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Surface-Enhanced Raman Scattering has been studied for decades as a
recognition technique due to its high sensitivity and discriminative power,
particularly in biological applications. Inspired by nanopore sequencing
technology, we developed a plasmonic device capable of operating in a flow-
through configuration to detect individual molecules passing through plas-
monic hotspots. This device is a permeable plasmonic film, through which
single molecules are sequentially delivered via electrophoresis, while Raman
spectra are recorded in real-time. A very effective light-matter coupling,
combined with the ultrasmall size of plasmonic spots, enabled access to
angstrom spatial and microsecond temporal scales compatible with polymer
sequencing. We successfully slowed the translocation process and captured
Raman spectra of the four nucleotides at a time resolution down to 20 ps
under our experimental conditions. We achieved a discrimination accuracy of
89% at the single-molecule level. Also, we demonstrated a spatial resolution on

the order of a few nucleotides, suggesting the potential for sequencing

applications.

Surface-Enhanced Raman Scattering (SERS) has been extensively stu-
died and utilized over the past 30 years, producing significant
advancements across various research fields. Among its many appli-
cations, SERS has emerged as a powerful tool for investigating biolo-
gical analytes, enabling the analysis of a broad spectrum of molecules
such as proteins, lipids, nucleic acids, and metabolites without the
need for labelling. Raman Spectroscopy offers molecular “fingerprints”
with sensitivities that can reach the single-molecule level, a milestone
achieved by numerous laboratories'™. This success has led to the
proposal of many practical applications. However, despite consider-
able efforts, the impact of SERS in real-world applications remains
limited due to several challenges, as outlined in technical reviews*”.

One of the key challenges in biomolecule discrimination is that,
although SERS can achieve single-molecule sensitivity, it captures
the spectrum of the molecule as a whole. However, molecular
identity is linked not merely to the individual components but to
their specific spatial arrangement. This is especially critical in bio-
logical contexts, where nucleic acids and proteins consist of
sequences made up of just four and twenty types of units, respec-
tively. For example, consider two short DNA sequences like GAT-
TACA and CATAGAT. Despite being distinct sequences, their Raman
spectra would be remarkably similar, making them difficult to dif-
ferentiate when their spectra are recorded in their entirety. In con-
trast, if the spectra of individual nucleotides could be recorded
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sequentially (one by one along the DNA chain), an accurate identi-
fication of the molecule would be feasible.

Such an identification strategy through sequential reading of
molecular fragments is already employed in other fields such as Mass
Spectrometry® and nanopores sequencing technologies’®. The latter
involves driving DNA molecules through biological or solid-state
nanopores via electrophoresis. By measuring the electrical current
during molecular translocation, it is possible to identify specific
nucleotides and determine the DNA sequence. Despite the success of
these technologies, challenges remain, such as improving accuracy
and achieving ultra-long DNA reads. Additionally, adapting these
methods to proteins with their post-translational modifications (cur-
rently estimated at around 400 modifications) or RNA with its post-
transcriptional modifications (estimated at around 170) poses sig-
nificant difficulties’. These challenges look enormous, and currently,
only polypeptide looks reachable, thanks to the effort of a huge
community®. To achieve the necessary sensing accuracy and dis-
crimination power, new sensing modalities or their integration with
existing technologies are required’. Given the richer information
content of Raman fingerprints compared to electrical readouts, SERS
presents a promising opportunity to bridge this gap. Some remarkable
results in this direction were already achieved by Wang’s group on the
identification of proteins and their single-point mutations by exploit-
ing a plasmonic nanopore integrated in a capillary tip'°. Furthermore,
plasmonic nanopores have been successfully integrated with SERS at
the single-molecule level, as demonstrated by Van Dorpe’s group,
where real-time monitoring of single-molecule nucleotides interacting
with a plasmonic hotspot was achieved". Other early important results
on plasmonic membranes were also achieved by De Angelis’s group on
DNA identification and detection of single nucleotides . However,
for the approach to evolve further, advanced plasmonic devices and
Raman sensing modalities must be developed to reach spatial and
temporal resolution comparable to those achieved in the field of
nanopores with electrical readouts.

In this work, we make a step toward a method for identifying the
molecular constituents in biopolymers by Raman sequential readout.
We developed cost-effective, permeable plasmonic films embedded
with ultrasmall metallic nanopores through which molecules can flow
via electrophoresis. Such permeable films provide a strong light-
matter coupling in ultrasmall plasmonic hot spots that lead to giant
Raman signals through SERS amplification. The latter, combined with
the ultrasmall size of plasmonic spots, allows the method to access
extreme spatial and temporal resolution conventionally not accessible
to SERS, namely a few angstroms and tens of microseconds. In such
devices, molecules are not permanently adsorbed onto the metal
surface but remain mobile in wet conditions. They are detected in a
flow-through scheme, translocating through the nanopore within
20-40ps. This is at least 10 times slower compared to the transloca-
tions in regular solid-state nanopores with electrical readout®. To
capture such an ultrafast dynamic, we take advantage of the latest
generation of Single-Photon Avalanche Diode (SPAD) camera and then
use Machine Learning to analyse the data. We successfully recorded
and distinguished the spectra of the four nucleotides passing through
the film at a single-molecule level and nanomolar concentration. We
achieved a classification accuracy of single-nucleotide translocation
exceeding 89% at a single-molecule level and exceeding 99% when
averaging on >10 events. Finally, using simple single-stranded DNA
(ssDNA) oligos, we demonstrated a spatial resolution along the ssSDNA
backbone of a few nucleotides. While further investigations and opti-
mizations are necessary, these results clearly demonstrate that the
Raman sequential readout can meet the minimum requirements for
polymer sequencing. Importantly, the simplicity of this methodology,
coupled with the use of readily available technologies, makes it parti-
cularly well-suited for translational applications, representing a long-
sought goal within the SERS community. Compared to electrical

readouts, this method’s primary advantages lie in i) its potential ability
to discriminate a broader range of molecular constituents beyond the
four nucleotides; ii) no need for labelling or sophisticated biochem-
istry; iii) no need for complex reference databases for base or amino
acid (AA) identification; iv) simple and inexpensive fabrication process
for devices that, in contrast with biological pores, are robust and easy
to preserve and transport’®.

Results

Plasmonic device characterization

Agarose gel, commonly used in 2D gel electrophoresis, provides an
economical and widely adopted method in molecular biology labora-
tories. Biomolecules such as proteins, nucleic acids, and metabolites
migrate through the gel under an electric field, allowing their separa-
tion based on their molecular weight. We developed a permeable
plasmonic device by depositing a thin film of silver (12 nm) on top of a
layer of agarose gel (5um). To improve adhesion between silver and
agarose, we deposited a layer of titanium (5 nm) in between (for more
details, see Supplementary Note 1). Due to the porous nature of
agarose, silver forms a polycrystalline structure with nanogaps in
between single crystals (Fig. 1a). This structure exhibits plasmonic
properties similar to granular metal films, with hot spots forming
between the grains and an enhancement that depends on their
separation distance""®, The electrophoretic field applied across the
layers first delivers the molecules through the gel in a way similar to
conventional electrophoresis and then through the nanogaps of the
silver film. In our experiments, the electrophoretic field was intro-
duced with a power supply set to 30 mV.

The nanoholes and nanoslits are shown on the SEM image of the
plasmonic device surface (Fig. 1b) and, for the sake of simplicity, will be
called nanopores. We estimated the size distribution of the nanopores,
i.e. the width of nanoslits and diameters of nanoholes, by analysing at
least 400 of them on SEM images (Supplementary Note 2, Fig. 1c). The
size of nanopores varies from 1nm (the minimum value we can
observe) up to a maximum of 15 nm. By fitting the nanopore size dis-
tribution, we determined that the most prevalent size corresponds to
3.8 nm. This is an ideal value for plasmonic detection of biopolymer
translocating through the permeable film. In fact, the diameter of DNA
and proteins, upon unfolding and linearization, is in the order of
1-2 nm. Hence, a nanopore of 3.8 nm is ideal to let the molecule pass
through while keeping tight contact between the metallic surface and
the molecule itself. Such tight contact promotes an effective coupling
between plasmons and molecules to achieve a huge Raman enhance-
ment, as we will show thereafter. Notably, the pore size analysis was
conducted on a dry sample, whereas translocation experiments were
performed in buffer solutions, where agarose is expected to swell,
potentially affecting nanopores. To investigate this effect, we con-
ducted Atomic Force Microscopy (AFM) on the device immersed in
water. However, no significant increase in nanopore dimensions was
observed, suggesting that the swelling does not alter the functionality
of devices. This is likely caused by the gel being constrained by a non-
deformable membrane and confined within a 500 nm well, limiting its
ability to expand (Supplementary Note 3, Figure S1).

Ultrafast SERS detection with SPAD camera

The spectral response of the plasmonic film is reported in Fig. 1d (see
methods in Supplementary Note 4). The optical spectra demonstrate a
wide attenuation band with the maximum corresponding to 465 nm
and remaining high in the whole visible range. To further understand
Raman amplification, we investigated the intensity of the Raman
emission and Signal-to-Noise Ratio (SNR) for different wavelengths,
namely 488, 514, 532, 633, 785 nm. The results are reported in Fig-
ure S2. We found that the optimal SNR was achieved at A=532 nm. All
the following experiments were carried out with this wavelength. It is
well known that radiation at this wavelength causes fluorescence of
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Fig. 1| Sample overview and characterization. a Permeable plasmonic device
model with an intuitive representation of a linear molecule passing through a
plasmonic hot spot on top of a silver film. b SEM image of the silver surface of the

v v

device with enlarged SEM images of various nanopores on it (1-3). ¢ Size distribu-
tion of the nanopores on the surface of the device with a mode equal to 3.8 nm.
d Optical spectra of the plasmonic device in NaCl 150 mM aqueous solution.

organic analytes. In the following experiments, however, its influence
was negligible compared to the Raman signals collected. This is
attributed to the well-known quenching effect that occurs in proximity
to the metallic surface®.

Following the translocation dynamic into nanopores is necessary
to reach a temporal resolution on the microsecond time scale. With
this aim, we mounted a 64 x 32 pixels SPAD camera (Micro Photon
Devices - MPD, SPC3 Series) on a Raman microscope (InVia Renishaw)
and customized software (Figure S3). Technical details on the camera
are provided in Supplementary Notes 5 and 6. Then, we combined the
Raman detection system with electrophoretic delivery of molecules
into the permeable films. The general scheme of the setup is provided
in Figure S4. Other details on the setup preparation and sample
installation are provided in Supplementary Note 5. It should be noted
that few studies exist on SERS emission on the microsecond timescale,
and furthermore, they rely on molecules absorbed on plasmonic sur-
faces in dry conditions or even in a vacuum. In this work, we investigate
the ultrafast dynamic of single small molecules translocating in the
proximity of ultrasmall plasmonic hot spots. Furthermore, molecules
are not adsorbed onto the metal surface but are free to move in wet
conditions. Very little is known in this regard. The most closely related
fundamental studies of extremely confined plasmonic spots (some-
times called “picocavities”) have been carried out by the groups of
Baumberg and Aizpurua®** and, regarding ultrafast SERS dynamics, by
the group of Brolo and Lyndquist®*?.

Translocation of single nucleosides

To characterize the system performance, we have chosen single
nucleosides (nucleotides without a phosphate group) and ssDNA oli-
gos as probe molecules (Supplementary Note 7). Importantly, we
intentionally focused the analysis on very short molecules to limit the
variability of the experiments and facilitate interpretation. Longer
molecules may translocate with more complex dynamics, leading to
results that are difficult to interpret in the context of a developing
nanopore technology, where reference literature is limited. In contrast,
short molecules of a few tens of bases behave like rigid rods, with
lengths that are shorter than or comparable to pore sizes. It follows
that they can pass through the pore in different orientations, either
longitudinally or transversally relative to the pore. However, this is the
only uncertainty to consider when analysing the data.

In the first experiment, we used single nucleosides (adenosine (A),
cytidine (C), thymidine (T), and guanosine (G)) diluted to the con-
centration of 1nM. At that concentration, molecules translocate
through the membrane one at a time, minimizing the probability of
simultaneous translocation of multiple molecules through different
nanopores. This assumption is supported by the calculated interval
between consecutive translocations (Fig. 2¢, Figure S5) that is at least
19 times longer than the average translocation time of a single mole-
cule 20-40ps (Fig. 2a). Among the molecules used, no significant
differences were observed in the translocation time. Supplementary
Video 1 provides an example of the data collection process. The
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Fig. 2 | Translocation statistics for A, C, T, and G at 1nM concentration acquired with 20 ps time resolution. a Distributions of photons emitted during detected
translocations, b Translocation time distribution, and ¢ Distribution of time intervals between neighbouring translocations.

primary objective of this experiment was to characterize the system’s
performance in terms of translocation time and SNR and to demon-
strate that single molecules can be efficiently delivered through the
permeable plasmonic film similar to a solid-state nanopore. The pho-
ton count distributions for all investigated nucleosides are presented
in Fig. 2b. Under the experimental conditions adopted, we observed
similar photon Raman scattering rates, with a maximum value ranging
from 10 to 20 photons per molecule above the average background
noise level of 13 photons per 64 camera pixels per measurement
(Figure S6). Furthermore, the overall efficiency of our setup can be
estimated as 10% at maximum by considering efficiencies of lenses,
camera, captured spectral range, and so on. Hence, the real number of
Raman photons is much higher than the one we collected with the
current setup, and the room for improvement is massive. The dis-
tribution of translocation time, reported in Fig. 2a, shows that in 56% of
the detected events, the molecules translocate within 20-40 ps. Such a
value is at least 10 times larger than that usually achieved in solid-state
nanopores. And indeed, with standard buffers (NaCl, KCI) the trans-
location time is typically lower than1 ps per base**?. In our case, such a
low speed” may be explained by the presence of the gel, that slows
down the molecules and reduces the intensity of the electrophoretic
field in the silver pore. Also, the present method works for very low
electrical bias (30 mV) that keeps the molecular speed slow. A minor
part of events ( - 10%) exhibited translocation times longer than 100 ps.
These events most probably correspond to the molecules translocat-
ing through the pore in a “stop-and-go” manner along the inner Ag
surface of the pore, performing a stronger Raman signal due to the
closer exposure to plasmonic hot spots.

Molecular fingerprints and classification accuracy

In Fig. 3 we report the average spectra of single nucleosides. Even
though the spectral resolution corresponds to ~10 cm™, hence lower
than that typically used in Raman Spectroscopy (~2 +4 cm™), key dif
ferences between the Raman spectra of the bases can still be observed.
Remarkably, the spectra of Fig. 3 are achieved by averaging a few

hundred single translocation events. To further assess the information
content of the recorded spectra beyond the average, we utilized
Principal Component Analyses (PCA)*. Results are presented in Fig. 3b
and show that all the nucleoside’s single translocation spectra are
separated from each other with a minimum overlap. A detailed
description of the method is provided in Supplementary Note 8.

We also estimated the classification accuracy using the first 10
principal components (PC) of Random Forest algorithm that retains
the higher explained variance of the dataset and a 70/30 train-test
split. Over 10 iterations with randomly selected test sets, the Random
Forest model achieved an average accuracy of 89% for the four
nucleotides’ classification (other statistical results are presented in
Figure S7). Despite such a structural similarity at a molecular level, the
analyses gave out high accuracies, demonstrating the strong perfor-
mance of the method in distinguishing the four classes. Another
typical limit of SERS is the spectral fluctuation of Raman peaks that
rapidly change position along the time* making identification of the
molecule difficult. The data we collected show that when molecular
moieties are recorded one by one, the Raman fingerprint is robust
enough to compensate for peaks’ fluctuation and allow clear identifi-
cations in label-free mode, a pivotal point for next-generation
biosensors”.

To validate our approach, we repeated the experiment on the
same membrane, using a mixture of two non-complementary nucleo-
sides (A and C). First, we translocated A alone and then added C
molecules and recorded the translocation of the mixed solution. We
analysed the data by PCA and the results are reported in Fig. 3c. PCA
analysis revealed distinct A and C clusters when running together (blue
points). As a control we analysed the data of A running alone (orange
points) that correctly overlap with the A cluster. Notably, these data
unambiguously demonstrate that the majority of molecules pass
through the pores one by one. In fact, a significant overlap between the
clusters would indicate a mixed spectrum resulting from the simulta-
neous passage of A and C, which is not observed in Fig. 3c. Addition-
ally, to assess the repeatability of the data across different nanopore
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membranes, we conducted separate runs using 1 nM of the A molecule.
The resulting data clusters closely together, supporting the robustness
of our approach (Figure S8).

Towards oligonucleotide sequencing

The data presented above suggest that the method can achieve per-
formance comparable to state-of-the-art approaches in terms of sen-
sitivity, temporal resolution, and discrimination power. However,
when the nucleotide is part of a real sequence, i.e., of DNA or other
biopolymers, an extreme spatial resolution is also needed to resolve
the relative sequence of the moieties. In fact, the length of a single
nucleotide along the polymeric chain is only 0.34 nm. To investigate
this aspect and resolve the submolecular structure, we conducted a
series of three experiments using ssDNA oligos. First, we studied the
sequence GGGGAGGGG (G4AG4), in analogy with our previously
published work™. We then examined the ASC5 (AAAAACCCCC) oligo
sequence, and finally, a hybrid quasi double-stranded construct
A5C(CG)4AG4 formed by linking G4AG4 and A5CS5. While the analysis
in Fig. 3 focused on distinguishing between different molecules, the
current experiment aimed to resolve structural differences within
individual molecules. Significant results were obtained with both A5C5
and A5C(CG)4AG4 molecules, which contain two and three blocks,
respectively. To demonstrate the resolving power of our method, we
analyzed the data at the level of individual frames. This frame-by-frame
analysis poses a greater challenge in terms of both SNR and

computational complexity, making basic PCA insufficient. Therefore,
we employed Uniform Manifold Approximation and Projection
(UMAP)*, a dimensionality reduction technique well-suited for high-
dimensional spectral data. Figure 4a, c illustrates individual translo-
cation events with long dwell times, enabling visual identification of
molecular blocks directly from the waterfall plots without the need for
complex analysis. Such long translocations show distinct spectra with
sharp transitions between molecular blocks. This behaviour was
observed due to the temporal exposure of molecules to hot spots with
one part, followed by exposure with another, and exiting the pore.
Since the time the molecule stays attached is random, the length of the
relative regions on the waterfall graphs might differ. Apart from that,
since the molecule is exposed only with a certain side to the hot spot,
only some of the Raman peaks might be enhanced. The blinking of the
signal may be explained by the “stop-and-go” mechanism in which the
molecule temporarily contacts the metallic surface that followed by its
rapid detachment after a few microseconds.

While such long translocation events are relatively rare, they serve
as representative examples that clearly illustrate the mechanism and
feasibility of molecular sequencing in our system. These events pro-
vide essential insight into the sequential exposure of different mole-
cular segments to the plasmonic hotspot, resulting in distinguishable
spectral signatures. However, most events occur at higher transloca-
tion speeds and emit a lower number of photons, making visual seg-
mentation infeasible. To overcome this limitation and extract
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structural information from the broader dataset, we applied advanced
analytical methods. Figure 4b, d present the results of UMAP dimen-
sionality reduction applied to the full set of frames from all translo-
cation events of ASC5 and ASC(CG)4AG4. This approach demonstrates
clear clustering, with the number of distinct clusters corresponding to
the number of blocks in each molecule. The assignment of clusters to
specific molecular segments was confirmed by comparing their spec-
tral features, presented in Figure S9, with single-nucleotide spectra.
Notably, although the Raman spectra of nucleotide chains resemble
those of single nucleotides, they exhibit additional complexity arising
from inter-nucleotide interactions and chain conformation, which
contributes to the observed block-level differentiation. In this regard,
it would be beneficial to better evaluate the optimal pore size and
make the pore size more uniform. However, we think these results
clearly state the possibility of distinguishing between the blocks of a
studied molecule, making the sequence idea possible, using the
advanced data analysis approaches.

Notably, biological pores with electrical readout can assess the
nucleotide sequence with a resolution of 4-7 units due to the long-
itudinal size of biological pores. According to Fig. 4, the spatial reso-
lution achieved in our experiments is at least 5 nucleotides. However,
considering the sharp transition observed from A to C, it is reasonable
to think that the real spatial resolution is better than 5 nucleotides,
hence <17 A. This agrees with pioneer works on extremely confined
plasmonic hot spots further enhanced by atomic dislocation or
adatoms’’® or similar effects generated in Tip-Enhanced Raman
Spectroscopy combined with a scanning tunneling microscope®,
photochemical reaction mediated by tip-enhanced plasmons at sub-
molecular level®.

Discussion

Further investigations are necessary to better understand many
aspects of this technology that is still in its infancy, and of course, many
optimizations are necessary in every direction, including optical set-
ups and SPAD cameras, plasmonic pores, electrophoretic transloca-
tion protocols, and data analyses. However, considering the data
presented here, combined with the immense literature on SERS and
nanopore technologies, several conclusions can be drawn. The per-
formance of SPAD cameras is improving at a remarkable rate, with the
number of pixels rapidly increasing due to the recent adoption of
scaled 3D-stacked technologies for SPAD arrays, which allow for
reduced pixel pitch and power consumption while improving the
SPAD detection efficiency®. Hence, Raman analyses at unprecedented
speed will soon be a reality. However, to make all this suitable for
practical applications, effective and affordable SERS substrates are
needed, possibly allowing for flow-through settings. In this context,

permeable plasmonic films is a formidable opportunity. They are
inexpensive, mechanically robust, and easy to produce for single-time
use. During our experiments, which lasted under 3 h each, the silver
coating and agarose gel remained intact at the applied voltage. Gen-
erated plasmonic hot spots enhance Raman scattering to an intensity
that makes feasible the identification of nucleotides within the
microsecond translocation time based on their single-molecule spec-
tra with 89% accuracy using machine learning. Averaging spectra
acquired, we can discriminate the nucleosides with more precision by
looking at their key differences, thus confirming the power of the
Raman fingerprint. This allows us to assume that by accumulating only
informative photons from the oscillations of molecular moieties, only
with a few tens events, reliable information about the molecule may be
obtained with >99% accuracy in classification (Supplementary Note 9).
Despite the very low concentration used (1 nM) the acquisition takes a
few minutes thanks to a highly effective capture rate. These numbers
canimprove alot, considering that the current efficiency of our optical
setup enables the recording of 1 photon over 10 scattered. There is
significant room for improvements that can increase accuracy and
both temporal and spatial resolution, which are correlated - shorter
integration times mean higher spatial resolution. The latter depends
also on the size of plasmonic hot spots. In this regard, the presented
data show that plasmonic hot spots generated in permeable films
provide the spatial resolution to discriminate the sequence of the
nucleotides with a resolution of at least 5 units or better. Such a value is
comparable to that of biological pores with electrical readout’.

Although still in its infancy, the proposed method demonstrates
the feasibility of Raman-based biomolecular identification via
sequential readout of functional groups, with applications extending
beyond DNA sequencing. Given the comparable sizes of AAs and
nucleosides, as well as the similar translocation behavior of linearized
peptides and ssDNA, protein identification emerges as a promising
direction. Notably, a large fraction of the human proteome is known
and publicly available. Even a partial knowledge of its molecular
sequence is enough to identify a protein of interest. For instance,
sequencing only two of 20 AA types in total is sufficient to identify over
90% of human proteins by database matching*>*. Furthermore, this
approach is not limited to linear biomolecules, offering broader
applicability.

Data availability

The data is available from the corresponding author upon request.

Code availability
The code used for data processing is available from the corresponding
author upon request.
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