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ABSTRACT

Surface-enhanced Raman spectroscopy (SERS) harnesses the confinement of light into metallic nanoscale
hotspots to achieve highly sensitive label-free molecular detection that can be applied for a broad range of
sensing applications. However, challenges related to irreversible analyte binding, substrate reproducibility,
fouling, and degradation hinder its widespread adoption. Here we show how in-situ electrochemical
regeneration can rapidly and precisely reform the nanogap hotspots to enable the continuous reuse of gold
nanoparticle monolayers for SERS. Applying an oxidising potential of +1.5 V (vs Ag/AgCl) for 10 s strips a broad
range of adsorbates from the nanogaps and forms a metastable oxide layer of few monolayer thickness.
Subsequent application of a reducing potential of -0.80 V for 5s in the presence of a nanogap-stabilising
molecular scaffold, cucurbit[5]uril, reproducibly regenerates the optimal plasmonic properties with SERS
enhancement factors ~10° The regeneration of the nanogap hotspots allows these SERS substrates to be
reused over multiple cycles, demonstrating =5% relative standard deviation over at least 30 cycles of analyte
detection and regeneration. Such continuous and reliable SERS-based flow analysis accesses diverse
applications from environmental monitoring to medical diagnostics.

INTRODUCTION

Surface-enhanced Raman Spectroscopy (SERS) has emerged as a powerful analytical technique, unlocking
prospects for sensitive label-free molecular fingerprinting across various fields including forensic analysis?,
environmental monitoring?, biomedical diagnostics®®, and food quality control®. SERS is based on the
enhancement of Raman scattering that arises from strong electromagnetic fields generated by the optical
excitation of localized surface plasmons (‘hotspots’) on nanostructured metal substrates. The SERS from analytes
adsorbed at the hotspots can be enhanced by 103-10%°, enabling the identification and quantification of trace
concentrations of analytes.” However, the same sensitivity that endows SERS with its analytical capability renders
it particularly susceptible to irreproducibility from variations in substrate nanoscale fabrication® and
contamination®®. Achieving continuous high-throughput SERS measurements is further compromised by
irreversible analyte binding at the hotspots (the SERS ‘memory effect’), resulting in the need for frequent
substrate replacement!!. This presents insuperable practical issues, including high operating costs, poor resource
utilization, and waste generation. To address these challenges, a promising route is to develop effective SERS
substrate recycling strategies to enable multiple sample analyses on the same platform, thus delivering
reproducible high-throughput SERS-based analysis.

To reuse SERS sensors, a key requirement is repeatedly removing a broad range of analytes without altering the
crucial nanoscale morphology which controls the SERS hotspots and directly affects analyte signal intensities.?
Various strategies have been proposed??, including metal etching and redeposition!*%; analyte decomposition
with thermal®>1¢, plasma'”8, or photochemical*®?° treatments; use of protective polymers?'=23; solvent rinsing?*
26 analyte displacement with competitive binding?’-3!; and electrochemical methods?®32-39 (see Supplementary
Table 1 for comprehensive comparison). However, previous methods that remove strongly adsorbed molecules
can induce significant morphological changes that degrade the SERS hotspots. Electrochemical (EC) strategies
are the most promising in terms of speed, in-situ implementation, and the range of analytes that can be removed,
making EC strategies promising for rapid, high-throughput sequential sample analysis. Still, maintaining analyte
signal reproducibility across multiple cleaning cycles remains unfeasible due to degradation of the SERS
hotspots*®. While EC cleaning via oxidation and reduction removes adsorbates from metal surfaces*™3, it leads
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to significant nanoscale surface restructuring®“°. Achieving reliable scalable SERS-based analysis thus
necessitates advances in the precision control of nanoscale morphology to repeatedly regenerate SERS hotspots.

Here we present an in-situ electrochemical SERS hotspot regeneration scheme (‘ReSERS’) for the continuous
reuse of thin-film gold nanoparticle (AuNP) SERS substrates. Previously, we demonstrated a low-cost scalable
method to prepare thin-film SERS substrates through bottom-up self-assembly of AuNPs using a rigid molecular
scaffold, cucurbit[n]uril (CB[n], n=5-8), which yields highly reproducible sub-1 nm nanogap hotspots across multi-
layer AuNP aggregates (‘MLagg’)®***’. We now show that by integrating MLaggs within electrochemical SERS
(EC-SERS) flow cells, the ligand-stabilised (‘scaffolded’) nanogap hotspots can be anodically stripped of molecular
adsorbates with the simultaneous formation of a meta-stable gold oxide plug. A second step precisely
regenerates the hotspots by reducing the few-monolayer oxide layer while re-stabilising the metallic nanogaps
with the CB[n] scaffolding molecule. Using this cleaning and regeneration protocol, the same SERS substrate can
be reused with a high level of reproducibility and number of regeneration cycles. We find that the key to
reproducibility is the reintroduction of the molecular scaffold, which precisely reforms the nanogap hotspots
after oxidative cleaning. Efficient ReSERS enables direct quantitative analysis of complex samples without
substrate fouling, and allows us to identify key criteria for its application to different SERS substrates. Fully
regenerating nanogaps thus gives continuous high-throughput SERS measurements, with broad applications in
health, environment, industrial process, and quality monitoring.

RESULTS

SERS substrate preparation and oxidative cleaning

To prepare a SERS substrate with precisely-controlled nanogap spacing, we self-assemble citrate-stabilised 80 nm
AuNPs with CB[5], a barrel-shaped molecule which binds AuNPs together through its carbonyl portals®*® (Fig. 1a,
Supplementary Fig. 1a). The AuNP:CB[5] assembly can be concentrated and deposited as a thin film, yielding
close-packed multi-layer AuNP aggregates with 0.90+0.05 nm interparticle spacings defined by the CB[5]
scaffold®*”%8, These sub-nm hotspots give an enhancement factor of =10° (see Methods). Such MLaggs also have
multiple advantages for delivering in-flow SERS sensing, such as their ease of integration into flow cell systems
and their capability to be probed optically from the backside when deposited on transparent solid supports. The
MLaggs further allow for tuning the surface chemistry®. Interfering native AuNP ligands such as citrate can be
completely removed and replaced with desired scaffolding molecules. One way to clean MLagg surfaces is to use
oxygen plasma cleaning (02-PC), followed by a ‘re-scaffolding’ step in which diverse molecules are used to
redefine the nanogaps (Supplementary Fig. 1b)°. Here, ligands and contaminants are decomposed in 0»-PC by
bombarding the surface with reactive oxygen species, which then react with the bare Au surface to form an oxide
layer. This few-monolayer thick Au oxide serves a key role in plugging and stabilising the nanogap when no
stabilising ligands are present. The hotspots can then be regenerated by decomposing the Au oxide in the
presence of a desired scaffold such as CB[5], which rebinds to and restabilises the nanogap. However, plasma
treatment requires an hour to remove analytes from the hotspots (Supplementary Fig. 3) and requires a plasma
source incompatible with continuous and/or low-cost measurements.

Adsorbate removal and Au oxide formation are here achieved electrochemically, offering a strategy to control
the surface properties of SERS substrates in-situ. By setting the SERS substrate as a working electrode in a three-
electrode electrochemical cell, a potential is applied to control the surface charge and induce local reactions
directly on its surface**>°, With a Au-based SERS substrate, the application of an anodic potential oxidises and/or
desorbs adsorbates as well as oxidises the Au. This process is rapid (seconds) even for nanogaps, as the oxidation
process is driven directly at the Au surface®, in contrast to 0>-PC which relies on reactive oxygen surface
collisions. Electrochemical reduction of the Au oxide layer then occurs upon application of a cathodic potential.
Aside from analyte removal, EC-SERS can modulate analyte binding, increasing SERS signals by up to 10-fold
through the enhanced adsorption of analytes*®. While EC-SERS is highly promising for offering rapid in-situ
control of both analyte binding and removal, electrochemical oxidative cleaning has not so far been attempted
with nanogap re-scaffolding to regenerate SERS hotspots. We thus examine multiple analyte detection, cleaning,
and regeneration cycles to assess both the stripping capability and regeneration repeatability.
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Fig. 1| Preparation and in-flow EC-SERS analyte detection, cleaning, and regeneration with MLagg-CB[5]. a Preparation of
MLagg-CB[5] SERS aggregate from self-assembly of AuNPs with CB[5], followed by deposition onto solid support. Photo and
scanning electron micrograph (SEM) show MLagg-CB[5] deposited on FTO-coated glass. b Schematic illustrating the
integration of an MLagg-CBJ[5] into an EC-SERS flow system. ¢ Cross-section of the EC-SERS flow cell (CE = counter electrode,
RE = reference electrode, and WE = working electrode). d Schematic of in-situ electrochemical SERS analyte detection and
cleaning/regeneration protocol. Potentials are vs Ag/AgCl. e SERS spectra from: initial MLagg-CB[5] (grey), after detection of
10 uM adenine (ADN) (red), after oxidative cleaning step (blue), and after regeneration step (black). ADN peak at 732 cm is
marked by asterisk. SERS spectra are collected with 1s integration time and 1 mW 785 nm laser.

Electrochemical stability of MLagg-CB[5]

To enable electrochemical control of their surface potential, MLaggs are deposited on a fluorine-doped tin oxide
(FTO)-coated glass slide and assembled in an EC-SERS flow cell as the working electrode (Fig. 1b-c, Supplementary
Fig. 4). SERS spectra are recorded by illuminating the MLagg with a 785 nm laser through the transparent FTO-
coated glass, facilitating in-situ monitoring of the nanogap while simultaneously controlling the applied potential.

The electrochemical stability of MLagg-CB[5] hotspots is initially explored by time-resolved SERS while sweeping
between oxidizing and reducing potentials using cyclic voltammetry (Supplementary Note 1). Desorption of CB[5]
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is observed during the anodic scan (0.2 to +1.5 V) in 50 mM potassium phosphate buffer (pH 7.0) with formation
of Au oxide from +1.0 to +1.5 V (Supplementary Fig. 5). Upon the return cathodic scan, the oxide layer is reduced
with re-adsorption of some CB[5] around +0.35 V. However repeated oxidation and reduction results in the
continued desorption of CB[5] from the nanogap along with a gradual loss in SERS activity. Addition of excess
CB[5] in the buffer solution better stabilises the nanogap hotspots (Supplementary Fig. 6), however chloride ions
present (from all CB[n] crystals, n=5,6,7,8) dissolve Au complexes leading to the destruction of SERS activity, as
previously noted®>%3, We thus alternate between Au oxidation in buffer, and reduction in 1 mM CB[5] + buffer
(Supplementary Note 2, Supplementary Fig. 7). Stepping the potential to +1.5V in buffer shows rapid
simultaneous desorption of CB[5] and formation of Au oxide in the nanogap, occurring within 5 s. Switching to -
0.80V in CB[5] + buffer reduces the Au oxide and rapidly re-adsorbs CB[5] in the nanogaps within 2-3 s
(Supplementary Fig. 8). Importantly, the SERS activity of the MLagg is stable over multiple
electrooxidation/reduction repetitions, making this protocol promising for possible SERS substrate recycling
(thus termed ReSERS: Re-cycling Scheme via Electrooxidation and Re-Scaffolding).

Analyte detection and recycling repeatability

As an initial model analyte for recycling experiments, adenine (ADN) is selected since its potential-dependent
binding and SERS spectra are well-studied®**>, and tested in EC-SERS on roughened Ag electrodes3*. At pH 7.0,
ADN is predominantly neutral and binds to Au®® however in electrolyte solutions, ADN competes with ions for
binding sites in the nanogaps®’. Negative potentials enhance ADN binding giving maximum SERS enhancement
of the vapn = 732 cm® peak with a step potential of -0.60 V (Supplementary Note 3, Supplementary Fig. 9). Once
adenine binds to the MLagg-CB[5] hotspots, removal of this applied potential does not lead to adenine
desorption, nor does application of moderately positive potentials (up to +0.60 V, before the onset of Au
oxidation). Adenine is thus strongly bound and rinsing with buffer solutions (pH 2.0, 7.0, or 12.0), 0.1 M HCI, or
0.1 M NaOH does not lead to its desorption. Since adsorbed and is not removed with simple rinsing, it is an ideal
analyte to test in-situ analyte detection, cleaning, and regeneration (Fig. 1d).

The SERS spectrum of the initial MLagg-CB[5] in the buffer-filled EC-SERS flow cell shows a clean MLagg with only
the spectral fingerprint of the CB[5] molecular scaffold visible (Fig 1e grey). To detect ADN, the analyte solution
is injected into the flow cell using a syringe pump and a potential of -0.6 V applied for 15 s. A spectrum is then
recorded at open-circuit potential (Fig 1e red). After analyte binding, the nanogaps are cleaned by flowing buffer
at a constant rate of 500 puL min't while applying +1.5 V for >10 s. This oxidises/desorbs the ADN while forming
Au oxide at the AuNP surface, seen directly in the SERS spectrum (Fig. 1e blue) as a broad peak =590 cm™ from
the Au-O stretch°'°® Buffer flow for another 5s after applying the oxidising potential flushes out any
decomposition products and desorbed analytes from the MLagg surface and sample chamber. After cleaning,
the nanogap is regenerated by flowing 1 mM CB[5] in buffer and applying -0.8 V for 5 s, which rapidly reduces
Au oxide while facilitating the binding of CB[5] onto the Au surface. The resulting SERS spectrum of the
regenerated MLagg-CBJ[5] (Fig. 1e black) is near identical to the initial spectrum and shows no trace of the ADN
Vapn Peak, indicating how effectively the MLagg nanogaps are cleaned.

This in-situ analyte detection and ReSERS cycle is then performed 30 times to evaluate its repeatability (Fig. 2a).
To eliminate analyte signal variations due to spot-to-spot variations on the SERS substrate (Supplementary Fig.
10), the same substrate spot was probed for all cycles. Tracking the vopy peak area every cleaning cycle shows
that not only is the analyte successfully removed each time, but the MLagg is also identically regenerated,
yielding a 5.5% relative standard deviation (RSD) between all repetitions (Fig. 2b). This variation in analyte
detection is comparable to the 5.7% RSD previously observed when detecting and cleaning paracetamol from
MLaggs using HCl rinsing over multiple cycles®. SERS mapping of the ADN signal at cycles 1, 10, 20, and 30 also
shows that the analyte signal and regional uniformity of the substrate remain consistent, implying that all
hotspots across the SERS substrate surface area are effectively and reproducibly regenerated (Supplementary
Fig. 11Error! Reference source not found.). The SERS spectra from the regenerated MLagg are also consistent
across the cycles (Fig. 2a,c), while SERS mapping shows the effective removal of the analyte across the probed
area of the SERS substrate (Supplementary Fig. 11). In terms of the number of cycles demonstrated and % RSD,
this level of recycling repeatability outperforms any reported method (Supplementary Table 1). We note that the
MLagg can undergo at least 100 non-continuous analyte detection/ReSERS cycles, even if the MLagg is removed
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from the cell and dried intermittently. Under flow conditions, effective adhesion of the MLagg to the FTO-coated
glass is required to ensure its robustness over continuous, prolonged use.

As a control, the same analyte detection, cleaning, and regeneration cycles are repeated on a new MLagg-CB[5]
SERS substrate but without using a re-scaffolding molecule during the regeneration step (Fig. 2d,e). Specifically,
after Au oxide formation, only buffer is pumped through the EC-SERS flow cell and -0.80 V is applied for 5 s to
reduce the oxide. With this protocol, the analyte signal per cycle initially fluctuates and then gradually decreases
(Fig. 2f), down to 12% of its strength by cycle 15. SERS maps of the analyte signal at cycles 1, 2, and 10 show
similar variations in analyte signal across the probed area as well as a degradation in the local uniformity from
6% for cycle 1 to 12% and 29% RSD for cycles 2 and 10 respectively (Supplementary Fig. 12). A second cycling
control using 1 mM KCl and buffer in the regeneration step characterises the effect of chloride ions in the CB[5]
solution, giving similar analyte signal fluctuations and a decrease to 21% by cycle 15 (Supplementary Fig. 13). A
further control using MLaggs prepared from NaCl-aggregated AuNPs (without CB[5]) yields similar results
(Supplementary Fig. 14).
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Fig. 2 | Analyte detection, cleaning, and regeneration cycles with and without CB[5]. a SERS spectra from 30 cycles of 10
UM ADN detection (red) and regeneration with CB[5] (black). Spectra are offset for clarity. b ADN peak areas (vapny=732 cm-
1) from the SERS spectra of each ADN detection and cleaning/CB[5]-regeneration cycle. Dotted horizontal line represents the
average ADN peak area of all analyte detection cycles. ¢ CB[5] peak areas (vg[s) =830 cm?, black circles) and integrated SERS
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background (purple squares) for the CB[5]-regenerated MLagg. Dotted horizontal line represents the average CB[5] peak area
of all regeneration cycles. d Overlaid SERS spectra from 15 cycles of 10 uM ADN detection and e after regeneration without
CB[5]. A constant background was subtracted from all spectra to facilitate comparison across 15 cycles. f ADN peak areas
(vapn=732 cm?) from the SERS spectra of each ADN detection and cleaning/regeneration cycle without CB[5]. g CB[5] peak
areas (vcp[51=830 cm™, black circles) and integrated SERS background (purple squares) for the MLagg regenerated without
CB[5].

Morphology changes

The repeatable analyte detection achieved when CB[5] is added during the Au oxide reduction step suggests that
the nanogaps are precisely regenerated. To investigate changes in morphology, the coupled plasmon modes of
the MLagg are characterised using dark-field (DF) scattering spectroscopy (Fig. 3a), with the peak wavelength
indicative of the gap size and refractive index®. In MLaggs the AuNPs are coupled via precisely-spaced nanogaps,
resulting in strong plasmonic interactions between the nanoparticles*’%8, Before cycling, the MLagg exhibits a
chain mode at 74512 nm (shaded), set by the CB[5]-controlled gap size (0.90 nm). This coupled plasmon mode
is highly sensitive to changes in gap size: assuming constant refractive index, a spacing increase by =0.1 nm results
in a =20 nm blue shift®. After 10 and 30 cycles, we observe peak wavelength shifts to 741412 nm and 75148 nm
respectively, indicating only minor effects on the plasmonic coupling. Tracking the plasmon mode after every
regeneration step for the first 10 cycles confirms minimal shifts in peak wavelength relative to the initial MLagg
(Supplementary Fig. 15). Representative SEM images of the MLagg-CB[5] before and after 10 and 30 cycles
further evidence that the nanogaps are preserved (Fig. 3b).
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Fig. 3 | Morphology changes with or without CB[5] during regeneration. a DF scattering spectra and b representative SEM
images of the MLagg-CBI[5] before and after undergoing 10 and 30 cycles of analyte detection, cleaning, and regeneration
with CB[5]. ¢ DF scattering spectra and d representative SEM images of the MLagg-CB[5] throughout different cycles of
analyte detection, cleaning, and regeneration without CB[5]. Yellow arrows in d point to bridges formed between
neighbouring AuNPs. For the DF spectra, solid lines and shaded area represent mean and 1 s.d. of n=150 spectra obtained
across the area of a MLagg-CB[5]. Grey line highlights initial chain mode peak wavelength. Spectra are offset for clarity.

In contrast, when CB[5] is omitted during the regeneration step, changes in nanogap morphology are observed
as the MLagg is repeatedly electrooxidized and reduced. After the first cycle, the regenerated MLagg exhibits a
=10 nm blue shift in peak wavelength and a decrease in scattering amplitude (Fig. 3c). While SEM imaging shows
no obvious morphology changes (Fig. 3d top), shifts in the coupled plasmon mode suggest partial sintering or
nanoscale roughening at the nanogaps. The CB[5] SERS peaks after this first cycle decrease 30% and broaden
(Fig. 2e, g), either from reduced CB[5] binding or reduced optical fields®®, while the SERS background more than
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doubles (Fig. 2g). Further rounds of Au oxide formation and reduction remove more CB[5] sites and induce more
pronounced morphology changes. SEM images show formation of bridges between some neighbouring AuNPs
after cycle 3 (Fig. 3d centre, yellow arrows) with sintering of every nanogap after cycle 15 (Fig. 3d bottom). The
plasmon mode gradually blue shifts to =700 nm and broadens as the nanogaps collapse and sinter (Fig. 3c),
coinciding with the disappearance of SERS (Fig. 2d-g). Similar morphology changes, plasmon mode shifts, and
SERS decrease are observed with other controls (Supplementary Figs. 13-14).

These data show that CBI[5] is crucial for regenerating the nanogaps after oxidative cleaning. Time-resolved EC-
SERS (Supplementary Figs. 6-8) shows that CB[5] rapidly binds to the Au facets to restabilise the nanogap
hotspots as Au oxide is reduced. We propose that the rigid 0.90 nm high CB[5] molecule favourably binds to the
two proximate AuNP facets?, enabling the reproducible reconstruction of the sub-1 nm nanogap after Au
oxidation. The CB[5] molecule acts as an effective molecular scaffold between the facets of neighbouring AuNPs,
and its reintroduction prevents the nanogaps from collapsing and sintering. Nanoscale surface roughening visible
in SEMs (Fig. 3b,d, Supplementary Figs. 13-14) outside the nanogaps when cycling both with and without CB[5]
is thus evidently very different from reconstructing the facet morphology inside the nanogaps with CB[5]. We
note that EC-recycling is also possible with CB[6], but that CB[7] is harder to remove electrochemically from the
nanogaps, while other scaffolding molecules are also inferior to CB[n].

Analyte switching
To exemplify how this recycling removes all analytes from MLagg-CB[5] nanogaps, we alternate between
detecting different molecules, thus robustly testing for SERS memory effects. If the first analyte is not effectively
removed, its signal remains in the SERS spectrum as an interferent when the next analyte is detected. Incomplete
analyte removal also results in competition for available binding sites in the SERS hotspots, which in turn affects
detection sensitivity.

Initially we alternate between detection of 100 UM ADN and 100 uM cytosine (CYT), selected since their Raman
peaks do not overlap. They have similar electrochemical SERS enhancement at -0.60 V34, allowing enhanced
binding of both analytes simultaneously. Characteristic ADN and CYT (vcyr = 792 cm) peaks are tracked for
every detection/regeneration cycle (Fig. 4 a,b), showing the complete removal of analytes each time and no
detectable trace (within the ADN limit of detection =107 M) of the initial analyte after analyte switching. Analyte
quantification is repeatable to 4.6% RSD for ADN and 3.5% RSD for CYT. A 50:50% mixture of 100 uM ADN and
100 uM CYT is also fully removed.

In a next set of analyte-switching experiments, ADN is alternated with thiols. Due to their strong interaction with
Au, thiols readily displace most other adsorbates from Au surfaces, and are in turn very difficult to remove once
bound?’. Only a very limited number of SERS substrate recycling methods remove thiols, typically relying on harsh
treatments such as the complete etching and redeposition of the metal layer'®%®, plasma or ozone
treatment!®2761 or competitive binding with NaBH42%3, Electrochemical oxidation-reduction cycling can remove
thiol ligands from graphite-supported AuNP catalysts, but requires 25 cycles for complete thiol removal®?43,
Thiols are sensitive to oxidising conditions and at positive potentials near the oxidation of Au, surface-bound
thiols (Au-SR) are oxidised to form R-SO, ®%%3, which can be more readily removed from the surface with rinsing.

To evaluate the effectiveness of thiol removal using ReSERS, 100 uM of different aromatic thiols including 4-
biphenylthiol (BPT), 4,4-biphenyldithiol (BPDT), 1,4-benzenedithiol (BDT), 2-naphthalenethiol (2-NT), and 4-
mercaptopyridine (4-MPY) were each incubated with the MLagg-CB[5] for 1 h and then cleaned. After analyte
detection and cleaning by holding the potential at 1.5 V for 30 s under continuous buffer flow, each regenerated
MLagg-CB[5] SERS spectrum shows no trace of the previously bound thiol (Fig. 4c), demonstrating its effective
removal from the nanogaps. Before and after each thiol detection/cleaning cycle, 100 uM of ADN was also
detected to benchmark the cleaned/regenerated MLagg-CB[5]. This ADN calibration between each thiol
detection was reproducible to 5.4% RSD (Fig. 4d), indicating highly effective cleaning and regeneration after thiol
detection.

To simulate the continuous flow-injection analysis of various bioanalytes, different biologically significant
compounds, including ADN, CYT, hypoxanthine (HYP), creatinine (CR), nicotinamide (NAM), paracetamol (PAR),
norepinephrine (NEPI), tryptophan (TRP), nicotinic acid (NIA), and methylene blue (MB) at 100 uM each were
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sequentially detected after 15 s incubation and then cleaned from the same MLagg-CB[5] SERS substrate, with
15s of ReSERS process between each analyte. SERS spectra from sequential analyte detection and
cleaning/regeneration steps (Fig. 4e) prove the MLagg is effectively cleaned and regenerated. Calibration ADN
detection at the start and end of the series are within 6.0% in peak area, confirming the reliable regeneration of
the SERS substrate throughout analysis of this test set. This demonstrates the capability to perform continuous
measurements of various analytes in aqueous flow systems, such as for flow-injection analysis or the sequential
detection of fractionated chromatographic eluates.
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Fig. 4 | In-situ analyte switching. a Sequential SERS spectra from alternating detection of 100 UM ADN (red) and 100 uM CYT
(blue) with the corresponding regenerated MLagg-CBI[5] (black). A 50:50% mixture of 100 uM ADN and 100 uM CYT (purple)
is also tested. b Normalized peak areas of ADN (vapn=732 cm?, red) and CYT (vcyr=792 cm, blue) per detection-
regeneration cycle. ¢ Sequential spatially-averaged SERS spectra from alternating detection of 100 uM ADN (red) and 100 uM
4-biphenylthiol (BPT), 4,4-biphenyldithiol (BPDT), 1,4-benzenedithiol (BDT), 2-naphthalenethiol (2-NT), and 4-
mercaptopyridine (4-MPY) with the corresponding regenerated MLagg-CB[5] (black). d Normalized peak area of vapy per
ADN/thiol detection-regeneration cycle. Peak areas are plotted as the mean with error bars representing *1 s.d. of n=10
spectra obtained from different points across the MLagg-CB[5] area. For cycle 6 (marked with asterisk), alternative ADN peak
at 970 cm1is used due to overlap with BDT peak at 732 cm1. e Sequential SERS spectra from detection of a series of biological
compounds: ADN, CYT, hypoxanthine (HYP), creatinine (CR), nicotinamide (NAM), paracetamol (PAR), norepinephrine (NEPI),
tryptophan (TRP), nicotinic acid (NIA), methylene blue (MB), and ADN (red) again with the corresponding regenerated MLagg-
CBJ[5] (black). Time (t) axis marks progress of both analyte detection and ReSERS (30 s between each detection cycle). All SERS
spectra collected at 1 s integration time and with 1 mW 785 nm excitation laser.

Quantitative analysis of ADN in biofluids

A key application of SERS substrate regeneration is analytical calibration and quantitative analysis. Most works
reporting quantitative SERS analysis rely on using separate SERS substrates for every calibration standard and
test sample3™. Reliable quantitative analysis using this approach therefore hinges on the substrate-to-substrate
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reproducibility of the SERS substrate, and/or the use of the appropriate internal standards to normalise for other
uncontrollable factors®#>. However, if a SERS substrate can be reliably cleaned and regenerated over multiple
uses, then the same SERS substrate can be used for both the calibration and test samples. This greatly enhances
the accuracy, reliability, and efficiency of the analysis by reducing the time and cost needed for SERS substrate
fabrication, maximising materials efficiency, and minimising the uncertainty introduced by substrate-to-substrate
variations.

For feasibility of absolute quantitative calibration using the same SERS substrate, ADN in buffer is again used as
a model analyte. ADN calibration standards (0.1 uM to 100 uM) are sequentially detected and cleaned on the
same MLagg-CB[5], extracting the SERS peak areas (Fig. 5a-b). ADN peaks are reproducible with average 5.3%
RSD . Binding site competition is clearly observed as the CB[5] signal drops for higher ADN concentrations 25 uM
(Fig. 5¢). With such a repeatable system, analyte competition becomes feasible to quantify.
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Fig. 5 | Quantitative analysis of ADN. a ADN peak areas at vapy from sequentially measured calibration standards (0.1 to
100 puM) in 50 mM potassium phosphate buffer (pH 7.0) and regenerated MLagg-CB[5] (black circles). b Sequential SERS
spectra from ADN calibration standards measured from the same MLagg-CB[5] SERS substrate. SERS spectra collected at 1 s
integration time and 1 mW 785 nm laser. ¢ Relative peak areas of CB[5] (vcp[5=830 cm1) and ADN (vapn=732 cm™) vs [ADN]
(log scale). Peak areas are plotted as the mean with error bars representing +1 s.d. from n=3 measurements of an ADN
calibration standard using the same MLagg-CB[5] SERS substrate after multiple ReSERS cycles. Solid lines are fits. d Schematic
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of the standard addition analysis of ADN in urine. e ADN peak area vs added [ADN] standard. Points are plotted as mean 1
s.d. from n=3 measurements of an ADN calibration standard using the same MLagg-CB[5] SERS substrate after multiple
ReSERS cycles. Grey solid line is linear fit, dashed grey line is linear extrapolation. Black arrow points to the extrapolated x-
intercept. Red dashed line highlights the trend towards non-linearity at higher concentration. Inset shows close-up of ADN
peak from SERS spectra of calibration standards.

To test the viability of quantitative analysis on a real sample matrix using a single MLagg-CB[5] SERS substrate,
the direct quantification of ADN in human urine is explored. Urine is a complex biofluid containing >4600
different metabolites at concentration levels spanning eleven orders of magnitude, from pM mM creatinine to
mM mM-? creatinine (normalized to creatinine levels as conventional)®®. Typical levels of urinary ADN in adults
occur at a mid-range concentrations of 1.4 to 5.1 uM mM? creatinine, or 18-66 UM given average creatinine
concentrations of 13 mM®®. Other major molecular components of urine such as hippuric acid, citric acid, urea,
creatinine, and uric acid occur at mM levels®. Direct analysis of a complex sample therefore exposes SERS
substrates to a broad range of unknown components of varying concentrations that often result in substrate
fouling. Our aim is to mitigate this using the ReSERS cleaning technique since it is proven capable of stripping
even thiols.

The many unknown components in real sample matrices pose not only a challenge to SERS substrate cleaning,
but also for the quantitative analysis itself. Due to the complexity of biological matrices, ADN is not usually
determined directly, but typically requires chromatographic separation prior to detection®’. As SERS relies on the
interaction of the analyte with the nanogap for detection, direct analysis of a complex sample matrix such as
urine inevitably leads to the simultaneous competitive binding of molecular components at the SERS hotspots,
thereby limiting the availability of binding sites, and reducing the analysis sensitivity. Calibration standards must
thus be prepared in a background that matches that of the sample (e.g. ionic strength, pH, background
components) to include interactions of the SERS substrate and analyte with the background matrix. However, for
complex matrices such as urine, this can be difficult and/or impractical to prepare.

To address this challenge, we opt to use the standard addition method to account for matrix interactions in direct
analysis®®. For ADN determination in urine, a test sample of human urine is prepared (see Methods) containing
50.0 uM ADN (Supplementary Fig. 16) and with a series of standard addition calibrators of [ADN]added = 0, 12.5,
25.0, and 37.5 uM (Fig. 5d). Using the same substrate throughout, the SERS spectrum of each standard is
measured after applying the ADN enhancement potential of -0.60 V, followed by cleaning and regeneration
(Supplementary Fig. 17). The triplicate measurements at v,py Of each standard are repeatable, with 1.0-3.9%
RSD for each (Fig. 5e). To ensure linearity, the standard [ADN]added = 37.5 uM is excluded from the calibration fit
since analyte saturation is evident (R? = 0.996, p < 0.05). Extrapolating (Fig. 5e, black arrow) and accounting for
dilution returns the ADN concentration in the test sample as 50.8 uM (with error +6.0 pM at 95% confidence),
and 101.6% recovery.

The high accuracy of ADN determination in urine using the same MLagg-CB[5] indicates that our SERS substrate
recycling method indeed mitigates substrate fouling, enabling reliable continuous reuse of the SERS substrate for
the entire standard addition assay. While standard addition was previously demonstrated for direct
quantification of uric acid®® and moxifloxacin’ in urine, new SERS substrates were needed for every
measurement, generating high levels of waste, while substrate-to-substrate variations compromise the accuracy
and reproducibility (6-9% error, 8-25% RSD reported). By contrast, using single MLagg-CB[5] substrates coupled
with effective recycling offers multiple advantages, including cost savings, improved efficiency, enhanced
precision, ease of comparison, and the capability for integration. These benefits contribute to more accurate and
reliable analytical calibration, supporting high-quality and high-throughput quantitative analysis across various
applications, including environmental monitoring, industrial quality control, and medical diagnostics.

DISCUSSION

SERS has been enormously hampered by the difficulty of preserving the metallic nanogaps that deliver the crucial
sighal enhancements during its practical use for analyte sensing. Here, we demonstrate an in-situ
electrochemical SERS substrate recycling method that addresses the challenge of substrate degradation and
limited reusability. Compared to other previously reported recycling methods, we demonstrate a two-step
electrochemical process that rapidly removes a broad range of analytes (all we have tested so far) and
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reproducibly regenerates the hotspots of the SERS substrate through the unusual and rapid reintroduction of a
nanogap-stabilising scaffold molecule. The ability to maintain consistent SERS enhancements after multiple
cycles of reuse showcases the robustness of our method and its potential to provide reliable analytical results
over extended periods. This can significantly impact the development of highly sensitive and reproducible SERS
platforms for diverse applications such as trace-level molecular detection, biosensing, and environmental
monitoring.

Several key conditions are required for this cleaning. Initial gaps between the AuNPs need to be on the few nm
scale, so that oxidation reliably and completely plugs them with Au oxide. The MLagg (or equivalent plasmonic
nano-geometry) must be fully electrically contacted to act as the working electrode and possess low enough
tortuosity that the electrical double layer accesses each nanogap. For instance, we find that stacking six layers of
the MLagg (which tunes the resonant modes into the mid-infrared) is also found to be successfully cleaned.
Chloride ions must be eliminated from the oxidation step as they evidently interfere with the Au oxide formation.
Details of the mechanism for the nanoscale process will need to confirm the crystal structure and stoichiometry
with depth of the Au oxide that plugs the nanogaps, as clearly seen in the SERS and scattering spectra. The variety
of SERS peaks =590 cm™ that make up the Au oxide signature have been matched to different positions of oxygen
atoms in the upper and lower Au atomic layers®®. An improved understanding should also show how the CB[n]
molecules interact with the Au oxide as it progressively reduces and recreates the separated Au facets that elicit
extremely strong SERS signals for analytes. Although we find that other molecules can perform this re-scaffolding
(as in Ref 9), their cleaning repeatability is inferior to CB[5] so far and sintering is progressively observed. An
account is also sought for the capability of analytes to diffuse into the SERS hotspots once the CB[n] has re-
scaffolded the nanogap. The combination of electrochemical potentials at the nanoscale surfaces, variable
oxidation states, labile hydrogen bonding between organic and metal oxide, and confinement at the nanoscale,
all highlight the complexity of the Re-SERS process. Because the chemistry of Au is rather unique, it is not clear
how well this cleaning can be controlled on other SERS-active metals such as Ag and Cu. However we suggest
that analogous approaches may indeed also be successful. We also note this treatment will equally enhance the
repeatable performance of sensors for surface-enhanced infrared absorption (SEIRA).

To ensure the successful integration of this method for real-world SERS applications, further studies will be
directed towards optimization, validation, and mechanistic investigations. Specifically, optimising the
electrochemical parameters and electrolyte composition to achieve the highest recycling efficiency without
compromising long-term substrate integrity is required. Optimisation towards minimising the time needed for
the two-step ReSERS process is ongoing, to improve its suitability for rapid on-line detection, while additional
rigorous studies involving more complex multi-analyte samples will be explored to validate its performance in
real-world scenarios. Further work is underway to understand the nanogap regeneration mechanism, which can
provide insights on achieving more rapid implementation and longer-term stability, as well as extending the
applicability of the protocol to other SERS substrate metals and scaffolding molecules. Systematically addressing
these research avenues can lead to the seamless integration of electrochemical recycling with SERS platforms in
microfluidic compact sensor systems, contributing to the enhanced cost-effectiveness, practicality, and reliability
of SERS-based analysis.

METHODS

Materials

All chemicals were used as received. Citrate-stabilised 80 nm AuNPs (optical density 1.0 at 555 nm) were
purchased from BBI Solutions. Analytical-grade chloroform (>99.8 %) was obtained from Merck. HCl (37%) and
methylene blue hydrate (MB) (296%) were from Fisher Scientific. NaCl (299%), K2HPOa4 (298%), and KH2POa
(298%) were from Alfa Aesar. Cucurbit[5]uril hydrate (=20% water), adenine (ADN, 299%), cytosine (CYT, 299%),
1,4-benzenedithiol (BDT, 299%), 2-naphthalenethiol (2-NT, 299%), 4-biphenylthiol (BPT, 297%), 4,4-
biphenyldithiol (BPDT, 295%), 4-mercaptopyridine (4-MPY, 295%), hypoxanthine (HYP, 299.0%), creatinine (CR,
>98%), nicotinamide (NAM, >98%), paracetamol (PAR, 299%), (+)-norepinephrine hydrochloride (NEPI, 297%), L-
tryptophan (TRP, 298%), nicotinic acid (NA, 298%), and 96% ethanol (EtOH) were obtained from Sigma-Aldrich.
Lyophilised pooled human urine controls (Level Il for biogenic amines, Ref 8821, Lot 1066) were from ClinChek
Controls. Polydimethylsiloxane (PDMS) was prepared using a SYLGARD 184 kit from DOWSIL (Dow Silicones).
Fluorine-doped tin oxide (FTO)-coated glass slides (TEC 10) were purchased from Ossila Ltd and were cleaned
and cut to 10 x 15 mm? slides prior to use. All aqueous solutions were prepared using deionized (DI) water (>18.2
MQ cm™) from a Purelab Ultra Scientific water purification system.
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Multilayer aggregate preparation

MLagg SERS substrates were prepared®* by first placing 500 uL of 80 nm AuNP with an equal volume of
chloroform in an Eppendorf tube. Aggregation of the AuNPs was initiated upon addition of 50 uL of 1 mM CB[5]
or 1 M NaCl and was facilitated by vigorous shaking for 1 min. The aggregates were then allowed to settle at the
aqueous-organic interface. Excess ligands and salts were removed by replacing the aqueous supernatant with
fresh DI water. This washing step was repeated three times. The aggregates were then transferred by carefully
decreasing the volume of the aqueous phase to =5 plL and depositing the droplet onto a pre-cleaned FTO glass
slide. Once deposited, the MLagg was air dried, rinsed with DI, and dried with compressed N2. A schematic of
the full protocol is summarised in Supplementary Fig. 1a.

To remove remaining native AuNP ligands from the MLagg surface, all surface ligands were stripped with
oxygen plasma cleaning using 90% RF power and 30 cm3ste mint (Henniker Plasma, HPT-100) for 45 min. The
desired scaffolding ligand (e.g. CB[5]) was then introduced by incubating the plasma cleaned MLagg in a 1 mM
ligand solution prepared in 0.5 M HCI (Supplementary Fig. 1b-e). After 5 min, the MLagg was rinsed with DI and
dried with Na. Alternatively, initial MLagg cleaning was also performed with in-situ electrochemical cleaning using
the regeneration protocol described below (Supplementary Fig. 18).

SERS and dark-field measurements

SERS measurements were recorded on a custom-built Raman set-up (Supplementary Fig. 4) using a 785 nm diode
laser (Matchbox) set at <1 mW power. Excitation and collection were performed through an Olympus
LUMPIanFI/IR 40xW NA 0.80 water-immersion objective (in inverted configuration), and spectra were recorded
by an Andor Newton 970 EMCCD camera coupled to a Shamrock 168 spectrometer with 1 s integration times.

SERS mapping measurements were taken on a commercial Raman instrument (Renishaw inVia) with 1 s
integration times, 785 nm excitation (laser line profile) and 2.1 mW laser power using a 20x NA 0.40 objective.
Map scans were taken over a 465x330 um? region over a 31x11 grid with 15x30 um? spacings.

Dark-field (DF) scattering spectra were recorded on a modified Olympus BX51 with an Ocean Optics QE-Pro
spectrometer with 0.5 s integration time. Excitation and collection were performed through an Olympus
MPLanFL N 20x BD NA 0.45 objective. DF scattering spectra of MLagg samples were collected over a 600 x 400
pum area (in a 10x15 point grid) and then averaged. A white light scattering target (Labsphere) was used as a
reference to normalize white light scattering.

SEM measurements

SEM measurements of MLaggs deposited on FTO-coated glass slides were taken on a FEI Philips Dualbeam
Quanta 3D SEM (dwell 3-10 ps, HV 2 kV, current 50 pA, and =2.0 mm WD) or on a FEI Helios NanoLab 650 SEM
(dwell 100 ns-1 ps, HV 20 kV, current 100 pA and =4.0 mm WD). Magnification ranged from 80,000-200,000x.

SERS enhancement factor calculation

The SERS enhancement factor of MLagg-CB[5] was calculated based on the SERS and Raman signal of CB[5]
(Supplementary Fig. 2) normalised to an estimated number of probed molecules. The CB[5] SERS spectrum was
measured on a MLagg-CB[5] using 1 s integration time and 2.1 mW 785 nm laser excitation. The Raman spectrum
of a 2 mM CB[5] solution in water was taken with 200 s integration time and 127 mW 785 nm laser excitation.
All measurements were taken using a Renishaw inVia with a 20x NA 0.40 objective.

To estimate the number of CB[5] molecules probed per SERS measurement, a diffraction-limited laser
spot size of 1 pm? was assumed. The number of nanogaps per um? and the average nanogap diameter was
estimated from SEM imaging, while the surface coverage of CB[5] molecules was based on previously reported
X-ray photoelectron spectroscopy measurements®’. From here, the number of CB[5] molecules bound in
nanogaps per 1 um? probed (Nsers) was calculated,

Nsers = Pcais)* (Dnanogap/2) " Ngaps = 40050 CB[5] molecules (1)
where pcgs) = surface density of CB[5] molecules on MLagg-CB[5] =9 x 107 m??, Dhanogap = average lateral width
of nanogap = 30 nm, and ng,,s= number of gaps within laser focus = 200 on average. The number of CB[5]
molecules probed via Raman (Nraman) in a solution of 2 mM CB[5] was then estimated,

NRaman = €+ N, - D?z = 6022000 CB[5] molecules (2)
where ¢ = 2 mM concentration of solution for Raman, N, = Avogadro’s number, D = 1 um diameter of Raman
excitation laser spot, z =5 pum depth of focus. Comparing the normalised Raman peak intensity in counts mW-!
s1 with a 785 nm excitation laser for the CB[5] band at 830 cm™ (Eqn. 3) yielded 1.0 x 10°, which is in line with
typical SERS enhancements for a variety of substrates and non-resonant SERS molecules.
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EC-SERS flow set-up
A miniaturized EC-SERS flow cell was designed and fabricated to accommodate a standard three-electrode
electrochemical system: a leakless Ag/AgCl reference electrode (LF-1-45 from Innovative Instruments Ltd), a Pt
wire (Sigma-Aldrich) counter electrode, and a removeable MLagg SERS substrate on FTO-coated glass as the
working electrode (Fig. 1c). The internal volume of the flow cell was 26 puL. The EC-SERS flow cell and a three-
inlet/one-outlet mixer module were fabricated with PDMS using 3D-printed moulds. The EC-SERS flow cell was
sealed and mounted onto the stage of an inverted Raman set-up using custom 3D-printed holders and bases.
Custom-built syringe pumps were used to control the flow of solutions (buffer, CB[5] in buffer, and analyte
in buffer) through the EC-SERS flow cell (Supplementary Fig. 4). Electrochemical measurements were conducted
using a portable potentiostat (CompactStat) from Ivium Technologies. All potentials were referenced to the
Ag/AgCl reference electrode. The syringe pumps, electrochemical measurements, and SERS spectra collection
were all controlled and synchronized with Python scripts.

Analyte detection
Aqueous analyte solutions were prepared in a background electrolyte of 50 mM potassium phosphate buffer (pH
7.0,0.5 mS cm conductivity) and injected into the EC-SERS flow cell. Under static conditions, an electrochemical
enhancement potential (-0.60 V) was applied where applicable for 15 s. SERS spectra were then collected at open
circuit potential.

For the detection of thiols, the MLagg was removed from the EC-SERS flow cell and immersed in a 100
UM thiol solution in EtOH for 1 h. Afterwards, the MLagg was rinsed with EtOH and dried with a stream of Na.
The MLagg was then reinstalled into the EC-SERS flow cell for cleaning, regeneration, and reference calibrations
of ADN detection. Since the MLagg was periodically removed from the cell, it was difficult to probe precisely the
same spot on the MLagg surface, so spectra were taken over multiple random spots across the substrate (n=10)
and averaged. Variations in the spectra in this case thus also include spatial variation across the MLagg.

Cleaning and regeneration

To clean and regenerate the MLagg, 50 mM potassium phosphate buffer (pH 7.0) was pumped into the EC-SERS
flow cell and a potential of +1.5 V vs Ag/AgCl was held for 5-60 s under continuous buffer flow (flow rate = 500
uL mint). For initial MLagg cleaning, 60 s was typically required, while for analyte cleaning, 15-30 s was sufficient.
After cleaning, 1 mM CB[5] in 50 mM potassium phosphate buffer (pH 7.0) was pumped into the flow cell. Under
static conditions, a potential of -0.80 V vs Ag/AgCl was held for 5 s. Buffer was then flushed into the cell to remove
excess scaffold molecules. If traces of previously detected analyte were evident from the SERS spectrum, another
round of cleaning/regeneration was conducted.

During detection/cleaning cycling experiments, solution syringes were refilled every 12-15 cycles. The
flow system was allowed to stabilise before measurements were resumed. Care was also taken to record the
SERS spectra from the same substrate spot throughout the cycling experiments. However, the continuous
operation of the flow system was occasionally halted to replenish the water droplet on the water immersion
objective, which tended to dry over prolonged use. Since this required moving the EC-SERS flow cell, some
variation in the probed substrate spot can occur.

Standard addition

For direct ADN detection in urine, a test sample was prepared from a pooled human urine control matrix, which
initially contained no detectable trace of ADN (Supplementary Fig. 16). The test sample was prepared by
dissolving the lyophilised matrix in 50 mM potassium phosphate buffer and adding ADN standards for a final
concentration of 50 uM ADN. Calibration standards were prepared by taking equal volume aliquots of the test
sample and adding different volumes of 100 uM ADN standard and 50 mM potassium phosphate buffer. The final
concentrations of added ADN for each standard were 0, 12.5, 25.0, and 37.5 uM. The final dilution factor of the
test sample in all the standards was 4.

Data analysis

SERS spectra are presented here with minimal data processing, except for background correction to eliminate
the broad glass background signal centred at 1400 cm™ that arises from back-side optical measurements. Analyte
peak areas were determined by iteratively fitting a polynomial to correct for the SERS background, followed by
fitting Gaussian curves to the narrow analyte peaks of interest. To determine the peak wavelength of the MLagg
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coupled plasmon mode from DF scattering spectra, Gaussian curves were fitted for each DF spectrum. The peak
wavelength was determined from the centre of the fitted Gaussian.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding author upon request. In
addition, data is deposited in the Cambridge Open Data archive’.

REFERENCES

1. De Nijs, B. et al. Inhibiting Analyte Theft in Surface-Enhanced Raman Spectroscopy Substrates:
Subnanomolar Quantitative Drug Detection. ACS Sensors 4, 2988—-2996 (2019).

2. Ong, T. T. X., Blanch, E. W. & Jones, O. A. H. Surface Enhanced Raman Spectroscopy in environmental
analysis, monitoring and assessment. Sci. Total Environ. 720, 137601 (2020).

3. Kasera, S., Herrmann, L. O., Barrio, J. Del, Baumberg, J. J. & Scherman, O. A. Quantitative multiplexing
with nano-self-assemblies in SERS. Sci. Rep. 4, 1-6 (2014).

4, Chen, W.-H. et al. Plasmonic Sensing Assay for Long-Term Monitoring (PSALM) of Neurotransmitters in
Urine. ACS Nanosci. Au (2022) doi:10.1021/acsnanoscienceau.2c00048.

5. Niihori, M. et al. SERS Sensing of Dopamine with Fe(lll)-Sensitized Nanogaps in Recleanable AuNP
Monolayer Films. Small (2023) doi:10.1002/smll.202302531.

6. De Nijs, B. et al. Smart supramolecular sensing with cucurbit[: N] urils: Probing hydrogen bonding with
SERS. Faraday Discuss. 205, 505-515 (2017).

7. Langer, J. et al. Present and future of surface-enhanced Raman scattering. ACS Nano 14, 28-117 (2020).

8. Grys, D. et al. Eliminating irreproducibility in SERS substrates. J. Raman Spectrosc. 52, 412-419 (2021).

9. Grys, D.-B. et al. Controlling Atomic-Scale Restructuring and Cleaning of Gold Nanogap Multilayers for
Surface-Enhanced Raman Scattering Sensing. ACS Sensors 8, 2879-2888 (2023).

10. Pan, S. et al. Seeing Is Not Necessarily Believing: Is the Surface-Enhanced Raman Spectroscopy Signal
Really from the Target? Anal. Chem. (2023) doi:10.1021/acs.analchem.3c02683.

11. Wang, W. et al. Rapid separation and on-line detection by coupling high performance liquid
chromatography with surface-enhanced Raman spectroscopy. RSC Adv. 5, 47640-47646 (2015).

12. Zhang, Z. et al. Recyclable Surface-Enhanced Raman Scattering Substrate-Based Sensors for Various
Applications. ACS Sustain. Chem. Eng. 11, 1278-1293 (2023).

13. Gopalakrishnan, A. et al. Bimetallic 3D nanostar dimers in ring cavities: Recyclable and robust surface-
enhanced Raman scattering substrates for signal detection from few molecules. ACS Nano 8, 79867994
(2014).

14. Wou, K. et al. Gold Nanoparticles Sliding on Recyclable Nanohoodoos—Engineered for Surface-Enhanced
Raman Spectroscopy. Adv. Funct. Mater. 28, (2018).

15. Mahurin, S. M., John, J., Sepaniak, M. J. & Dai, S. A reusable surface-enhanced Raman scattering (SERS)
substrate prepared by atomic layer deposition of alumina on a multi-layer gold and silver film. Appl.
Spectrosc. 65, 417-422 (2011).

16. Cai, Q. et al. Boron nitride nanosheets as improved and reusable substrates for gold nanoparticles
enabled surface enhanced Raman spectroscopy. Phys. Chem. Chem. Phys. 17, 7761-7766 (2015).

17. Liu, D. et al. Detection and plasma assisted degradation of dye on reusable gold coated tungsten
nanofuzz array surface-enhanced Raman scattering substrate. Appl. Surf. Sci. 469, 262—-268 (2019).

18. Song, J., Nam, W. & Zhou, W. Scalable High-Performance Nanolaminated SERS Substrates Based on
Multistack Vertically Oriented Plasmonic Nanogaps. Adv. Mater. Technol. 4, 1-7 (2019).

19. Yang, Q. et al. Hierarchically rough CuO/Ag composite film with controlled morphology as recyclable
SERS-active substrate. Appl. Surf. Sci. 598, 153746 (2022).

20. Shondo, J. et al. Nanoscale Synergetic Effects on Ag—TiO 2 Hybrid Substrate for Photoinduced Enhanced
Raman Spectroscopy (PIERS) with Ultra-Sensitivity and Reusability. Small 18, 2203861 (2022).

21. Aldeanueva-Potel, P., Faoucher, E., Alvarez-Puebla, R. A., Liz-Marzan, L. M. & Brust, M. Recyclable
molecular trapping and SERS detection in silver-loaded agarose gels with dynamic hot spots. Anal. Chem.
81, 9233-9238 (2009).

22. Guselnikova, O. et al. Large-scale, ultrasensitive, highly reproducible and reusable smart sers platform

based on pnipam-grafted gold grating. ChemNanoMat 3, 135-144 (2017).

14



617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

Plou, J., Charconnet, M., Garcia, I., Calvo, J. & Liz-Marzdan, L. M. Preventing Memory Effects in Surface-
Enhanced Raman Scattering Substrates by Polymer Coating and Laser-Activated Deprotection. ACS Nano
15, 8984-8995 (2021).

WeilRenbacher, N., Lendl, B., Frank, J., Wanzenbock, H. D. & Kellner, R. Surface enhanced Raman
spectroscopy as a molecular specific detection system in aqueous flow-through systems. Analyst 123,
1057-1060 (1998).

Negri, P., Jacobs, K. T., Dada, O. O. & Schultz, Z. D. Ultrasensitive Surface-Enhanced Raman Scattering
Flow Detector Using Hydrodynamic Focusing. Anal. Chem. 85, 10159-10166 (2013).

Shin, Y. et al. Facile Microfluidic Fabrication of 3D Hydrogel SERS Substrate with High Reusability and
Reproducibility via Programmable Maskless Flow Microlithography. Adv. Opt. Mater. 8, 1-10 (2020).
Norrod, K. L. & Rowlen, K. L. Removal of Carbonaceous Contamination from SERS-Active Silver by Self-
Assembly of Decanethiol. Anal. Chem. 70, 4218-4221 (1998).

Huang, J. Y., Zong, C., Xu, L. J., Cui, Y. & Ren, B. Clean and modified substrates for direct detection of
living cells by surface-enhanced raman spectroscopy. Chem. Commun. 47, 5738-5740 (2011).

Ansar, S. M. et al. Removal of Molecular Adsorbates on Gold Nanoparticles Using Sodium Borohydride
in Water. Nano Lett. 13, 1226-1229 (2013).

Wang, W. et al. On-line surface enhanced Raman spectroscopic detection in a recyclable Au@SiO2
modified glass capillary. J. Raman Spectrosc. 45, 736744 (2014).

Guselnikova, O. et al. Plasmon-assisted self-cleaning sensor for the detection of organosulfur
compounds in fuels. J. Mater. Chem. C7, 14181-14187 (2019).

Viehrig, M. et al. Quantitative SERS Assay on a Single Chip Enabled by Electrochemically Assisted
Regeneration: A Method for Detection of Melamine in Milk. Anal. Chem. 92, 4317—-4325 (2020).
Schoenfisch, M. H., Ross, A. M. & Pemberton, J. E. Electrochemical cleaning of surface-confined carbon
contamination in self-assembled monolayers on polycrystalline Ag and Au. Langmuir 16, 2907-2914
(2000).

Pothier, N. J. & Force, R. K. Surface-enhanced Raman spectroscopy at a silver electrode as a detection
system in flowing streams. Anal. Chem. 62, 678-680 (1990).

Koglin, E., Laumen, B., Borgarello, E. & Borgarello, G. Competitive and displacement adsorption of
cetylpyridinium chloride and p-nitrophenol on charged surfaces: A surface-enhanced Raman microprobe
Scattering (SERS) study. Prog. Colloid Polym. Sci. 95, 143—152 (1994).

Hohn, E.-M., Panneerselvam, R., Das, A. & Belder, D. Raman Spectroscopic Detection in Continuous
Microflow Using a Chip-Integrated Silver Electrode as an Electrically Regenerable Surface-Enhanced
Raman Spectroscopy Substrate. Anal. Chem. 91, 9844-9851 (2019).

Gouveia, V. J. P., Gutz, |. G. & Rubim, J. C. A new spectroelectrochemical cell for flow injection analysis
and its application to the determination of Fe(ll) down to the femtomol level by surface-enhanced
resonance Raman scattering (SERRS). J. Electroanal. Chem. 371, 37-42 (1994).

Li, D., Li, D.-W., Li, Y., Fossey, J. S. & Long, Y.-T. Cyclic electroplating and stripping of silver on Au@SiO2
core/shell nanoparticles for sensitive and recyclable substrate of surface-enhanced Raman scattering. J.
Mater. Chem. 20, 3688 (2010).

Peng, X., Li, D., Li, Y., Xing, H. & Deng, W. Plasmonic tunable Ag-coated gold nanorod arrays as reusable
SERS substrates for multiplexed antibiotics detection. J. Mater. Chem. B9, 1123-1130 (2021).

Tian, Z. Q., Li, W. H., Mao, B. W., Zou, S. Z. & Gao, J. S. Potential-averaged surface-enhanced Raman
spectroscopy. Appl. Spectrosc. 50, 1569—-1577 (1996).

Chen, S. et al. Ligand removal of Au25 nanoclusters by thermal and electrochemical treatments for
selective CO2 electroreduction to CO. J. Chem. Phys. 155, (2021).

Lu, L. et al. Robust Removal of Ligands from Noble Metal Nanoparticles by Electrochemical Strategies.
ACS Catal. 8, 8484—-8492 (2018).

Lu, L. et al. Ligand-regulated ORR activity of Au nanoparticles in alkaline medium: The importance of
surface coverage of ligands. Catal. Sci. Technol. 8, 746—754 (2018).

Tran, T. D. et al. Restructuring a gold nanocatalyst by electrochemical treatment to recover its
H2evolution catalytic activity. Sustain. Energy Fuels 5, 1458-1465 (2021).

Wang, Y., Laborda, E., Crossley, A. & Compton, R. G. Surface oxidation of gold nanoparticles supported
on a glassy carbon electrode in sulphuric acid medium: contrasts with the behaviour of ‘macro’ gold.
Phys. Chem. Chem. Phys. 15, 3133 (2013).

Taylor, R. W. et al. Precise Subnanometer Plasmonic Junctions for SERS within Gold Nanoparticle
Assemblies Using Cucurbit[ n Juril “Glue”. ACS Nano 5, 3878-3887 (2011).

Arul, R. et al. Giant mid-IR resonant coupling to molecular vibrations in sub-nm gaps of plasmonic

15



674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

multilayer metafilms. Light Sci. Appl. 11, 281 (2022).

Esteban, R., Taylor, R. W., Baumberg, J. J. & Aizpurua, J. How chain plasmons govern the optical response
in strongly interacting self-assembled metallic clusters of nanoparticles. Langmuir 28, 8881-8890 (2012).
Moldovan, R. et al. Review on combining surface-enhanced Raman spectroscopy and electrochemistry
for analytical applications. Anal. Chim. Acta (2021) doi:10.1016/j.aca.2021.339250.

Wu, D. VY., Li, J. F.,, Ren, B. & Tian, Z. Q. Electrochemical surface-enhanced Raman spectroscopy of
nanostructures. Chem. Soc. Rev. 37, 1025-1041 (2008).

Zhumaev, U. et al. Electro-oxidation of Au(1 1 1) in contact with aqueous electrolytes: New insight from
in situ vibration spectroscopy. Electrochim. Acta 112, 853-863 (2013).

Juodkazis, K., Juodkazyté, J., Juodiené, T. & Lukinskas, A. Determination of Au(lll) in the surface layers
formed anodically on the gold electrode. J. Electroanal. Chem. 441, 19-24 (1998).

Li, M. De et al. Clean substrates prepared by chemical adsorption of iodide followed by electrochemical
oxidation for surface-enhanced raman spectroscopic study of cell membrane. Anal. Chem. 80, 5118-
5125 (2008).

Xiao, Y. J., Chen, Y. F. & Gao, X. X. Comparative study of the surface enhanced near infrared Raman
spectra of adenine and NAD+ on a gold electrode. Spectrochim. Acta - Part A Mol. Biomol. Spectrosc. 55,
1209-1218 (1999).

Yao, G., Zhai, Z., Zhong, J. & Huang, Q. DFT and SERS Study of 15N Full-Labeled Adenine Adsorption on
Silver and Gold Surfaces. J. Phys. Chem. C 121, 9869—9878 (2017).

Yoshimoto, T. et al. Three distinct adsorbed states of adenine on gold nanoparticles depending on pH in
aqueous solutions. Chem. Phys. Lett. 786, 139202 (2022).

Van Duyne, R. P. Laser Excitation of Raman Scattering From Adsorbed Molecules on Electrode Surfaces.
Chemical and Biochemical Applications of Lasers (Academic Press, Inc., 1979). doi:10.1016/b978-0-12-
505404-1.50009-x.

Pfisterer, J. H. K. et al. Role of OH Intermediates during the Au Oxide Electro-Reduction at Low pH
Elucidated by Electrochemical Surface-Enhanced Raman Spectroscopy and Implicit Solvent Density
Functional Theory. ACS Catal. 10, 12716-12726 (2020).

Baumberg, J. J., Aizpurua, J., Mikkelsen, M. H. & Smith, D. R. Extreme nanophotonics from ultrathin
metallic gaps. Nat. Mater. 18, 668—678 (2019).

Etchegoin, P. G. & Le Ru, E. C. Resolving single molecules in surface-enhanced raman scattering within
the Inhomogeneous broadening of raman peaks. Anal. Chem. 82, 2888-2892 (2010).

Negri, P., Marotta, N. E., Bottomley, L. A. & Dluhy, R. A. Removal of surface contamination and self-
assembled monolayers (SAMs) from silver (Ag) nanorod substrates by plasma cleaning with argon. Appl.
Spectrosc. 65, 66—74 (2011).

Widrig, C. A., Chung, C. & Porter, M. D. The electrochemical desorption of n-alkanethiol monolayers from
polycrystalline Au and Ag electrodes. J. Electroanal. Chem. 310, 335-359 (1991).

Wirde, M., Gelius, U. & Nyholm, L. Self-assembled monolayers of cystamine and cysteamine on gold
studied by XPS and voltammetry. Langmuir 15, 6370—-6378 (1999).

Marz, A. et al. Towards a quantitative SERS approach - online monitoring of analytes in a microfluidic
system with isotope-edited internal standards. J. Biophotonics 2, 232—242 (2009).

Goodacre, R., Graham, D. & Faulds, K. Recent developments in quantitative SERS: Moving towards
absolute quantification. TrAC - Trends Anal. Chem. 102, 359-368 (2018).

Bouatra, S. et al. The Human Urine Metabolome. PLoS One 8, (2013).

Al Za’Abi, M., Ali, B. H., Hussain, A. & Ali, I. Fast HPLC analysis of adenine in human plasma using a new
generation C 28 column and different extraction methods. Anal. Methods 5, 1487-1493 (2013).

Villa, J. E. L. & Poppi, R. J. A portable SERS method for the determination of uric acid using a paper-based
substrate and multivariate curve resolution. Analyst 141, 1966-1972 (2016).

Westley, C. et al. Absolute Quantification of Uric Acid in Human Urine Using Surface Enhanced Raman
Scattering with the Standard Addition Method. Anal. Chem. 89, 2472-2477 (2017).

Mamian-Lépez, M. B. & Poppi, R. J. Quantification of moxifloxacin in urine using surface-enhanced
Raman spectroscopy (SERS) and multivariate curve resolution on a nanostructured gold surface. Anal.
Bioanal. Chem. 405, 7671-7677 (2013).

Sibug-Torres, S. M. et al. In-situ electrochemical regeneration of nanogap hotspots for continuously
reusable ultrathin SERS sensors. Cambridge Open Data Archive. https://doi.org/ 10.17863/CAM.106099
(2024).

16



730

731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753

754

755
756
757
758
759
760
761
762

763
764
765
766
767
768
769
770
771
772

773
774
775
776
777
778

779
780
781
782
783

ACKNOWLEDGEMENTS

We greatly appreciate helpful comments from many colleagues including Oren Scherman, Luis Liz-Marzan, and
Duncan Graham. The authors acknowledge financial support from the European Research Council (ERC) under
Horizon 2020 research and innovation programme PICOFORCE (Grant Agreement No. 883703), and POSEIDON
(Grant Agreement No. 861950) and from the EPSRC (Cambridge NanoDTC EP/L015978/1, EP/L027151/1,
EP/X037770/1). S.M.S.-T. is supported by the University of Cambridge Harding Distinguished Postgraduate
Scholars Programme. S.M.S.-T., D.-B.G., and N.S. acknowledge support from EPSRC Grant EP/L015889/1 for the
EPSRC Centre for Doctoral Training in Sensor Technologies and Applications. M.N. is supported by a Gates
Cambridge fellowship (OPP1144). B.d.N. acknowledges support from the Royal Society (URF\R1\211162).

AUTHOR CONTRIBUTIONS STATEMENT

S.M.S.-T. and J.J.B. conceived and designed the experiments. EC-SERS flow set-up was developed by S.M.S-T., D.-
B.G. and G.K., with input from M.N., EW., and B.d.N. S.M.S-T. performed fabrication and spectroscopic
experiments with input from D.-B.G., G.K., M.N., EW., and B.d.N. S.M.S.-T. and E.W. analysed the data with input
from M.N. Sample fabrication was aided by M.N. and E.W. SEM image collection was carried out by N.S. and A.R.
S.M.S.-T. and J.J.B. wrote the manuscript with input from all authors.

COMPETING INTERESTS STATEMENT
J.J.B., S.M.S.-T,, D.-B.G., M.N., and E.W. acknowledge a patent has been filed, patent: Surface-enhanced
spectroscopy substrates, UK 2304765.7, 30/3/2023. G.K., N.S., A.R., and B.d.N. declare no competing interests.

FIGURE LEGENDS/CAPTIONS

Fig 1| Preparation and in-flow EC-SERS analyte detection, cleaning, and regeneration with MLagg-CB[5]. a Preparation of
MLagg-CB[5] SERS aggregate from self-assembly of AuNPs with CB[5], followed by deposition onto solid support. Photo and
scanning electron micrograph (SEM) show MLagg-CB[5] deposited on FTO-coated glass. b Schematic illustrating the
integration of an MLagg-CB[5] into an EC-SERS flow system. ¢ Cross-section of the EC-SERS flow cell (CE = counter electrode,
RE = reference electrode, and WE = working electrode). d Schematic of in-situ electrochemical SERS analyte detection and
cleaning/regeneration protocol. Potentials are vs Ag/AgCl. e SERS spectra from: initial MLagg-CB[5] (grey), after detection of
10 uM adenine (ADN) (red), after oxidative cleaning step (blue), and after regeneration step (black). ADN peak at 732 cmis
marked by asterisk. SERS spectra are collected with 1s integration time and 1 mW 785 nm laser.

Fig 2 | Analyte detection, cleaning, and regeneration cycles with and without CB[5]. a SERS spectra from 30 cycles of 10
UM ADN detection (red) and regeneration with CB[5] (black). Spectra are offset for clarity. b ADN peak areas (vapny=732 cm-
1) from the SERS spectra of each ADN detection and cleaning/CB[5]-regeneration cycle. Dotted horizontal line represents the
average ADN peak area of all analyte detection cycles. ¢ CB[5] peak areas (vcg[s) =830 cm™?, black circles) and integrated SERS
background (purple squares) for the CB[5]-regenerated MLagg. Dotted horizontal line represents the average CB[5] peak area
of all regeneration cycles. d Overlaid SERS spectra from 15 cycles of 10 uM ADN detection and e after regeneration without
CB[5]. A constant background was subtracted from all spectra to facilitate comparison across 15 cycles. f ADN peak areas
(vapn=732 cm?) from the SERS spectra of each ADN detection and cleaning/regeneration cycle without CB[5]. g CB[5] peak
areas (vcp[51=830 cm™, black circles) and integrated SERS background (purple squares) for the MLagg regenerated without
CB[5].

Fig 3 | Morphology changes with or without CB[5] during regeneration. a DF scattering spectra and b representative SEM
images of the MLagg-CB[5] before and after undergoing 10 and 30 cycles of analyte detection, cleaning, and regeneration
with CB[5]. ¢ DF scattering spectra and d representative SEM images of the MLagg-CB[5] throughout different cycles of
analyte detection, cleaning, and regeneration without CB[5]. Yellow arrows in d point to bridges formed between
neighbouring AuNPs. For the DF spectra, solid lines and shaded area represent mean and 1 s.d. of n=150 spectra obtained
across the area of a MLagg-CB[5]. Grey line highlights initial chain mode peak wavelength. Spectra are offset for clarity.

Fig 4 | In-situ analyte switching. a Sequential SERS spectra from alternating detection of 100 uM ADN (red) and 100 uM CYT
(blue) with the corresponding regenerated MLagg-CB[5] (black). A 50:50% mixture of 100 uM ADN and 100 uM CYT (purple)
is also tested. b Normalized peak areas of ADN (vapn=732 cm, red) and CYT (vgyr=792 cm?, blue) per detection-
regeneration cycle. ¢ Sequential spatially-averaged SERS spectra from alternating detection of 100 uM ADN (red) and 100 uM
4-biphenylthiol (BPT), 4,4-biphenyldithiol (BPDT), 1,4-benzenedithiol (BDT), 2-naphthalenethiol (2-NT), and 4-
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mercaptopyridine (4-MPY) with the corresponding regenerated MLagg-CB[5] (black). d Normalized peak area of vapy per
ADN/thiol detection-regeneration cycle. Peak areas are plotted as the mean with error bars representing +1 s.d. of n=10
spectra obtained from different points across the MLagg-CB[5] area. For cycle 6 (marked by asterisk), alternative ADN peak
at 970 cmis used due to overlap with BDT peak at 732 cm™L. e Sequential SERS spectra from detection of a series of biological
compounds: ADN, CYT, hypoxanthine (HYP), creatinine (CR), nicotinamide (NAM), paracetamol (PAR), norepinephrine (NEPI),
tryptophan (TRP), nicotinic acid (NIA), methylene blue (MB), and ADN (red) again with the corresponding regenerated MLagg-
CB[5] (black). Time (t) axis marks progress of both analyte detection and ReSERS (30 s between each detection cycle). All SERS
spectra collected at 1 s integration time and with 1 mW 785 nm excitation laser.

Fig 5 | Quantitative analysis of ADN. a ADN peak areas at vopy from sequentially measured calibration standards (0.1 to 100
pUM) in 50 mM potassium phosphate buffer (pH 7.0) and regenerated MLagg-CB[5] (black circles). b Sequential SERS spectra
from ADN calibration standards measured from the same MLagg-CB[5] SERS substrate. SERS spectra collected at 1s
integration time and 1 mW 785 nm laser. c Relative peak areas of CB[5] (v¢p[51=830 cm™) and ADN (vopn=732 cm™?) vs [ADN]
(log scale). Peak areas are plotted as the mean with error bars representing +1 s.d. from n=3 measurements of an ADN
calibration standard using the same MLagg-CB[5] SERS substrate after multiple ReSERS cycles. Solid lines are fits. d Schematic
of the standard addition analysis of ADN in urine. e ADN peak area vs added [ADN] standard. Points are plotted as mean *1
s.d. from n=3 measurements of an ADN calibration standard using the same MLagg-CB[5] SERS substrate after multiple
ReSERS cycles. Grey solid line is linear fit, dashed grey line is linear extrapolation. Black arrow points to the extrapolated x-
intercept. Red dashed line highlights the trend towards non-linearity at higher concentration. Inset shows close-up of ADN
peak from SERS spectra of calibration standards.
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