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ABSTRACT: Single-molecule surface-enhanced Raman spectroscopy (SM-SERS) is a
powerful experimental technique for label-free sensing, imaging, and chemical
analysis. Although Raman spectroscopy itself is an extremely “feeble” phenomenon,
the intense interaction of optical fields with metallic nanostructures in the form of
plasmonic hotspots can generate Raman signals from single molecules. While what
constitutes a true single-molecule signal has taken some years for the scientific
community to establish, many SERS experiments, even those not specifically
attempting single-molecule sensitivity, have observed fluctuation in both the SERS
intensity and spectral features. In this Perspective, we discuss the impact that
fluctuating SERS signals have had on the continuing advancement of SM-SERS, along
with challenges and current and potential future applications.
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signal from pyridine adsorbed onto a roughened silver

electrode’ and the discovery in 1977 of a million-fold
enhancement in signal from what would be expected given the
number of illuminated molecules, surface-enhanced Raman
spectroscopy (SERS) has become one of the most active
research areas in the fields of chemistry, physics, optics,
materials science, and nanotechnology. During the late 1990s,
SERS was calculated to provide even higher enhancements,
potentially a million-million-fold, provoking scientists to
determine whether it could truly be a single-molecule-sensitive
technique. To explain the SERS effect and its exquisite
sensitivity, the concept of the plasmonic “hotspot” has become
central to its interpretation,2 giving an electromagnetic
enhancement effect.” These hotspots are created by illuminat-
ing metallic nanostructures with light, as illustrated in Figure
la. Nanostructure geometry ranges from randomly roughened
silver surfaces to carefully fabricated arrays of nanoantennas’
and to solution-grown nanospheres, nanoshells, nanostars, and
nanocrystals.” In all cases, the plasmon resonances of these
structures effectively squeeze electromagnetic energy into very
small volumes, with an accompanying increase in optical
intensity, thereby rendering the surface “SERS active”. Decades
of research have been done to improve the reliability and
effectiveness of these substrates,* with some substrates having

E ver since the report in 1974 on the increase in Raman
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been commercialized.® Depending on the substrate, these
plasmonic hotspots can range in size from tens of nanometers,
as seen in Figure 1b, down to the atomic “picocavity” scale,” as
seen in Figure 1c, and are able to generate SERS signals from
single molecules®” or even single vibrational modes within a
single molecule.'’

Interestingly, while SERS quickly established itself as a
powerful analysis technique, many observations noted that the
signals sometimes displayed significant fluctuations in both
signal intensity and spectral features.'' Early interpretations of
these SERS Intensity Fluctuations (SIFs) were assigned to a
single-molecule phenomenon,lz_15 although a full interpreta-
tion of what constituted genuine single-molecule (SM) SERS
remained controversial.' In time, SM-SERS has become firmly
established via multiple experimental techniques, including
several definitive experiments done with two analytes'” or
isotopologues,'® and the origin of these single-molecule
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Figure 1. Essential concepts for single-molecule SERS. (a) A typical SERS experiment will use a rough metallic film or an arrangement of
nanoparticles. The focused laser spot size will be around ~1 gm. (b) Single molecules on the surface encounter plasmonic hotspots on the
~10 nm scale. If the concentration of molecules is small enough and there are enough hotspots, single-molecule SERS events can be
observed. (c) Single molecules on the ~1 nm scale can be excited by the smallest and most intense hotspots, even if the rest of the surface is
saturated with molecules. (d) Various mechanisms for the observed intensity fluctuations in SM-SERS: (1) adsorption/desorption of a single
molecule into a hotspot; (2) surface diffusion of the molecule; (3) dynamic creation of a hotspot due to motion of metallic adatoms; (4)
various chemical contributions such as charge transfer processes. (e) Typical SERS intensity distribution plots according to concentration.
Each histogram (shifted across the x-axis to prevent superimposing) corresponds to rhodamine 6G adsorbed on a SERS silver surface at the
concentrations of (1) S M, (2) 100 nM, and (3) 10 nM. (1) At high concentration, the intensity distribution has normal behavior. (2) As
the concentration decreases, the hotspots that are the most efficient begin to have a stronger influence on the SERS signal, resulting in an
asymmetric tail in the intensity distribution toward higher intensities. (3) Approaching the single-molecule regime of concentration results
in a power-law probability distribution with a small number of intense, single-molecule events. (f) Illustration of a SERS substrate, with
benzenethiol (BZT) as the probe molecule coating an Ag film-over nanosphere (FoN) sample. (f inset) SEM image of the sample surface
topography, showing gaps between spheres that promote good SERS activity. (g) Sample SIF spectrum compared to background, or average,
SERS spectrum of BZT. Figure panels adapted with permission from refs 20, 21, 25, and 26. Copyright 2019 Nature and 2009, 2021, and

2023 American Chemical Society.

fluctuations has been assigned to a variety of dynamic and
complex processes, including molecular adsorption/desorp-
tion, surface diffusion, molecular reorientation,'’ thermal
effects,”> and metal surface reconstruction, as illustrated in
Figure 1d.” Each of these processes can contribute to a
fluctuating signal depending on the various experimental
parameters. For example, for an experiment done in solution,
adsorption/desorption of the probe molecule would likely be
the dominant cause of the fluctuations.*** However, in a
sample that is completely dry and saturated with probe
molecules, as is done with self-assembled monolayers and
shown in Figure 1f,g, the cause of fluctuations is a bit more
obscured, since surface mobility is assumed to be minimal. In
this case, the concept of an intense, localized, yet static hotspot
has come into question. Recent experiments have also shown
these SERS intensity fluctuations to occur over an extremely
wide range of time scales, from seconds to microseconds.”"?**
In the picocavity regime, it is the direct interactions between
mobile metallic adatoms and the probe molecule, driven by the
incident light, that cause dynamic signals.10 Therefore, the
underlying source of all SERS fluctuations is likely to be a
complex interplay of several different effects that occur at
different time scales and under different experimental
conditions. While it remains true that a fluctuating SERS
signal is not definitive proof of single-molecule behavior, in
that several molecules could still be contributing to a
fluctuating signal at any given time, it is true that single-
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molecule experiments will naturally fluctuate, as seen in the
rich history of single-molecule fluorescence.”* Indeed, since
SERS fluctuations are readily observed across a wide range of
experimental conditions, dynamic behavior appears to be a
fundamental characteristic of the SERS effect. In this
Perspective, we outline experimental observations of SM-
SERS, the current understanding of signal fluctuations as a
single-molecule phenomenon, and the expanding notion of the
nature of the plasmonic hotspot itself. We also discuss the
many current and potential future applications, ranging from
medical diagnostics to environmental monitoring and to
biosensing and imaging.

EXPERIMENTAL CONDITIONS FOR SM-SERS

SM-SERS has been observed with a variety of experimental
designs,”” such as samples with a low concentration of probe
molecules in solution,”” dry samples with self-assembled
monolayers,”® and high-speed acquisition systems,”’ and is
even thought to be quite common in many SERS experi-
ments.'” In addition, SIFs from dried samples with a low
concentration of probe molecules have been used for high-
resolution imaging purposes.”” As discussed above, SM-SERS
signals often show significant fluctuations, in both intensity and
spectral features. The most straightforward interpretation of
these fluctuations is that a single molecule in solution will
diffuse in and out of a single hotspot. It has been shown that
the concentration of molecules in solution will affect the SM-

https://doi.org/10.1021/acsnano.4c09483
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Figure 2. High-speed SERS fluctuations from “wet” and “dry” nanoparticle clusters. (a) Investigating the effect of probe molecule
concentration on the average rate of SERS fluctuations, i.e., the SIF event rate, for three different concentrations of R6G in solution. The 100
nM solution has a higher average SIF rate than the 50 nM solution, but it is not exactly doubled. In addition, the average SIF rate for the 25
nM solution is almost as high as the rate for the 100 nM solution. This is likely due to varying numbers of hotspots that were illuminated in
each sample, rather than a varying concentration of molecules. (b) A sample SIF from the “dry” sample incubated first in 10 nM R6G and
then dried. This SIF displays a distinct ON/OFF characteristic compared to (c) a sample SIF from a “wet” sample of 25 nM R6G which was
more noisy. (d) Histogram displaying the coefficient of variation (standard deviation divided by the mean) for three different sample types
on Ag nanoclusters: “wet” R6G, “dry” R6G, and a “dry” §,5'-dithiobis(2-nitrobenzoic acid) (DTNB) monolayer. The “wet” sample displayed
the most variation and a wider distribution than the two “dry” samples. Figure adapted with permission from ref 22. Copyright 2022

American Chemical Society.

SERS signal, solidifying this conclusion. In fact, lowering the
concentration of the probe molecule will transition the SERS
signal to single-molecule statistics. This is shown in Figure le,
where rhodamine 6G (R6G) adsorbs and desorbs on a SERS-
active silver surface at concentrations of 5 M, 100 nM, and 10
nM, and the resulting SERS intensity distributions are
compared. At high concentrations, the intensity distribution
of the SERS signal has normal behavior. As the concentration
decreases, the plasmonic hotspots that are the most efficient
begin to have a stronger influence on the SERS signal, resulting
in an asymmetric tail toward higher intensities in the intensity
distribution. The lowest concentration, approaching the single-
molecule regime, results in a power-law probability distribution
with a small number of intense single-molecule events. Probe
molecule concentration is not, however, the only variable
affecting the SIF fluctuation rate. The graph in Figure 2a
displays data comparing probe molecule concentration and the
average rate (instead of intensity) of the SERS fluctuations for
Ag nanoclusters and three different R6G concentrations in
solutions of 100, 50, and 25 nM. The 100 nM solution has a
higher, but not double, average rate of SERS fluctuations than
the 50 nM solution. Adding further complexity, the average
rate of SERS fluctuations for the 25 nM solution is nearly as
high as the rate for the 100 nM solution. This unexpected
outcome is likely due to varying numbers of plasmonic
hotspots that were illuminated in each of the three samples,
further emphasizing the complex, multivariable interplay of
factors behind SIF behavior.
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Many early SM-SERS experiments focused on samples with
low concentrations of probe molecules (<100 nM) in order to
have only one molecule present at the hotspot location at a
time,*® but further investigations revealed that SM-SERS can
be observed with a much wider variety of experimental designs,
such as dry samples with highly concentrated probe
molecules.”® While the wet sample is expected to have SIFs
due to the freely floating probe molecule moving in and out of
the plasmonic hotspot, the dry sample is also expected to have
SIFs due to transient hotspot generation caused by the
mobility of metallic atoms. Figure 2b—d shows an example of
comparing the SIF behavior between the experimental
conditions of dry and wet samples.”> A sample SIF from the
dry sample, seen in Figure 2b, displays clear ON and OFF
characteristics with little noise, whereas a sample SIF from the
wet sample, shown in Figure 2d, displays far more noise within
a single SIF event. The coeflicients of variation histograms
displayed in Figure 2d show that the wet samples displayed on
average more variation and a wider distribution of intensities,
indicating that the SERS signal from the wet samples
fluctuated more during a single SIF event than the signal
from the dry samples. In other words, the SIFs from the wet
samples were “noisier”. In regard to the length of SIF duration,
the SIF events from the dry samples were on average slightly
longer than the SIF events from the wet samples. This was
expected due to the more “fixed” nature of the probe molecules
on the dry samples. The average rate of SERS fluctuations in
the wet samples seemed to depend more on the number of

https://doi.org/10.1021/acsnano.4c09483
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Figure 3. Super-resolution SERS imaging using SIFs. (a) E. coli on an ultrathin rough Ag surface imaged using SEM and (b) SERS-STORM.
(c) The two imaging techniques overlaid. (d) Collagen fiber on plasmonic nanohole array imaged using SEM and (e) SERS-STORM. The
two imaging methods again are in good agreement. (f) Diffraction-limited SERS image of a collagen fiber on a nanohole array. (g) SERS-
STORM algorithm used to achieve super-resolution imaging of the same collagen fiber. Figure adapted with permission from refs 29 and 35.

Copyright 2017 Nature and 2016 American Chemical Society.

active hotspots on the sample than on the concentration of the
probe molecule.”” Overall, the statistical analysis of SIFs can be
seen to provide insight into the interactions between probe
molecules and plasmonic hotspot activity.”"

OPPORTUNITIES FOR SENSING AND IMAGING

Since the plasmonic hotspots are deeply subwavelength, one
exciting application is using them for super-resolution
imaging.”> This can take many forms, including directly
scanning a single hotspot over a substrate,”” as is done with tip-
enhanced Raman spectroscopy (TERS), or using a substrate
with a distribution of hotspots to effectively illuminate
subwavelength features of a sample. One form of imaging
exploits the fluctuations of the SERS signal, borrowing
concepts from stochastic optical reconstruction microscopy
(STORM), a super-resolution technique developed for
fluorescence imaging.’* As the SERS signal fluctuates in
time, each event is localized with a precision approaching a few
nanometers.”””> In this way, SERS-STORM can build up an
image of the substrate/sample interaction, visualizing sub-
wavelength structures while at the same time collecting
chemical information. It is therefore possible to have, for
example, a single nanoslit illuminate a single nucleobase for

SERS-based nanopore sequencing and imaging.”® SERS-based
hyperspectral imaging has shown potential for the detection of
cancer biomarkers’” and has been used to monitor plasmon-
assisted chemical reactions with single-molecule sensitivity.**
These “label-free” forms of super-resolution chemical imaging
have also been used to visualize cell membranes and other
biological structures.” Figure 3 shows SERS-STORM imaging
used to visualize both collagen fibers and various bacterial
species.”””> Figure 3a—c display E. coli bacteria on an ultrathin
Ag film. SEM and SERS-STORM imaging techniques showed
good agreement. Collagen fibers on a plasmonic nanohole
array were also imaged using SEM and SERS-STORM
techniques, as seen in Figure 3d,e, respectively. Figure 3f
displays a diffraction-limited SERS image taken of the same
collagen fiber sample, and Figure 3g shows how the SERS-
STORM algorithm can create a super-resolution imaging of
the same sample.”> Furthermore, the spectral capability of
SERS allows, for example, label-free diagnostics of bacterial
species that may have otherwise required staining to be
identified.”” The ability of SERS-STORM and related imaging
techniques™ to collect both spectral data and conduct high-
resolution imaging makes this technology a promising tool for
bioimaging and biosensing.
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Figure 4. High-speed SERS intensity fluctuations with temporal, spatial, and wavelength dependence. (a) SIFs recorded at high speeds over
2.5 s, with many SIFs occurring on the submillisecond time scale. The spectral range of this specific intensity acquisition is integrated over
500 cm™' to ~2000 cm™". (b) Two SIFs, occurring 61 ms apart and each lasting approximately 0.3 ms. (c) High-resolution imaging using a
PMT array detector allows for imaging of the SIF point spread function. Two SIF events can be seen occurring at different locations on the
nanoparticle. (d) SIF events accumulated spatially over time to create an overall image of the nanoparticle, as displayed by the gray dots.
Three individual SIF events are highlighted, occurring within ~7 nm of each other. The dotted rings around the three events depict the
standard deviation of the fit location, derived from the multiple frames of each event. (e) Average localized SERS intensity signal across the
surface of a nanoparticle. (f,g) Wavelength dependence of SERS signal intensity from a SiO,/Ag nanoshell obtained using a dual-channel
time-series scan with (f) a 543 nm excitation laser and (g) a 633 nm excitation laser. The two channels of the scan run simultaneously,
allowing for determining which SIFs correspond to each (or both) excitation wavelength. Both channels have a spectral range from 1250 to
1450 cm ™. Figure adapted with permission from ref 20. Copyright 2019 Nature.

SPATIAL AND SPECTRAL CHARACTERIZATION OF
HIGH-SPEED SERS FLUCTUATIONS

The fast acquisition time of the SERS signal has provided
information about the behavior of single-molecule SIFs. Figure
4 shows an example of using a high-speed super-resolution

(PMT) detectors. However, by utilizing this fast acquisition
rate, shown in Figure 4a, SIFs as brief as 10 ms were identified.
This temporal resolution also revealed that many of the
nanoparticles were SERS-inactive for over 90% of the time, as
seen in Figure 4b, suggesting that the fluctuations themselves

imaging technique to gain insight into both the spatial and
temporal characteristics of single-molecule SERS intensity
fluctuations from dry, fully coated Ag nanoshell samples.”” The
data shown in Figure 4 were acquired at a rate of 800000
frames per second and had a spatial resolution of
approximately 7 nm. In these experiments, spectral information
was lost due to the use of high-speed photomultiplier tube

25934

are causing the dominant overall SERS signal.”® This high-
speed phenomenon could not be observed on an apparatus
with the typical slower acquisition rate (~1 Hz), as the
fluctuations would average out. The capabilities of the high-
speed imaging system, using an array of PMT detectors, are
shown in Figure 4c. This allowed capturing data on the specific
locations of the SIF events as seen in Figure 4d, which displays

https://doi.org/10.1021/acsnano.4c09483
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Figure 5. High-speed spectral acquisition of SIFs. (a) An example of an extended slower-speed time-series scan over 150 s to demonstrate
sample stability with various SIF events. A 660 nm excitation laser was used with a power of ~0.1 mW at the sample. (b) Six sample “slow”
SIF event spectra compared with the background SERS spectrum. (c—j) Four sample “fast” SIF events with spectral data acquired at 10*
spectra per second. (c) Waterfall plot showing a single SIF event that occurs in (d) both the Stokes and anti-Stokes spectral regions. (e)
Waterfall plot showing a single SIF event that occurs as (f) a single peak in both the Stokes and anti-Stokes regions (at approximately +1570
cm ™). (g) Waterfall plot showing a single SIF event that mostly occurs in (h) the Stokes region. (i) Waterfall plot showing a single SIF event
that mostly occurs in (j) the anti-Stokes region. Figure adapted with permission from ref 26. Copyright 2023 American Chemical Society.

three separate events that occurred less than 10 nm from each
other and at different times. Figure 4e shows the SIF intensities
plotted in space over the surface of the nanoparticle. These
spatial data showed that even a carefully designed SERS
substrate, Ag nanoshells in this case, can be very inhomoge-
neous at the ~nm level. Indeed, taken together, high-speed
acquisition coupled with super-resolution imaging further
cements a surprising effect that has been known in SERS
research for some time, namely that only very small regions of
a SERS substrates are “single-molecule active” yet contribute to
a large fraction of the overall SERS signal.*’

SIFs emitted from the nanoparticle sample were both erratic
and brief, providing greater insight into the nature of SERS
hotspots and their time dynamics and pointing to the
multifaceted, complex interplay of the underlying physical
mechanisms behind single-molecule SERS fluctuations. Many
more questions must be addressed, such as identifying
potential trends in signal fluctuations and their causative
factors. For example, Figure 4fg investigated the role of
excitation laser wavelength in SIF behavior. A dry, fully coated
Ag nanoshell sample was excited simultaneously by both a 543
nm laser and a 633 nm laser, and the resulting SERS signals
were spectrally separated onto two PMT detectors.”” The
resulting two graphs, i.e., the red vs green SERS trajectories,
show differences between the SIFs produced by the two
excitation wavelengths, as there is a set of SIF events that were
excited by only the green laser, a set of SIF events that were
excited by only the red laser, and a set of SIF events that were
excited by both. These differences suggest that more variables
are at play in the SERS mechanism than simply the position of
the overall surface plasmon resonance (SPR) of the nano-
particle surface. It is therefore important to investigate the
spectral characteristics of SIF excitation. Therefore, while
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overall high-speed SERS intensity fluctuations provide insight
into general hotspot activity, high-speed spectral information
has the potential to elucidate more of the hotspot behavior, the
probe molecule bond activity, and the dynamic nature of
light—matter interaction.

Figure S shows data from a SERS acquisition system that
combines the benefits of high-speed signal acquisition along
with spectral information by collecting at a rate of up to
100000 SERS spectra per second.”® To begin with, Figure Sa
first displays a slower spectral SERS scan over the course of
150 s, with six notable SIF events marked. The spectra of these
events are displayed in Figure Sb in comparison to the
background or average SERS signal of the entire scan. These
scans show the appearance of peaks in the spectrum, along
with significant overall intensity fluctuations. Interestingly,
while it is clear that SIF events do occur over these slower time
scales (~seconds to ~minutes), high-speed spectroscopy
measurements continue to reveal faster and faster spectral
fluctuation behavior. These high-speed SIFs were characterized
based on a variety of parameters such as duration and, notably,
the spectral regions of enhancement. Figure 5c,d displays an
SIF characterized as happening in both the Stokes and anti-
Stokes regions of the spectrum, hypothetically caused by a
molecule entering a hotspot or a hotspot appearing at the
location of a molecule. The spectral width of the localized
hotspot resonance must be wide enough to enhance the entire
SERS spectrum. Figure Se,f displays a SIF characterized as
enhancing a single peak in both the Stokes and anti-Stokes
regions, hypothetically caused by an extremely localized
hotspot exciting only a single vibrational mode, as in the
picocavity regime.7 Figure Sgh displays a SIF characterized as
happening predominantly in the Stokes region, hypothetically
caused by a hotspot with red-shifted resonance. Finally, Figure
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Si,j displays a SIF characterized as happening predominantly in
the anti-Stokes region, hypothetically caused by a hotspot with
blue-shifted resonance. These scans indicate the importance of
high-speed spectral data in understanding hotspot behavior
and the complex interplay of the many effects that cause SM-
SIFs. The anomalously large anti-Stokes peaks are of particular
interest for further investigation. Overall, individual SIFs were
observed to occur over tens to hundreds of microseconds,
enhancing different portions of the SERS spectrum. However,
the SIF events overall did not favor a specific region of the
spectrum, occurring with roughly equal probability across a
wide range, covering both the anti-Stokes and Stokes sides of
the spectrum. Along with the high-speed imaging discussed
above, these experiments reveal that SM-SERS and SIF events
have complex spatial, spectral, and temporal behaviors.

OUTLOOK AND CONCLUSION

SM-SERS has become a rich area for scientific research and
discovery, providing exciting possibilities to better understand
the fundamental activities and characteristics of plasmonic
hotspots and light—matter interactions. It is also full of exciting
applications, for example, as a technology to detect very low
concentrations of analytes in biological and environmental
samples, potentially allowing for earlier and more accurate
diagnostics. These capabilities are of particular interest in the
field of healthcare, where improving diagnostics has the
potential to save lives. SM-SERS has been successfully used
for high-sensitivity detection of immune toxicity biomarkers
during immune checkpoint inhibitor treatment in cancer
patients at concentrations as low as the attomolar level,
resulting in highly specific, high-throughput parallel assays and
earlier detection of adverse therapy responses.”” The rapid-
response of SERS provides opportunities for point-of-care
diagnostic development and ongoing monitoring of disease
states. SM-SERS has also been proposed as a method for DNA
sequencing®®*® and single-molecule protein sensing.** In
addition, the label-free nature of Raman spectroscopy offers
a lower-cost solution in comparison to antibody-tagged
diagnostics and stain-required histology analysis. SERS
diagnostics can identify the presence of multiple analytes
quickly with high specificity, without staining, and at low
analyte concentration. With the rise of artificial intelligence and
machine learning capabilities in data analysis, interpreting
complex Raman spectra™ may allow diagnosing difficult-to-
detect diseases such as early stage bladder cancer, far earlier
than the current medical standard, using a single drop of
sample.”® Artificial intelligence also shows promise to aid in
data collection, postprocessing, and interpretation®”** of the
complex signals and aid our understanding of the fundamental
causative factors of SM-SERS fluctuations.

While SM-SERS is indeed an exciting phenomenon full of
potential, significant challenges remain. It is still difficult to
mass-produce reliable SERS substrates with high sensitivity.
The interpretation of the exact source of all signal fluctuations
remains obscured in important ways. Given the erratic nature
of SM-SERS, the fundamental metric of SERS, i.e., the so-
called “enhancement factor”, is difficult to quantify. Exper-
imental challenges also need to be overcome in building
higher-speed detectors, spectrometers, and imaging arrays. SM-
SERS therefore represents well the challenges and oppor-
tunities of fields as disparate as nanophotonics, nanobiosens-
ing, nanotechnology, materials science, and fundamental light—

matter interaction. Even after decades of research, it is still a
field that is ripe for discovery.
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