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BASIC SCIENCE ARTICLE

Spectral effects and enhancement quantification in healthy human
saliva with surface-enhanced Raman spectroscopy using silver
nanopillar substrates
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Y d Obijectives: Raman spectroscopy as a diagnostic tool for biofluid applications is
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background from biomolecules. Surface-enhanced Raman spectroscopy (SERS)
can increase Raman scattering signals, thereby offering the potential to reduce
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Methods: Dried human saliva was characterized using spontaneous Raman
spectroscopy and SERS. A fabrication protocol was implemented leading to the
production of silver (Ag) nanopillar substrates by glancing angle deposition. Two
different imaging systems were used to interrogate saliva from 161 healthy
donors: a custom single-point macroscopic system and a Raman micro-
spectroscopy instrument. Quantitative metrics were established to compare
spontaneous RS and SERS measurements: the Raman spectroscopy quality
factor (QF), the photonic count rate (PR), the signal-to-background ratio (SBR).
Results: SERS measurements acquired with an excitation energy four times
smaller than with spontaneous RS resulted in improved QF, PR values an order
of magnitude larger and a SBR twice as large. The SERS enhancement reached
100X, depending on which Raman bands were considered.

Conclusions: Single-point measurement of dried saliva with silver nanopillars
substrates led to reproducible SERS measurements, paving the way to real-time
tools of diagnosis in human biofluids.

KEYWORDS
biofluids, metrology, microscopy, plasmonics, surface-enhanced Raman spectroscopy, tissue optics

INTRODUCTION health. Recently, as the COVID-19 pandemic unfolded,
multiple emerging techniques for fast, label-free, non-
Human biofluids are commonly used in screening, thera- invasive screening methods were developed.'”’ However,

peutic and diagnostic applications as they enable the direct given the urgency of the need to screen large numbers of
measurement of circulating biomarkers related to a patient's people, more established techniques-including reverse
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transcription polymerase chain reaction (RT-PCR)-were
widely used for viral detection in blood, nasopharyngeal
swaps, but also in saliva.® '° Despite being generally highly
sensitive, techniques such as RT-PCR are often time-
intensive and require costly chemical reagents. Saliva has
garnered interest as a biofluid for diagnostic applica-
tions,'™! as it is an easily obtainable biofluid due to the
noninvasive nature of the sampling process.

Raman spectroscopy has been used for decades as a
non-destructive tool for analysis of chemical, physical
and biological analytes, and multiple research groups
have explored spontaneous Raman spectroscopy (spon-
taneous RS) as a diagnostic method.®'*?* Raman
spectroscopy, coupled with machine learning (ML)
techniques, can detect biomolecular features associated
with vibrational modes of bonds from lipids, nucleic
acids, proteins, as well as specific amino acids.'*'*2*2
Raman spectroscopy has been applied to biofluids for
multiple detection purposes in dentistry,”® ! foren-
sics," % illicit drugs®®'*¢3* and healthcare.?*-3!-3*4

Raman spectroscopy is an optical technique that uses a
spectrometer to measure the inelastic scattering of light
following sample illumination with a monochromatic laser
source, usually in the near-infrared range to limit the impact
of fluorescence from biomolecules. The method provides a
non-destructive, and label-free molecular fingerprint that is
intrinsic to the probed sample.'”> However, Raman spec-
troscopy is not without inconveniences. In healthcare and
biomedical applications, the analysis of biomarkers lacks
standardization in methodology and analysis, hindering
commercialization and real-world use.’*' In addition, the
low efficiency of Raman scattering coupled to the sensitivity
and specificity required for biomedical diagnosis can
necessitate high integration time and laser power, which
can limit practical use in clinical applications.* For
example, the laser power for an in vivo measurement
should be limited to avoid tissue damages*™* and
acquisition time must be short to fit into the clinical
workflow, e.g., for surgical applications.*> *®

Surface-enhanced Raman spectroscopy (SERS) leads to
an inelastic scattering signal enhancement associated with
an analyte adsorbed onto, or close to, a nanostructured
surface. While the fundamental physics associated with the
enhancement mechanism is still being studied, two mecha-
nisms are known to be implicated: the electromagnetic
mechanism (EM) and the chemical mechanism (CM).*#*-%
The EM, considered to be the main contributor to the
enhancement, relies on the generation of an intense localized
electric field caused by the excitation of surface plasmon
resonances from a roughened metallic surface (e.g., Au, Ag,
and Cu). While signal enhancement magnitudes for SERS
have been reported to be as high as 10'°*' challenges
remain to ensure reproducibility of the signal. This is due to
the localized nature of the phenomenon’? and the
biomolecular interpretation of the resulting spectra. Inter-
pretation can be made difficult because spectral bands of
known biomolecular origin can shift, broaden or change

due to a modification of the polarizability of the analytes
adsorbed onto the surface.*">'*? This can limit the potential
clinical use of SERS as a basis for the development of real-
world biomedical applications. Clinical applications of
SERS have been explored in oncology,” *® virology”> !
and other diseases.®>*> When used to study biofluids, SERS
can identify molecular features of a specimen through the
analysis of the resulting Raman spectrum (location, height,
and width of peaks) as well as through functionalization of
the plasmonic surfaces. Recently, our group demonstrated
the use of label-free Raman micro-spectroscopy for saliva-
based detection of COVID-19 infection in samples from a
testing clinic.’ Several studies have used spontaneous RS
and SERS for biomedical diagnostics, without establishing a
large baseline of the signature of healthy saliva.®>0-1->464
In this paper, we present SERS and spontaneous RS
measurements from 161 dried saliva samples from healthy
donors. The spectral datasets were acquired using two
spectroscopic imaging systems based on specimen interro-
gation protocols optimized for saliva supernatant. One
system was a commercial Raman micro-spectrometer that
allowed microscopic sampling of dried droplets, while the
other system allowed macroscopic interrogation of whole
droplets. The macroscopic measurements were made using a
custom single-point bench-top system specifically developed
by our group for biofluid imaging applications. SERS
measurements were compared with spontaneous Raman
spectroscopy measurements of the same specimens to assess
spectral signature variations and measurement reproducibil-
ity across saliva samples from a broad population of healthy
donors. Silver nanopillar substrates were used for SERS
measurements while spontaneous RS measurements were
acquired from saliva deposited on flat aluminum micro-
scope slides. The effect of the substrate on the Raman signal
from human saliva was investigated by computing the signal
enhancement factor of peaks with known biological origin.
The assignments of these peaks are based on an artificial
model saliva. This work was designed to benchmark the
reproducibility and performance of a spontaneous and
surface-enhanced Raman approach for real-time acquisition
of biomolecular data from human saliva, as a methodology
to enable rapid diagnosis in biofluids (e.g., saliva, blood,
urine). The noninvasive nature and ease of collection of
human saliva make it a good candidate for enabling rapid
diagnosis, while also providing challenges for the screening
of fluids with low concentrations of analytes (biomarkers).

MATERIALS AND METHODS
Sample collection

A total of 161 saliva samples from different individuals
were collected at the Centre de Recherche du Centre
Hospitalier de 1'Universit¢ de Montréal (CRCHUM)
from donors in compliance with the guidelines from the
CHUM Research Ethics Board (project number: 20.133).
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TABLE 1 Basic demographic characteristics of the saliva donors.

# (%)
Total number of volunteers 161
Age range
13-20 1 (0.62)
21-40 100 (62.11)
41-60 52 (32.3)
61-80 8 (4.97)
Sex _
Female 56 (34.78)
Male 51 (31.68)
Prefer not to say 54 (33.54)

The collection window began at 8 a.m. and ended at
12 p.m. Before donating their saliva sample, volunteers
were asked to complete a questionnaire disclosing
medical factors such as sex at birth, age, medication,
underlying diseases. Cohort characteristics extracted
from the questionnaire were reported in Table 1 and
Table 3 (Appendix A).

Each individual donor was instructed to remove any
contaminant such as lip balm or lipstick with removal
wipes (About Face Cleansing Wipes; Micronova Man-
ufacturing Inc.) and then asked to rinse their mouth three
times with bottled water. After 5-10 min of waiting, the
donors were asked to spit in a 50 mL Falcon tube to
collect a volume ranging from 1.5 to 10 mL of saliva. The
samples were then stored in a refrigerator at 4°C before
being processed in a biosafety containment level 2
(BSL2), in biosafety cabinets. Samples were pipetted
and transferred to 1.5mL microcentrifuge tubes and
centrifuged at 4000 RPM for 30 min at 4°C. From the
centrifuged samples, most of the supernatant was
extracted into a single 1.8 mL cryotube, from which
40-500 pL were aliquoted in up to five 1.8 mL cryotubes.
The residual supernatant bordering the pellet was
discarded, while the pellet was conserved. The super-
natant and the pellet samples were stored at —80°C.

Preparation of silver nanopillar substrates

The Ag nanopillar substrates used in the SERS
measurements were prepared using the glancing angle
deposition (GLAD) method using an electron-beam
evaporation source installed in a Boxer Pro coater
(Leybold Optics) at Polytechnique Montréal. This
method has been described by Barranco et al. and
Suzuki et al.®>%® The deposition was carried out at
room temperature and at a base pressure of
2x 107 °Torr, using 99.99% pure Ag pellets (K.J.
Lesker). The substrates were prepared on Si <100>

(A)
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FIGURE 1 Schematic representation of the single-point imaging
system and structure of the Ag GLAD substrates. (A) The system is in
epi-illumination with a collection path formed from an excitation fiber,
a collimating lens, a band-pass filter, a dichroic mirror and a focusing
lens, which illuminates the sample in free space. The saliva sample is
deposited onto an aluminum slide or a SERS substrate. The collection
path includes a high-pass filter, a collimating lens and a fiber bundle
which guides the scattered light to the spectrometer. The whole system
is controlled by an Arduino microcontroller and an in-house custom
acquisition interface built in MATLAB. (B) The cross-section of the
substrate, obtained by scanning electron microscopy, shows an
underlying structure where the nanopillars have an angle of ~65°, an
average width of 60 nm and an average length of 140 nm.

wafers and glass slides using a two-step process: (1) by
first growing a thin 50 nm-thick Ag mirror at normal
incidence (0°), (2) by tilting the Ag mirrors at an
incidence angle of 85° during the deposition process.
This resulted in Ag nanocolumns with an angle of
~65°, an average pillar length of 140 nm and average
width of 60 nm (Figure 1B, Figure 2). The surface
plasmon resonance of the resulting substrates are in
the near ultraviolet.®”-*® The plasmon peak is sensitive
to the polarization (s-polarized, p-polarized or a
combination of both) of the excitation light. For a
combination of s and p polarization, the plasmon peak
is at 357 nm.*”® In this manuscript, we refer to these
substrates as Ag GLAD substrates. Further illustra-
tion of the substrates, the spatial distribution of the
substrate Raman response and the deposition chamber
are available in Figures 6-8 (Appendix A).
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FIGURE 2 SERS and spontaneous RS saliva measurement workflow. Each saliva donor sample is collected from the saliva biobank, thawed for
30 min, deposited on a substrate, and dried for 45 min before proceeding with the relevant measurements. A 10 uL supernatant sample is then
deposited on an aluminum slide for spontaneous RS in the center of the droplet (crystal region: On crystal measurement) with the single-point
system. The 10 and 1 pL droplets from the same donor are deposited on a GLAD Ag substrate for SERS measurements with single-point system and
the microscope system. The 10 pL droplet is imaged with the microscope using a protocol ensuring all morphological regions are interrogated: Edge,
On crystal and Off crystal. Both the 10 and 1 pL droplets are interrogated with the single-point system, effectively resulting in crystal region (On
crystal + Off crystal) and all-encompassing measurements, respectively. All-encompassing means that all morphological regions (On crystal, Off
crystal, Edge) of the dried 1 pL droplet are interrogated with one single-point measurement.

Raman spectroscopy instrumentation

The samples in this study were imaged using two
different systems: a commercial inVia™ confocal Raman
microscope (Renishaw) in reflection mode and a custom-
built single-point interrogation system.

The microscope was equipped with a motorized stage
allowing multiple tiled brightfield images to be stitched
together for a larger field of view (FOV) visualization.
Measurements were carried out in the fingerprint region
(602-1726cm™") with a 50x long working distance
objective (numerical aperture: 0.5, air immersion) and a
40 mW 785 nm laser with in-line mode (3 um X 8 um spot
size). The spectrometer had a 1200 lines per millimeter
reflection grating and a set of dielectric edge filters to
filter the laser wavelength.

The single-point system was in epi-illumination
mode and used a 785nm laser source (Model
I0785MM1500M4S; Innovative Photonic Solutions)
with an output of 1.5W and a spectral bandwidth
<2nm (Figure 1A). The other main constituent of the
system was a spectrometer (HT model; EmVision)
composed of a diffraction grating and a CCD camera
(Newton 920; Oxford Instruments) resulting in a spectral
resolution <8.7 cm™'. An excitation fiber guided the light

beam to a collimating lens and a band-pass filter
(Semrock) before intersecting with a dichroic mirror
reflecting light to a focusing lens onto the sample. The
light re-emitted from the sample went through another
focusing lens, the dichroic mirror, a high-pass filter
(Semrock), a second collimating lens and a fiber bundle.
The later was connected to the spectrometer and
consisted of nine optical fibers with a core diameter of
300 um and a numerical aperture of 0.22. The system also
included a 3D motorized stage, a white light source and a
brightfield camera. The system was controlled through
an in-house custom acquisition MATLAB software
(MathWorks) and a microcontroller (Arduino).

Measurement protocol

The saliva sample preparation and spectroscopic inter-
rogation workflow is shown in Figure 2. All samples were
thawed at room temperature for 30 min and vortexed
during 40 s. Up to five 10uL droplets of saliva
supernatant were pipetted and deposited onto an
aluminum slide in preparation for the spontaneous RS
measurements, totaling 796 droplets across 161 donor
samples. For each donor sample, two droplets —one of
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1 uL and one of 10 uL-were also deposited onto an Ag
GLAD substrate for the SERS measurements. All
droplets were allowed to dry for 45 min.

Raman micro-spectroscopy was used to acquire
spectral data from three distinct morphological regions,
for each 10 uL droplet. Those regions consisted of the so-
called coffee ring at the edge of dried samples (henceforth
labeled Edge), directly on the crystals of the crystallized
region (On crystal) and next to the crystals, in the vicinity
of the On crystal measurements (Off crystal). Measure-
ments within each region (Edge, On crystal, Off crystal)
consisted of 5-10 points acquired randomly using the
map functionality of the Wire 4.4 software (Renishaw,
UK), that were then averaged. The laser power was set at
50% of its full power and the acquisition time ranged
from 0.1 to 1 ms for the On crystal and Off crystal
regions, and the time ranged from 0.25 to 2 s for the Edge
region. Acquisition time was modulated such that 60-
70% of the sensor dynamic range was utilized. Further
details relating to the spectral data acquisition workflow
are shown in Figure 9 (Appendix A).

Single-point spontaneous Raman spectroscopy mea-
surements were acquired from the 10pL and 1puL
droplets. The 10puL droplet measurement was taken
from the center of the sample with a laser power of
1400 mW and an acquisition time ranging from 5 to
200ms, with a spot size of 0.5 mm? This allowed
simultaneous interrogation of both the On crystal and
Off crystal regions. The 1 uL droplet measurements were
done using a larger core excitation fiber (1500 um instead
of 300um), resulting in an excitation spot size of
3.14 mm?, effectively probing all morphological regions
(On crystal, Off crystal, Edge) with a single measurement.
For these measurements, the laser power was 1000 mW
and the acquisition time ranged from 20 to 500 ms. Each
measurement consisted of 20-500 spectra acquired at the
same location that were averaged to increase the signal-
to-noise ratio (SNR).

Spectral data preprocessing

All spectra acquired were processed using standard
methods to isolate and display the inelastic scattering
component of the detected spectral fingerprint.®®”°
Briefly, the following steps were applied: (1) cosmic rays
were removed with a custom first derivative-based
algorithm; (2) x axis was calibrated with a reference
Raman specimen (Renishaw microscope: crystalline
silicon; single-point system: acetaminophen), (3) y axis
was calibrated for the single-point system with a NIST
Raman standard, (4) the intensity of each individual
spectrum was normalized by time and power; (5) N
repeat measurements (i.e., accumulations) for each
sample were averaged; (6) background contributions
(e.g., autofluorescence) were removed using the Bubblefill
algorithm using a minimum bubble window of size 40;

(7) measurements were smoothed with a Savitzky-Golay
filter of order 3 and a window size of 11; (8) a standard
normal variate (SNV) normalization was applied.

Spectral quality metrics

Quantitative metrics were defined to compare the
different types of measurements made, allowing a direct
comparison between spontaneous RS and SERS mea-
surements. Those metrics are: (1) the photonic count rate
(PR), (2) the signal-to-background ratio (SBR), (3) the
spectral quality factor (QF) and the SERS enhancement
factor (EF).

The photonic count rate consists of the overall
detected light intensity, normalized with the laser power,
the integration time per measurement, and the number of
accumulations. The SBR metric is defined as the ratio
between the detected inelastic scattering over the back-
ground signal which is mostly associated with autofluor-
escence from saliva biomolecules. The inelastic scattering
component of the signal is the integral under-the-curve of
the actual Raman spectrum (before Savitzky-Golay
filtering and SNV normalization), and the background
value consists of the integral under-the-curve of the
residual signal component from the application of the
BubbleFill algorithm. These two metrics (PR and SBR)
are important in comparing spontaneous RS and SERS
measurements because plasmon-induced enhancement
does not only impact Raman scattering but also
fluorescence, resulting in surface-enhanced fluorescence
(SEF) 4150

The QF is defined as the average signed squared
intensity (ASSI) of the SNV-normalized Raman
spectrum69:

0F = Yoan(r7) . m

where ;* is one spectral component (i runs from 1 to the
total number of spectral bins n) and sgn(r*) is the sign
function of 5*, which is either -1 or 1. Applying this
metric to a SNV-normalized Raman spectrum returns a
value with a maximum of 1. A spectrum dominated by
stochastic noise will typically return a low QF-value close
to 0, while a high-quality spectrum returns a value closer
to 1. The PR, SBR and QF were computed for all
spontanecous RS and SERS measurements to show
statistical distributions across all saliva samples.

In the SERS literature, the enhancement factor (EF)
is defined as the ratio of the intensity of a spectral band
using SERS relative to its equivalent measured without
the presence of a nanostructured substrate using
spontaneous RS. The EF is usually computed based on
the coupling of a specific analyte (e.g., rhodamine) with a
nanostructured substrate, and includes a normalization
factor accounting for the actual concentration of the
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analyte.”' For a specific Raman saliva band, the EF is the
ratio of the area under the curve for SERS and
spontaneous RS measurements. To compute the EF, all
spectra are normalized with power (P), integration time
() and number of accumulations (V) to ensure they can
be compared to one another on an equal footing. To
account from potential band broadening associated with
the plasmonic effect, the intensity for each band is
computed from the full width at half maximum
(FWHM).”!

RESULTS

Comparison between macroscopic and
microscopic measurements

To determine the reproducibility of the SERS measure-
ments, the SERS measurements of saliva, as described in
the Methods section, were compared from a microscopic
scale (Renishaw InVia Raman microscope) to a macro-
scopic scale (single-point system).

Figure 3A show the average SNV normalized spectra
for the 10 uL droplet measurements, along with the inter-
specimen standard deviation for each spectral bin. The
spectra shown were those acquired with the single-point
system for spontaneous RS and SERS, as well as the
SERS spectra acquired with the microscope. The latter
were computed by averaging all spectra acquired from
the On crystal and Off crystal regions. Common Raman-
active biomolecular peaks could be detected on the
average spectrum from all systems, for both spontaneous
and SERS measurements (Figure 3B). These included
vibrational bonds at 731, 924, 1003, 1045, 1203 and
1449 cm™, for which a tentative biomolecular assign-
ment is shown in Table 2 (Appendix A) based on a model
saliva. This was made from mixing pure biomolecules
and has been used in other studies including from our
group.®7> 7

Figure 3A also presents the inelastic scattering response
(single-point RS) of the Ag GLAD substrate after SNV
normalization. By comparing the scale of all visually
distinguishable bands (shown with the black curve) in the
substrate versus the saliva measurements (main peaks,
highlighted in dashed black boxes), it is apparent that the
saliva signals are not dominated by Raman peaks from the
Ag GLAD substrate. Furthermore, the width and position
of the substrate peaks do not correlate directly with the
main biomolecular saliva peaks from Table 2. Inspection of
the six substrate bands in Figure 3A (696, 960, 1066, 1331,
1479, and 1606 cm™') further reveals that there is only a
partial overlap of the Raman response of the SERS
substrate with the saliva signal, except for the 1331 cm™
peak where saliva signature detectability could be compro-
mised (Figure 8) (Appendix A).

Visual inspection of the spectra in Figure 3A provides
evidence that the combination of an Ag GLAD substrate

with dried human saliva yields biomolecular information
that is reproducible across specimens from different
donors and for different spatial scales (macroscopic vs.
microscopic). Moreover, the SERS signatures are com-
parable to the spontaneous Raman spectroscopy signa-
tures, with the SERS measurement typically resulting in
low levels of distortion, broadening and band shifting.
One exception is the band at 1045cm ™", which is slightly
shifted to 1048 cm ™", as well as the emergence of a band
at 1032cm™ ! detected on the SERS measurements, but
not for the spontaneous RS measurements. Additionally,
subtle discrepancies are seen in the six bands highlighted
in Figure 3A, such as the relative intensities of the bands
and the band widths. The widths of all highlighted bands
are narrower on the microscope system relative to the
same bands on the single-point system and the relative
intensities are lower.

Surface enhancement effect on dried saliva

To evaluate the surface enhancement effect of dried
saliva, single-point SERS 10 pLL and single-point sponta-
neous RS 10 uL datasets were processed. The objective
was to quantitatively compare them in terms of the
quality factor (QF), photon count rate (PR), signal to
background ratio (SBR) and enhancement factor (EF)
metrics. The SERS measurements performed using the
1 pL droplets are not shown. They generally led to
spectroscopic signals with reduced overall quality relative
to the SERS pL measurements, as quantitatively assessed
based on the PR, SBR and QF metrics. Furthermore, the
EF factor could not be computed for these measurements
since no equivalent all-encompassing spontaneous RS
measurement was made on 1 pL droplets, due to limited
volume of saliva available for each donor. Each data
point is normalized by the acquisition parameters, which
corresponds to the product of laser power (P), the
integration time (f) and the number of accumulations
(N). The product of these parameters represents the total
energy (in Joules) deposited to the sample. The deposited
energy (PXNX{f) of SERS measurements was—on
average—almost four times less when compared to
spontaneous RS measurements.

Figure 4 presents the distribution of these metrics
(y axis) as a function of the droplet number (x axis).
Figure 4A shows the QF distribution for the sponta-
neous RS measurements while Figure 4B shows the
same metric computed for the SERS measurements.
The median QF value is highlighted on the figures, as
well as a QF threshold at 0.5. This specific threshold is
shown because past studies from our group demon-
strated, mostly in biological tissues, that QF values
larger than 0.5 are usually associated with Raman
spectra of high quality, typically showing strong,
biologically relevant Raman bands (e.g., amide bands
in protein-rich tissue).?” Overall, the QF is higher for
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FIGURE 3 Comparison of the SERS and spontaneous RS signals from the crystal region of dried saliva droplets acquired with different
instruments. (A) Average SNV-normalized spectra with the standard deviation from SERS and spontaneous RS measurements, using the single-
point system and a Renishaw InVia microscope, with six bands of known biomolecular origin highlighted (731, 924, 1003, 1045, 1203, and 1449
cm™!). The inelastic scattering response of the Ag GLAD substrate is shown. (B) Tentative biomolecular band assignment of the average SERS saliva
spectrum from the crystal region, based on the measurement of the Raman spectra from an artificial model saliva and its subcomponents.

the SERS spectra, with a median of 0.69 compared to
a median of 0.61 for the spontaneous RS measure-
ments. Further, 94% of the SERS spectra have a QF
value higher than 0.5, compared to 70% for the
spontaneous RS spectra.

Figure 4C shows the PR distribution for the
spontaneous RS measurements while Figure 4D shows
the same metric computed from the SERS measure-
ments. The dotted line represents the average PR value
for each distribution. On average, the sum of Raman
and autofluorescence contributions is approximately

an order of magnitude higher (PR =4.1X%10% for
SERS measurement when compared to spontancous
RS measurements (PR = 5.3 X 10?). This was achieved
despite the deposited energy being approximately four
times higher for spontaneous RS measurements.
Figure 4D shows the SBR distribution for the
spontaneous RS measurements while Figure 4E shows
the same metric computed from the SERS measure-
ments. The dotted line represents the average SBR value
for each distribution. Factoring the acquisition parame-
ters, on average, the SERS measurement SBR (SBR =
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FIGURE 4 Spectral quality metrics computed for the SERS and spontaneous RS datasets acquired with the single-point system for a 10 uL
saliva droplet. Quality Factor (QF) with dotted lines associated with the median and a QF cutoff at 0.5 for: (A) spontaneous RS spectra, (B) SERS
spectra; Photonic count rate (PR) with dotted line associated with the average for: (C) spontaneous RS spectra, (D) SERS spectra; Signal-to-
background ratio (SBR) with a dotted line associated with the average for: (A) spontaneous RS spectra, (B) SERS spectra. For the PR and SBR
distributions, measurements colored black are associated with QF > 0.5, while those that are colored red are associated with QF <0.5.

0.6x107%) was twice that of the spontaneous RS
measurements (SBR = 0.3 x 1072).

The EF was computed from the SERS and the
spontaneous RS measurements. The averaged spectro-
scopic signal for each data set was computed from raw
signals normalized in terms of P, t and N. All spectral
pre-processing steps were applied except SNV normal-
ization, resulting in the average SERS and spontaneous
RS spectra in Figure SA. The EF was then computed for
each spectral bin with results shown Figure 5B in the
form of a histogram. Enhancement factors ranged from
4% to values larger than 100 for some bands.

These results indicate that the Ag GLAD substrate
coupled with dried human saliva generates a net
enhancement in Raman scattering. Hence, Figure 4 and
Figure 5 indicate that on average, SERS saliva measure-
ments lead to larger QF, PR and SBR values.

DISCUSSION

The study first demonstrated that three independent
measurement types, using two different imaging systems,
led to conmsistent and reproducible dried saliva Raman
spectroscopy signatures. The objective was to assess if a
significant inelastic scattering enhancement, driven by the
plasmonic effect, could be induced leading to reduced
imaging times when compared to spontaneous Raman
spectroscopy methods. Another aim was to determine
whether macroscopic SERS measurements in human saliva
could be realized in a manner that was reproducible within a
large population of 161 human donors. Consistency was
assessed based on the presence of ubiquitous biomolecular
peaks with known origin terms of vibrational bonds based
on saliva models. In that respect, the results demonstrated
two things: first, that measurements made with a Raman
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FIGURE 5 Enhancement computed from the SERS and spontaneous RS datasets: (A) Average normalized Raman response of the single-point
measurements, (B) enhancement factor (EF) computed from the spectra in (A).

micro-spectrometer and a custom single point instrument
were consistent; secondly, that SERS and spontaneous RS
measurements resulted in similar Raman spectral finger-
prints. This is important because an often-cited problem with
SERS is the variability of the spectroscopic signals due to the
local nature of the surface enhancement mechanism and the
methodological approach selected to probe analytes.’'>
Similar to SERS, other Raman spectroscopy techniques aim
to enhance Raman scattering and reduce required laser
power and acquisition times. Some of these approaches are
based on nonlinear light-matter interaction phenomena,
including stimulated Raman spectroscopy (SRS), coherent
stimulated Raman spectroscopy (CSRS) and coherent anti-
Stokes Raman spectroscopy (CARS).” Unlike SERS, the
nonlinear techniques (CARS, SRS, and CSRS) require more
costly imaging systems and are usually limited to select
spectral wavenumber ranges of detection, thus limiting the
molecular information collected from spectroscopic mea-
surements.'> However, added complexity to nonlinear
imaging systems can overcome those challenges.”® "

The results presented here showed that drying the
biofluid analytes on surfaces (aluminum slides for sponta-
neous RS, sliver nanopillars for SERS) led to sufficiently
homogenous distributions of analytes to achieve consistent
inelastic scattering signals independent of spatial sampling
scale. This is hypothesized to be in large part due to the high
quality of the silver nanopillar substrates that were

produced, using custom protocols optimized to be highly
repeatable and to minimize geometrical variations across
the imaging domain (e.g., nanopillar height, width, and
density). This ensured all measurement, either at micro-
scopic or macroscopic scales, effectively averaged local
variability of the substrate-analyte couplings in a manner
that was repeatable across samples.*'>">> Tentative band
assignment was based on an artificial saliva model. From
the band assignment, the enhancement of the Raman bands
of the saliva generated low level of band shifting, distortion
and broadening. Band assignment for a SERS spectrum is a
complex subject. Generally, numerical approaches such as
Density Functional Theory (DTF) can be used to compute
the vibrational degree of freedom of an analyte and deduce
the specific mode resulting in a Raman band in a simplified
configuration. The same approach can be applied to SERS.
While the DFT simulations do not reproduce exactly the
empirical SERS bands (charge transfer effects are not well
described by DFT), they tend to give an idea of the driving
Raman response.**™ Subsequently, quantitative metrics
were established to provide a robust comparison between
spontaneous RS and SERS measurements. In summary,
when compared to spontaneous RS the SERS measure-
ments acquired with a sample excitation energy four times
smaller resulted in improved Raman spectrum QF, PR
values an order of magnitude larger and a SBR twice as
large.

858017 SUOWILLOD 3ATea10 3o jdde aup Aq peuenob afe sejone VO ‘8sn Jo ssjn. 10} ARiq178UIIUO /3|1 UO (SUORIPUOD-PUR-SWLBIW0D A8 1M ATelq 1 [eu1|UO//SdNL) SUORIPUOD pUe SWLB 1 843 885 *[20Z/70/S0] UO ARiqiauljuo A8|Im ‘U0 N 8Q YoeiA|od 81093 Aq 9/€2'WS|/Z00T 0T/I0p/LLI00" A3 1M Ae.d 1 puluoy//:Sdny WwoJj pepeojumod ‘Z ‘#20Z ‘TOT6960T



ZAMANI ET AL.

215

This resulted in enhancement factors, assessed based on
the EF metric, ranging from approximately 4X to more than
100X, depending on which Raman bands were considered.
The enhancement factor achieved with saliva is more
modest compared to the achievable potential of the Ag
GLAD substrates. The enhancement factor of Ag GLAD
substrates is dependent upon length and width of the pillars.
With a length of 500 nm, those substrates can reach a local
enhancement factor ranging 10°-10® for measurements on
trans-1,2-bis(4-pyridyl)ethene (BPE).*”*® With a range of
length of 140-200nm, the EF diminishes to reach
10°-10*°7® The substrate in this study has an average
length of 140 nm, meaning the enhancement achievement
10% is, in principle, an order of magnitude lower than what
could have been expected. In the future, multiple parameters
could be tuned to maximize the EF, such as longer
deposition time to increase the nanopillars length and width
or the wavelength of excitation.

CONCLUSION

We demonstrated that the coupling between the silver
nanopillars substrates and dried saliva supernatant
resulted on average in a net enhancement gain relative
to a spontaneous Raman measurement, on the morpho-
logical region encompassing the crystals. The macro-
scopic single-point imaging approach correlated with
most SERS bands in the fingerprint region relative to a
commercial Raman microscope. This suggests that the
robustness of the microscope system can be replicated
with a single-point system without the expensive time
cost of completing a measurement across the different
morphological zone of a dried droplet. The versatility of
this multimodal methodology is multifold: it can provide
label-free (spontancous RS) or targeted (functionalized
SERS) biomolecular information for a wide range of
diseases, it can be applied to different biofluids (e.g.,
saliva, blood, urine) and finally enable real-time diag-
nostics on biofluids assisted with machine learning
methodologies, reducing the time burden to achieve
scale in building a substantial sample data set.
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