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Abstract

The performance of surface-enhanced Raman spectroscopy (SERS) substrates is typically
evaluated by calculating an enhancement factor (EF). However, it is challenging to accurately
calculate EF values since the calculation often requires use of model analytes and requires
assumptions about the number of analyte molecules within the laser excitation volume.
Furthermore, the measured EF values are target analyte dependent and thus it is challenging to
compare substrates with EF values obtained using different analytes. In this study, we propose an
alternative evaluation parameter for SERS substrate performance that is based on the intensity of
the surface plasmon enhanced Rayleigh band (/rayieigh) that originates from the amplified
spontaneous emission (ASE) of the laser. Compared to EF, /rayleigh reflects the enhancing
capability of the substrate itself, is easy to measure without use of any analytes, and is universally
applicable for the comparison of SERS substrates. Six SERS substrates with different states (solid,
suspended in liquid, and hydrogel), different plasmonic nanoparticle identities (silver, gold), as
well as different nanoparticle sizes and shapes were used to support our hypothesis. The results
show that there are excellent correlations between measured SERS intensities and /rayieigh as well
as between SERS homogeneity and the variation of /Rayeigh acquired with the six SERS
substrates. These results suggest that /Rayleigh Can be used as an evaluation parameter for both
SERS substrate efficiency and reproducibility.

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) has been applied as an ultrasensitive
analytical tool for a variety of analytes.1=* The success of a SERS assay largely relies on the
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performance of a SERS substrate that consists of a suite of suspended or surface-bound
plasmonic nanostructures. The calculated enhancement factor (EF) is commonly used to
describe the performance of SERS substrates. The most commonly calculated EF for
evaluating SERS substrate performance, also called the SERS substrate EF (SSEF), is
defined as the concentration normalized ratio between the surface-enhanced Raman signal
(/sers) and the normal Raman signal (/normar) OF a single analyte molecule.5= The value of
EF is obtained experimentally using Equation 1, where /sgrs and /Normal @re the Raman
signals collected using the SERS substrate and a high concentration analyte solution. AVsgrs
and AMyormal are the number of analyte molecules within the excitation volume of the laser
when it probes the SERS substrate or analyte solution, respectively.>: 7-10

SSEF: [SERS NNormal

Normal NSERS Equatlon 1

Although SSEF is very useful for evaluating SERS substrate performance, it is not trivial to
obtain its value experimentally, mainly due to the difficulty of estimating Asgrs
accurately.% 10 It is generally assumed that analyte molecules form a monolayer that fully
covers the plasmonic nanoparticle surface. This is an assumption that sometimes deviates
substantially from reality.8-10 For example, when a drop of analyte solution is applied to a
substrate surface, the analyte molecules can form ~10 nm thick multilayers leading to an
overestimation of EF.” In addition, the distribution of analyte molecules across a SERS
substrate is often not uniform due to the “coffee ring’ effect. In this situation, higher EF
values obtained near the periphery relative to the center of the analyte covered area do not
fairly reflect the uniformity of the SERS substrate.8 Even if the analyte molecules truly form
a homogeneous monolayer on the SERS substrate, one still has to estimate the area a single
molecule occupies on the surface. Such information may not be universally available for all
potential analytes as it is highly dependent on the orientation of the analyte molecules
relative to the plasmonic surface.1! For example, crystal violet (CV) —a commonly used
Raman dye - exhibits an orientation parallel to the silver surface, while benezenethiol -
another model Raman analyte — orients perpendicularly. This difference results in different
molecule numbers within the excitation volume of the laser.12 13 In some cases such as
single molecule SERS (SMSERS), the focus is on molecules located within SERS hot spots
that contribute most to the SERS signals. The EF values obtained within SERS hot spots can
be five orders of magnitude larger than the average EF of the whole substrate.8: 10 Another
prerequisite for accurate estimation of Ngggg is to fully characterize the morphology of the
plasmonic nanostructures that allows us to know the “effective area” the analyte molecules
occupy within the excitation laser spot.8 13 14 However, knowledge of this parameter can be
extremely challenging when the shapes and sizes of the plasmonic nanostructures of a given
SERS substrate are highly heterogeneous. Because of these factors, the estimation of Aggrs
brings great uncertainty and difficulty to the calculation of EF values.

To circumvent the complexity involved in estimating Asgrs, Le Ru et al. proposed the
analytical enhancement factor (AEF) as a means to evaluate the efficiency of SERS as a tool
for specific analytes.11 AEF is defined by Equation 2, where ¢yormal @nd csgrs are the
concentrations of the analyte under non-SERS and SERS conditions.
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AEF— ISERS Cnormal
normal Csers Equation 2

In contrast to SSEF, AEF is particularly useful for colloidal SERS substrates.1® For solid
substrates, large variations in AEF are expected due to variations in the way analyte
molecules are added to the substrates, as such variations affect analyte adsorption to the
substrate surface. Analyte adsorption to a SERS substrate is generally described using the
Langmuir isotherm,16: 17 such that the coverage of the analyte on the metal surface is only
linearly correlated with the analyte solution concentration over a low concentration range. At
concentrations above this linear range, surface coverage of analyte molecules can be
significantly overestimated. For example, in a recent study, Fraire et al. reported two AEF
values that varied over five orders of magnitudes (1x108 vs. 3x103) corresponding to two
different csggs (ie., 10711 vs. 1077 M).1® Accordingly, AEF reflects the combined
properties of both the SERS substrate and the number of analyte molecules on the surface
rather than the intrinsic enhancing capability of the SERS substrate. As Le Ru stated, “It is
not a good characterization of the SERS substrate itself, and it cannot be used to easily
compare the performances of different substrates.”

The limit of detection (LOD) for specific analytes is important in terms of the practical
applications of SERS. However, in a number of situations (e.g., for the detection of
hydrophobic analytes such as atrazine or polyaromatic hydrocarbons), the LOD is not
defined by the enhancing capability of the SERS substrate, but instead by the affinities of the
analytes to the substrate surface.18-21

For all of the aforementioned reasons, a parameter that can evaluate the enhancing capability
of a SERS substrate both quickly and accurately is desired. In this study, we propose an
alternative evaluation parameter for SERS substrate performance that is based on the surface
plasmon enhanced Rayleigh band (/Rayieigh)- /Rayleigh reflects the integrated enhancing
capability of the SERS substrate itself. Importantly, the determination of the /rayieign Value
does not require analytes or extensive characterization of the substrate morphology. /Rayleigh
is a very simple and cost-effective evaluation approach to quickly compare newly developed
SERS substrates. It is expected to work for any SERS substrate regardless of their form or
morphology. This low wavenumber (< 150 um) pseudo band, described in detail in a
recently submitted manuscript, occurs due to the action of the longpass filter of the Raman
instrument on the tail of the amplified spontaneous emission (ASE) of the laser. As
illustrated in Fig. 1, the electromagnetic field of the incident laser (£g(wg)) excites the
collective oscillation of the conduction electrons within a SERS “hot spot” and this is where
the highest SERS enhancement occurs.22-24 The electromagnetic fields for both Raman
scattering and Rayleigh scattering (£o(wRayleigh)) are enhanced by the same hot spot and
reradiated as scattered fields (£s(wraman) and Es(wRayleigh))- Recently, it was
experimentally shown that Rayleigh scattering from analytes located in a SERS “hot spot” is
enhanced by the same electromagnetic mechanism as Raman scattering.2> The ratio of the
enhanced Raman intensity relative to the enhanced Rayleigh intensity is described by
equation 3, where A is the number of analyte molecules in the hot spot, Aj is the number

Faraday Discuss. Author manuscript; available in PMC 2018 December 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wei et al.

Page 4

of background molecules in the hot spot, ap is the Raman scattering polarizability of
analyte molecules, ag is the Rayleigh scattering polarizability of background molecules,
Io(wp) and fp(wRrayleigh) are the incident light intensity of the laser at frequency wg and ASE
at frequency wasg. In a SERS experiment, all of these parameters except A remain
constant. In other words, /Rayieign is proportional to /raman, and this is our basis for applying
IRayleigh t0 evaluate the performance of a SERS substrate. We note that the chemical
enhancement mechanism is not considered in this study since the electromagnetic
enhancement mechanism is typically the dominant one for SERS.26-29

p 2
Raman __ Ej (wRaman ) _ NA aA (wl{aman )IO (WO)

IRay]oigh B E? (wRaylcigh ) B NB O‘% (wRaylcigh )IO (wRaylcigh ) Equation 3

To determine if /rayleigh can be used to predict SERS substrate performance, six SERS
substrates were produced: gold nanoparticle (AuNP) aggregates, a commercial SERS
substrate, two gold nanoparticle/bacterial cellulose (AuNP/BC) nanocomposites, and two
silver nanoparticle/bacterial cellulose (AgNP/BC) nanocomposites. These SERS substrates
were selected because they represent substrates suspended in liquid, solid, or hydrogel
states, with different NP identities (gold and silver), and different NP shapes and sizes.
These SERS substrates were initially scanned using a 785 nm laser without addition of an
external analyte and /rayieigh Was recorded. Following exposure to 4-mercaptobenzoic acid
(4-MBA), the substrates were scanned a second time and the SERS intensity of 4-MBA
(/Raman) Was recorded. In this manner, the relationship between /Rayjeigh and /Raman Was
established. In addition to SERS intensity, reproducibility is another important factor that
dictates SERS substrate performance.3%-32 Accordingly, the variation of /gayleigh across a
Raman map before analytes were added was recorded and compared with the variation in the
Raman signal across a SERS map after 4-MBA addition. /rayleigh is expected to be a
predictive factor of both SERS substrate efficiency as well as homogeneity.

2. Experimental

2.1 Preparation of BC-based substrates

AuNP/BC substrates were prepared using the following procedure:33 20 pieces of BC (0.5
cm x 0.5 cm) were immersed in 0.7 mL of 30 mM gold (I11) chloride trihydrate
(HAuCly4-3H50) solution (Sigma-Aldrich). Following 30 s vortex mixing, the mixture was
transferred to 50 mL of sodium citrate tribasic dehydrate (NazCit-2H,0) solution (Sigma-
Aldrich) and then simmered for 1 h. Finally, the obtained nanocomposites were rinsed with
copious amounts of DI water. Based on the concentrations of NagCit (1.2 mM or 12 mM)
used, the nanocomposites obtained were named AuNP/BC-1.2 and AuNP/BC-12,
respectively.

AgNP/BC substrates were prepared using the following procedure: one piece of BC was
immersed in 0.7 mL of 25 mM silver nitrate solution (Sigma-Aldrich). Subsequently, 0.7 mL
of 25 mM or 250 mM sodium borohydride solution were added. Following vortex mixing
for 30 s, the mixture was kept at room temperature for 1 h and then washed with copious
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amounts of DI water. Based on the concentration of NaBH, added (25 mM or 250 mM), the
nanocomposites were named AgNP/BC-25 or AgNP/BC-250.

2.2 Preparation of AUNP aggregate

AuNP monomer (35+1 nm) suspension was synthesized via seed-mediated growth.3* AuNP
aggregates (A-AuNPs) were then synthesized using the following procedure3®: 0.5 mL 4-
MBA (Sigma-Aldrich) ethanol solution (100 uM) was added into 0.5 mL AuNP monomer
suspension. After 100 min, 100 pL of 500 uM thiolated poly(ethylene) glycol (HS-PEG)
aqueous solution (Nanocs.) was added to the suspension to endow the aggregates with
colloidal stability. After 20 min, the mixture was centrifuged for 15 min at 3000 rcf three
times to remove excess reactants.

2.3 Exposing SERS substrates to 4-MBA

The commercial SERS substrate (Ocean Optics) and the four nanocomposites were
immersed in 5 mL 4-MBA in ethanol (1 mM) for 1-3 h. Following removal from the
solution, the SERS substrates were air dried for 1 h and subsequently scanned by Raman
spectroscopy. For A-AuNPs, 4-MBA was added to the substrate during the synthesis process
as described in Section 2.2.

2.4 Instrumentation

All of the Raman spectra were collected using a commercial Raman spectrometer
(Alpha500R, WITec). Backscattered photons were dispersed with a 300 groove mm~™1
grating and detected by a Peltier CCD. The laser wavelength used was 785 nm and the
integration time for each single spectrum was 0.5 s. Each collected Raman map (100 pm x
100 pm) consists of 400 pixels (20 lines and 20 points per line). The Raman maps tracking
the intensities of /Rayleigh and /Raman Were made using an in-house Matlab script. The
photoluminescence background of the SERS spectrum is low under 785 nm laser
illumination, so the pseudo band at 84 cm=1 does not reflect photoluminescence, but instead
the surface-enhanced ASE. The photoluminescence background was subtracted from the
collected spectra by baseline correction using an asymmetric least square smoothing based
on the published Matlab scripts of Eilers.38 The morphologies of the nanocomposites were
characterized by field emission scanning electron microscope (LEO (Zeiss) 1550).

3. Results

3.1 Irayleigh Of the SERS substrates

This study set out to test the capacity for /Rayieigh to predict SERS substrate performance and
thus the Raman spectra of the six SERS substrates in the absence of the analytes were
initially collected. An exception was A-AuNPs because it was challenging to synthesize
colloidally stable AuNP aggregates without addition of 4-MBA. DI water was used as a
negative control. As shown in Fig. 2a, an extremely weak pseudo-band at 84 cm=! was
observed for DI water. This pseudo-band originates when the longpass filter of the
instrument cuts the ASE of the laser, as discussed previously. As stated in our recent
submission, this band was enhanced significantly in the presence of SERS “hot spots” and
reflects the integrated efficiency of these “hot spots™. It was observed here that /Rayjeigh
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(defined as the maximum measured intensity of the pseudo-band) for all six SERS substrates
was much greater than that from DI water (Fig. 2a).

The intensities of the Rayleigh bands at 84 cm™1 (/Rayleigh) for each of the SERS substrates
are shown in Fig. 2b. The commercial substrate (CS) exhibited the lowest /Rayjeigh amongst
the six SERS substrates. This substrate is optimized for SERS detection at lower wavelength
laser excitation (i.e., 638 nm), so our use of a 785 nm laser may be one reason why the
measured /Rayleigh IS Iow. A-AUNPs also exhibited a low /Rayleigh due to the low “hot spot”
density of the aggregates. The four tested nanocomposites exhibited much larger /rayleigh
than either CS or the A-AuNPs because there are large amounts of gold or silver
nanoparticles constrained within a film with a thickness of several micrometers.33: 37 Among
the four nanocomposites, AGNP/BC-25 exhibits much larger /rayleigh than the others
because AgNPs are more efficient plasmonic enhancers than AuNPs.* The other AgNP-
based substrate, AQNP/BC-250, exhibited similar /zayieign to the tested AUNP-based
substrates because the AgNP density in it is much lower than in the other three
nanocomposites (Fig. S1).

3.2 Irayleigh as a predictive factor for Isgrs

To investigate their SERS efficiency, the six SERS substrates were exposed to 1 mM 4-MBA
except for the A-AuNPs, to which 4-MBA was added during synthesis. A relatively high 4-
MBA concentration was selected to ensure the NP surfaces were saturated by the analytes.
The SERS spectra of the six substrates after exposure to 4-MBA are shown in Fig. 3a. As a
negative control, 1 mM 4-MBA aqueous solution exhibited no Raman signal under these
measurement conditions. As shown in Fig. 3a, all six SERS substrates enhanced the Raman
bands of 4-MBA (522, 696, 1076, 1181, and 1590 cm™1).3% The Rayleigh bands at 84 cm™1
are still present in the spectra and the addition of 4-MBA has negligible influence on
IRayleigh- Because the Raman band at 1076 cm™1 (benzene ring vibration) is the strongest, it
was selected to evaluate SERS substrate efficiency.

The intensities of the Raman bands at 1076 cm™1 of the SERS substrates are shown in Fig.
3b. A-AuNPs and CS exhibited the lowest /raman, While also exhibiting the lowest /rayieigh-
AUNP/BC-1.2, AUNP/BC-12, and AgNP/BC-250 exhibited similar and moderate /rayieigh
(Fig. 2b) and they also exhibited similar and moderate /Raman (Fig. 3b). AGQNP/BC-25
exhibited the highest /rayleigh and coincidently, it also exhibited the highest /raman. These
results collectively suggest that the SERS substrates showing higher intensity Rayleigh
bands also show higher intensity Raman bands. In other words, /Rayieigh qualitatively reflects
the SERS efficiency of a SERS substrate.

To quantitatively illustrate the relationship between /raman and /Rayleigh, the variation in the
intensities of the Raman band at 1076 cm™1 as a function of the Rayleigh band at 84 cm™ is
shown in Fig. 4. Because the SERS substrates used to acquire Raman spectra before and
after adding 4-MBA were different pieces from the same batch, there were two /Rayleigh
measurements obtained for each type of SERS substrate. When using /Rayieigh Obtained prior
to adding 4-MBA as the abscissa, the /sgrg from the six SERS substrates and water roughly
follows a linear relationship with /Rayjeigh- A-AUNPs and CS showed the lowest SERS and
Rayleigh signals. The three nanocomposites AUNP/BC-1.2, AUNP/BC-12, and AgNP/
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BC-250 showed moderate SERS and Rayleigh signals. AgNP/BC-25 showed both the
highest SERS and Rayleigh signals (Fig. 4). However, if we focus on the three samples
exhibiting moderate signals, AGNP/BC-250 showed higher /rayleigh, but lower /raman than
AUNP/BC-0.4. We attribute this to the large piece-to-piece variability of AgNP/BC-250
(details discussed in the following sections). When /rayleigh measured after addition of 4-
MBA was plotted on the abscissa, the measured linear relationships improve because the
sample-to-sample variability of a SERS substrate is excluded (i.e., /Rayleigh and /sgrs are
from the same spectrum). These results support the utility of /rayleigh as a quantitative tool
for predicting SERS efficiency if the sample-to-sample variation of SERS substrates from
the same batch is small.

We note that the position of /rayleign is dependent on the long pass filter employed. As
shown in Fig. S2, the maximum of /Rayjeigh shifts to 126 cm~1 when the edge filter of our
Raman instrument was replaced with another that cuts at 126 cm™ and to 87 cm™1 when a
second Raman instrument was employed. As expected, based on instrument-to-instrument
variability, /o(wrayleigh) in Equation 3 changes when switching the Raman instrument.
Accordingly, if we define wrayleigh as the wavenumber corresponding to the maximum
Rayleigh band intensity then /raman/ /Rayleigh changes accordingly (1.70 vs 0.97, Table S1).
If we define wrayleigh as a fixed wavenumber (e.g., 126 cm™1) for the Rayleigh bands
collected with the two instruments, then the ratio /Raman/ /Rayleigh IS much more constant
(1.70 vs 1.62, Table S1). These results suggest that /rayieigh has potential to normalize
Raman signals collected from different instruments so long as cwgayieigh s kept constant.
Additional experiments to further evaluate this possibility are ongoing.

This approach defined here performs well for the rapid evaluation of SERS substrate
performance when instrumental conditions (edge filters and laser systems) are fixed.
However, for SERS substrates characterized using a range of Raman instruments from
different labs, it may be challenging to directly compare absolute values of /rayjeigh due to
the variability of long pass filters and laser systems. To extend this approach towards a
universal evaluation parameter, we suggest the use of readily available SERS substrates
(e.g., AuNP aggregated colloids, commercial substrates) as standard test substrates. If our
approach is correct, the ratio of the /Rayleigh Values for the substrate being evaluated and the
standard substrate should remain constant no matter what Raman instrument is used to
characterize it. To provide preliminary support of this hypothesis, A-AuNP was used as a
standard SERS substrate (substrate #1) and AUNP/BC-1.2 was used as a substrate to be
evaluated (substrate #2). As shown in Fig. S3 and Table S2, the ratio of /rayjeigh Values for
substrate #2 and substrate #1 remained virtually constant for data collected using two
different Raman instruments. This result therefore suggests this approach can be extended to
evaluate the performance of SERS substrates prepared by different labs or characterized with
different Raman instruments.

3.3 Variation of Irayleigh across a Raman map

In addition to intensity, the signal reproducibility across a SERS substrate is another
important factor that dictates SERS substrate performance.38 Since IRayleigh reflects the “hot
spot” efficiency from a single pixel across a SERS substrate, the variation in /rayleigh IS
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expected to be an indicator of SERS substrate uniformity. To illustrate this, two SERS
substrates — AUNP/BC-1.2 and AgNP/BC-250 that exhibited large differences in uniformity,
were used as test samples. The morphologies of these nanocomposites were characterized by
SEM. As shown in Fig. 5a, AuNP/BC-1.2 exhibits excellent homogeneity across a 2035 pm?
area. When the magnification was increased to 50000x, we observe that the nanofibers are
fully covered by AuNPs and the homogeneity is excellent across a 21 um? area (Fig. 5b).
When the magnification was further increased to 150000x, we can clearly see AUNPs with
heterogeneous shapes and sizes densely distributed across a 2.3 pm? area (Fig. 5¢). The
heterogeneity in AuNP size and shape is expected to exert little influence on the
homogeneity of the SERS signal because the 10x objective used here has a laser spot size of
2.0 pm2. The numerous “hot spots” generated by the highly aggregated AuNPs account for
the high /Rayleigh and /Raman Obtained previously.

AgNP/BC-250 was much more heterogeneous than AuNP/BC-1.2. As shown in Fig. 5d,
large AgNP clusters were sporadically distributed across a 2035 pm? area. When the
magnification was increased to 50000, we can see that a majority of the AgNPs were
concentrated in clusters leaving other areas covered with a very low density of AgNPs (Fig.
5e). When the magnification was further increased to 150000%, we can see the irregular
shapes and sizes of the AgNPs. The AgNP size, shape and uniformity of the substrate can be
adjusted by changing the NaBH,4 concentration. As shown in Fig. S1d-f, AQNP/BC-25
exhibited much better uniformity than AgNP/BC-250.

As revealed by the SEM images in Fig. 5, the homogeneity of AUNP/BC-1.2 is much better
than that of AgNP/BC-250. We expected that the variation in /rayleigh across the two SERS
substrates would be consistent with their relative uniformities. To test this hypothesis, the
two nanocomposites were each scanned across three randomly selected areas and the
collected Raman maps are shown in Fig. 6. As shown in Fig. 6a—c, a majority of the pixels
in the Raman maps of AuUNP/BC-1.2 exhibited light blue colors indicating most of the
IRayleigh Values are close to the average. Only a small portion of pixels exhibited yellow and
red colors that represent /rayleigh Values above the average. We use relative standard
deviation (RSD) to describe the variations of /rayleigh across the Raman maps, which are
18.9%, 17.4%, and 17.3%, respectively.

As shown in Fig. 6d—f, the Raman maps collected from AgNP/BC-250 were substantially
less homogeneous than those collected using AUNP/BC-1.2. Clusters of pixels exhibiting
dark red colors corresponding to extremely high /rayleigh Values were present; we speculate
these spots represent the locations of the AgNP clusters (Fig. 5d). Also apparent were pixel
areas exhibiting dark blue colors that correspond to extremely low /Rayjeigh Values that we
speculate reflect the areas generally uncovered by AgNPs (Fig. 5d). The RSD values of the
three Raman maps of AUNP/BC-250 were 95.2%, 78.0%, and 56.3%, respectively, which
are significantly greater than those for AUNP/BC-1.2. The variation of RSD values among
the three Raman maps collected for AgQNP/BC-250 (RSD=25.5%) is much greater than that
of AUNP/BC-1.2 (RSD=5.0%). These results collectively demonstrate that AUNP/BC-1.2 is
much more uniform than AgNP/BC-250 — a result that is consistent with the SEM
observations.
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3.4 Variation of Irayleigh as a predictive factor for SERS substrate uniformity

To determine if the variation in /rayleigh can effectively predict the variation of /Raman,
AUNP/BC-1.2 and AgNP/BC-250 were exposed to 1 mM 4-MBA in ethanol. Following air
drying, the SERS maps from three randomly selected areas were collected. As shown in Fig.
7a—c, the SERS maps made by tracking the Raman band at 1076 cm~! of AuNP/BC-1.2
exhibited RSD values of 18.1%, 22.6%, 15.9%, respectively. In addition, the RSD values of
SERS maps collected using AgNP/BC-250 were 55.2%, 55.1%, and 32.4% (Fig. 7d-f).
AUNP/BC-1.2 exhibiting lower variation in /rayieigh than AgNP/BC-250 also exhibits lower
variation in /raman, Which meets our expectation.

To confirm that the variation of /rayleigh can be used to predict the uniformity of a SERS
substrate, the variations in the RSD values of the Raman band at 1076 cm™1 as a function of
the RSD values of the Rayleigh band at 84 cm™1 for all the six SERS substrates introduced
in Fig. 2 are shown in Fig. 8. AgNP/BC-250 not only exhibited the highest RSD value for
IRayleigh but also the largest error bar that represented the standard deviation of RSD values
calculated from three SERS maps. In addition to AgNP/BC-250, CS also showed a very high
average RSD value for /rayleigh- As expected, these two substrates also exhibited the highest
RSD values of /raman- The other four substrates, including AUNP/BC-1.2, AuUNP/BC-12,
AgNP/BC-25, and A-AuNPs exhibited similar RSD values ~20% of /rayleigh and also
exhibited similar RSD values ~20% of /raman- AS shown in Fig. 8, the RSD values of /raman
of the six SERS substrates roughly increased linearly with the increase in RSD values of
Irayleigh- Based on the excellent correlation between /rayieigh and /raman it appears that the
variation of /rayleigh can be used as a qualitative tool for predicting the reproducibility of a
SERS substrate. Additonal tests are currently ongoing to furhter evaluate the strength of this
correlation.

In addition to 785 nm laser, 633 nm laser was also employed in this study. The SERS
spectrum of 4-MBA on AuNP/BC-1.2 collected with 633 nm laser is shown in Fig. S4a. The
SERS map constructed by tracking the Rayleigh band at 135 cm™1 almost replicates that
constructed by tracking the Raman band at 1076 cm™1, i.e., the spot with higher Rayleigh
intensity always exhibits higher Raman intensity across the map (Fig. S4b&c). This result
suggests that /rayleigh Can be used to evaluate the performance of SERS substrates when
using alternative laser excitation wavelengths.

Conclusions and Discussion

This study proposes an alternative evaluation parameter for SERS substrate performance —
the surface plasmon-enhanced Rayleigh band that originates from the ASE of the excitation
laser. The intensities of the Rayleigh band (/Rayleigh) Of the six SERS substrates follow a
linear relationship with the intensities of the primary Raman band of 4-MBA (/raman), thus
indicating /Rayleigh Can be used as a quantitative tool for predicting the efficiency of a SERS
substrate. The RSD values of /Rayleigh across Raman maps of the six SERS substrates
roughly follow a linear relationship with the RSD values of /raman, indicating that variations
in /Rayleigh can be used as a qualitative tool for predicting SERS substrate reproducibility.
Accordingly, /Rayleigh can be used as a predictive factor for both SERS substrate efficiency
and reproducibility.
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As an evaluation parameter for SERS substrate performance, /rayleigh €Xhibits several
advantages over EF. First, it does not require analyte addition to acquire /rayleigh Values. EF
values are typically obtained experimentally by assuming the plasmonic nanostructures are
fully covered by the analytes. This assumed condition can substantially deviate from reality
when the affinity between a given analyte and the nanostructures is low and the shape and
size of the nanostructures are irregular and heterogeneous. For example, it is extremely
difficult to measure EF accurately for our BC-based substrates due to the large variation in
NP size and shape. Second, /Rayleigh IS an intrinsic property of the SERS substrate, which is
independent of the analytes. EF is dependent on the analyte, (i.e., one SERS substrate can
have many EF values for different analytes). Therefore, it is challenging to readily compare
the large number of SERS substrates reported in the literature. /Rayjeigh is intrinsic to a SERS
substrate and reflects the integrated “hot spot” efficiency within the laser excitation volume,
irrespective of the size, shape, or identity of the plasmonic nanostructures. Overall, /rayieigh
provides an easy but universally applicable “ruler” (with the help of a standard SERS
substrate) for evaluating SERS substrate performance.
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Figure 1.

Schematic of surface-enhanced Raman and surface-enhanced Rayleigh scattering from the
same SERS “hot spot”.
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a) Raman spectra of the SERS substrates without analyte addition (a. water; b. A-AuNPs; c.
commercial substrate (CS); d. AUNP/BC-1.2; e. AUNP/BC-12; f. AQNP/BC-250; g. AgNP/
BC-25); b) Intensities of the Rayleigh band at 84 cm™1 of all substrates; Inset shows the
intensities of the Rayleigh band at 84 cm™1 for substrates a—c.
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Figure 3.
a) SERS spectra of 4-MBA on different SERS substrates; b) The intensities of SERS band at

1076 cm™1 of all the substrates. Inset shows the intensities of the SERS band at 1076 cm™1
for the substrates a—c.
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Figure 4.
Variation of the intensities of Raman band at 1076 cm™! as a function of the Rayleigh band

at 84 cm~1 before and after adding 4-MBA. Each IRayleigh O IRaman Value is the average of

three

Raman maps; Each Raman map contains 400 single spectra.
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Figureb.
SEM images of the AUNP/BC-1.2 substrate with a) 5000x, b) 50000x%, and ¢) 150000%

magnifications; SEM images of the AgNP/BC-250 substrate with d) 5000x, e) 50000%, and
f) 150000 magnifications. Each substrate was air dried and sputter coated with gold before
scanning.
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Figure®6.
a—Cc) Raman maps made by tracking Irayleigh at three randomly selected areas of AuNP/

BC-1.2; d—f) Raman maps made by tracking Irayleigh at three randomly selected areas of
AgNP/BC-250. Each Raman map contains 400 single spectra.
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Figure7.
a—c) SERS maps made by tracking the band at 1076 cm™! at three randomly selected areas

of AUNP/BC-1.2 after exposing to 1 mM 4-MBA solution; d—f) SERS maps made by
tracking the band at 1076 cm™1 at three randomly selected areas of AgNP/BC-250 after
exposing to 1 mM 4-MBA solution.
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Figure 8.

The varation of RSD values of the Raman bands at 1076 cm™1 as a function of RSD values
of the Rayleigh bands at 84 cm™1 for the six SERS substrates. Each RSD value is the
average of three RSD values calculated from three Raman maps. Each Raman map is
collected from a 100 pm x 100 um area and contains 400 single spectra.
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