS213 are distinct
from both VSV and each other. The mixture of AAV and VSV reflects
the character of each individual analyte. The same is true of the
mixture of VLP-N5213 and VSV.
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Figure 9. Schematic of preincubating and premixing methods. For preincubating, the polymer solution is added to the bare FON and dried,
followed by the addition of the analyte. For premixing, the VSV analyte and polymer are mixed together before being added to the FON surface. In
both cases, the spectra are measured after drying (the previous step). Created with BioRender.com.
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Figure 10. Premixing versus preincubation methods for pAEMA and VSV. For both the spectra and the PCA, the red is pAEMA alone, the green is
the preincubation method of pAEMA and VSV, the purple is the premixing method of pAEMA and VSV (top), and the blue is VSV alone
(bottom). The preincubation method primarily shares characteristics with the polymer, whereas the premixing method is more similar to the VSV.
Preincubation is inseparable from pAEMA, but premixing is separable from both the VSV and polymer with PCA.

lower concentration of VLP-N5213 for PC1 versus PC2 cluster
with 94.8% accuracy (Figure S4). When VSV and AAV were
added to the same FON for a multiplex trial, the resulting
spectrum had character from each analyte and some features
that overlapped (Figure SS). PCA shows that the mixture of
the two analytes clustered with a slight overlap with the VSV
cluster, while the AAV remained distinct for both PC1 vs PC2
and PC1 vs PC3 (Figure SS). The closeness of the mixture of
AAV and VSV clusters to the VSV alone indicates that the
spectra of the mixture are more similar to the VSV spectrum
than that of the AAV. For the multiplexing of the VSV and
VLP-N5213, the combination spectrum again shares character
with each analyte (Figure S6). For example, the peak around
1100 cm™ shift from the VSV is seen in the combined
spectrum, as is the peak around 925 cm™ shift from VLP-
N5213, despite not being present in both analytes individually.
The PCA of VSV and VLP-NS5213, however, does not have a

distinct cluster for each analyte and the combination of the two
(Figure S6). In fact, the VSV cluster is well-separated from the
mixture, while the VLP-N5213 data points overlap with both
the VSV and the combination when considering PC1 vs PC2.
For PC2 versus PC3, the plot shows the overlap of all three
clusters. Thus, VLP-N5213 and VSV are more spectrally
similar than VSV and AAV. Overall, these data support our
hypothesis that the physical entrapment detection scheme can
be applied to a variety of viruses and virus-like analytes and
results in distinct spectral fingerprints.

Physical entrapment of VSV for SERS detection was
therefore achieved over a wide range of concentrations, and
there is convincing physical and spectroscopic evidence to
support the hypothesis of the entrapment of the appropriately
sized analyte in the substrate’s gaps. Regarding the power and
limits of this method, a primary disadvantage is the limited
range of electromagnetic field enhancement (and thus signal
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enhancement) in SERS. Because of this decay, differentiation
of viruses would be limited by what is on the surface of the
viruses. This may mean that differentiation of closely related
strains is not be feasible. However, not needing specialized
affinity agents or primers is a major advantage of this
technique. We clearly demonstrated the ability to detect
multiple virus analytes with the same detection scheme.
Additionally, this method is nondestructive, allowing for the
potential to recover the analytes after detection for further
analysis or use. This facile fabrication of stable substrates holds
promise for similar bioanalytes for their label-free detection
with localization in SERS hotspots.

3.2. Polymer-Enabled Capture. While exploring the
impact of a FON-anchored linear polymer affinity agent, two
methods of introducing the polymer and analyte were
explored: preincubating and premixing, as depicted in Figure
9. The former involves subsequently incubating the polymer
and the analyte with a drying step between the introductions.
Premixing instead mixes the polymer and analyte together and
incubates them first before adding the mixture to the substrate
surface. Ultimately, in both cases, the substrate with the
polymer and the analyte on the surface is incubated for 2 h,
followed by drying and measuring. The polymers in this study
and the VSV are expected to primarily interact through
noncovalent intermolecular forces, especially hydrogen bond-
ing, sites for which are available in the repeat units of both
pHEMA and pAEMA. Additionally, they were synthesized with
terminal trithiocarbonate groups to allow for anchoring to the
gold substrate surface. The lack of specificity of the expected
interactions between the polymer affinity agents and the virus
is of interest because it may allow for future multiplexing and/
or the application of this detection scheme to a wide range of
analytes. Previous studies indicated that the premixing method
would likely be preferable, which results aligned with, as shown
in Figure 10. This may be because the VSV can interact with
more sites on the free polymer (i.e., the polymer repeat units
capable of H-bonding), while the ends of the linear polymer
may be the only accessible sites for intermolecular interaction
when the polymer is first allowed to bind to the gold surface
for preincubation. There is a high affinity for the FON surface
and polymer through gold—thiol bonding, so it may pack
tightly on the surface and cause the VSV to be farther from the
enhanced electromagnetic field of the plasmonic substrate. The
distance dependence of SERS enhancement is a well-known
phenomenon, with SERS enhancement falling off quickly as a
function of distance.”> Thus, premixing may be the better
method to bring the VSV close to the FON surface for
maximum SERS enhancement.

The polymer and VSV unfortunately have peaks of interest
in overlapping wavenumber regions of their respective spectra,
complicating the interpretation of the spectra that are
combinations of the affinity agent and analyte (Figure 10).
When comparing the pAEMA spectrum to both the
preincubating and premixing spectra, it is clear that the
preincubating spectrum highly resembles the polymer
spectrum, while the premixing spectrum has different primary
peaks. However, the premixing spectrum is very similar to the
VSV fingerprint spectrum. PCA was also used to visualize data
clustering from class to class as a result of their sources of
variance. PCA is an unsupervised machine learning method
and thus does not require labeled input data, so if different
experimental conditions do not have very different spectral
variance sources, they will appear closer together and will

provide insight into this relationship. This qualitative analysis is
helpful for the interpretation of spectrally congested data and
understanding if the VSV analyte or the polymer aflinity agent
are more important or influential in our detection scheme.
From the PCA, the pAEMA and the preincubating method are
inseparable into clusters for both PC1 versus PC2 and PCl1
versus PC3. The VSV and premixing, on the other hand, are
distinctly clustered in PC1 versus PC3 and are separable from
the preincubating and polymer spectra as well. Between the
PCA clustering and the appearance of the premixing spectrum
possessing more VSV character than polymer character, further
studies were carried out using the premixing method.

It logically follows that the preincubating method would lead
to more polymer character because the introduction of the
polymer to the substrate surface first allows for the occupation
of SERS hotspots by the gold—sulfur attachments of the
pAEMA to the FON surface. The lack of differences seen for
the preincubated spectrum and the polymer spectrum indicates
that the VSV likely could not reach the enhancement zones in
significant quantities. This is further supported by an
additional study which lowered the polymer concentration
100-fold, resulting in the pAEMA and VSV combination
spectrum having a lower signal-to-noise ratio for several of the
characteristic Raman shift peaks, indicating that a 1 mM
pAEMA concentration is appropriate (Figure S8). The
pAEMA has a much higher affinity for the FON surface
(through gold—thiol bonding) than the VSV does, such that
the subsequent introduction of the analyte into the
preassociated polymer—substrate surface does not interrupt
the occupation of the enhancement zones by the polymer to be
able to reliably detect the analyte.

Having determined the favorability of the premixing
method, we then compared two candidate linear polymer
affinity agents chosen for their ability to participate in
hydrogen bonding. While pAEMA contains an amide and an
amine in the repeat units, pHEMA contains an ester and a
hydroxyl. Figure 11 shows the spectra of each polymer alone as
well as each polymer mixed with the VSV analyte and the
fingerprint spectrum of the VSV alone. The signals are overall
stronger for the measurements containing pAEMA. There are
also notable differences between the pAEMA alone and the
PAEMA mixed with the VSV, whereas the VSV and pHEMA
mixture is nearly identical to the pHEMA alone. The primary
detectable changes are to the peak intensity ratios. While the
ideal situation would be the appearance of strong new VSV-
specific peaks, the method of using the pAEMA as an affinity
agent was worth further exploration since it may allow
multiplex detection of viruses of various sizes. The pAEMA
alone is clearly a stronger scatterer than the VSV, though the
VSV contains some aromatic structures from the presence of
many amino acids comprising the surface glycoproteins. The
VSV structure is complex, and its relative distance from the
FON surface as compared to the covalently bound polymer
leads to lower scattering signals. The polymers used in this
study both have multiple polarizable bonds, such as between
carbon, oxygen, nitrogen, and hydrogen, in their repeat units,
which can give relatively large Raman signals. pHEMA has
fewer peaks than the pAEMA and thus has more spectral
overlap than the pAEMA with the VSV. Overall, the higher
signals of pAEMA and greater visual differences of the mixture
from the polymer alone and as compared to the VSV alone
reveal pAEMA as the more promising polymer affinity agent
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Figure 11. Determining whether pAEMA or pHEMA is the better
polymer affinity agent for VSV. The pAEMA + VSV mix is colored
purple (middle). pAEMA is in red (bottom). pHEMA is olive and
pHEMA mixed with VSV is teal (top). VSV is in blue. pHEMA + VSV
is very similar to pHEMA alone. pAEMA + VSV has more differences
from both the VSV and the pAEMA.

for this work, and thus all further affinity agent-based studies
were performed using this pAEMA.

Interactions between the pAEMA and the VSV are
understood in the context of the previously characterized
pAEMA spectrum and modeling.” Several peaks present in the
PAEMA spectrum disappear or significantly decrease in the
presence of VSV: delocalized H bending at ~1525 cm™" shift,
C—C—N asymmetric stretch and H associated vibrations at
~1310 cm™! shift, amine H-vibrations at ~1225 cm™! shift,
and bending and twisting of the secondary amine nitrogen at
~500 cm ™" shift. These all stem from the repeat unit of the
polymer and suggest potential points of intermolecular
interaction with the VSV. As most of these spectral changes
are associated with the nitrogen sites and their associated
hydrogens, it can be reasoned that the polymer and virus
interact through H-bonding. Two potential new peaks also
arise from the pAEMA mixed with the VSV spectrum: one
around the 700 cm™" shift and the other around the 760 cm™
shift. The former is hypothesized to be associated with C—S
stretching and the latter with Trp ring breathing,” both part of
the surface glycoprotein of the VSV. Many of the other peaks
in the mixed spectra could have contributions from both the
polymer and analyte, and many undergo line shape changes.
Overall, the spectral changes show that the pAEMA and VSV
interact and that the analyte is potentially detectable but that
the polymer occludes much of the VSV character and
complicates the interpretation of spectra.

When the premixing of pAEMA and VSV was tested over a
wide range of concentrations (the range tested for the physical
entrapment of the analyte), the signals were found to be
insensitive to the concentration of analyte present (Figure 12).
No linear relationship was found for any of the Raman shifts.
This is further evidence that the polymer is the primary
contributor to the spectra and is occupying the majority of the
Raman-enhancing electromagnetic fields and physically block-
ing the VSV from much of the FON surface and hotspots. The
decay of field enhancement inherent to SERS is the most likely

—— 10" gc/ml VSV with pAEMA —— 10° gc/ml VSV with pAEMA
107 gc/ml VSV with pAEMA 10° gc/ml VSV with pAEMA
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Figure 12. pAEMA premixed with VSV over a range of
concentrations from 10''to 10" genetic copies/mL. The highest
concentration is at the bottom in black, and each spectrum is diluted
100 times from the spectrum below it. There is not a clear
dependence on the concentration for the intensities of any of the
main peaks.

explanation for the discrepancy between physical entrapment
and polymer-enabled capture. By adding a polymer that binds
to the gold surface of the FON, there is potential competition
introduced for occupation of the enhanced zone proximal to
the substrate surface between the analyte and the affinity agent.

4. CONCLUSIONS

In this study, two unconventional methods for the detection of
the virus analyte VSV with SERS were explored. First,
substrates with VSV-sized gaps and plasmonic properties in
alignment with the wavelength of laser excitation were
optimized for the physical entrapment of VSV on their
surfaces. After the characterization of a fingerprint spectrum for
VSV, a wide range of concentrations were successfully detected
down to 10" genetic copies per milliliter and exhibited a linear
relationship to the logarithm of the concentration for the 986
cm™! shift Raman band. Then, the detection of two additional
virus-like particles was explored. Electron microscopy further
supported the hypothesis that the viruses were localized in the
gaps between the template spheres of the substrate surface for
all three analytes. Distinctive Raman fingerprints were also
obtained for the other virus-like particles. Then, two
nonspecific linear polymer affinity agents were utilized for
the capture of VSV for SERS detection. The VSV signal was
largely overtaken by the polymer signal, though it was still
discernible through PCA. Overall, the physical entrapment
method was preferable both for its simplicity and its potential
for quantitative analysis. It additionally holds promise for the
detection of a wide range of bioanalytes within an
accommodating size range, with the possibility of multiplex
detection, as demonstrated by the detection of AAV and VLP-
NS5213 virus-like particles.
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