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Supplementary Fig 1 | MLagg-CB[5] preparation and initial cleaning with oxygen plasma cleaning (O2-PC) and solution re-scaffolding. a 
Step-by-step schematic illustrating preparation of MLagg-CB[5]. b Schematic of the initial cleaning and regeneration of freshly prepared 
MLagg-CB[5] using O2-PC and nanogap re-scaffolding via immersion in CB[5] and HCl. c SERS spectra (1 s integration time, 785 nm excitation 
laser at 1 mW power) and d DF scattering spectra from the MLagg-CB[5] as prepared (grey), after O2-PC (blue), and after CB[5]-regeneration 
(black). For the DF spectra in d, 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. e Scanning electron micrographs (SEM) of the 
MLagg-CB[5] (top) as prepared and (bottom) after initial cleaning and regeneration. 
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Supplementary Fig 2 | SERS and Raman spectra of MLagg-CB[5] and CB[5] solution. SERS spectrum is measured on a MLagg-CB[5] using 1 
s integration time and 2.1 mW 785 nm laser excitation. Raman spectrum of a 2 mM CB[5] solution in water is taken with 200 s integration 
time and 127 mW 785 nm laser excitation. All measurements taken using a 20x NA 0.40 objective.    
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Supplementary Fig 3 | Analyte removal from MLagg-CB[5] with O2-PC and solution re-scaffolding. a Schematic illustrating the use of 
oxygen plasma cleaning (O2-PC) and CB[5] re-scaffolding for cleaning and regenerating the MLagg-CB[5] after analyte detection. b SERS 
spectra from the initial MLagg-CB[5] (grey), after the detection of 100 µM adenine (ADN, red), after 45 min O2-PC (blue), and after 
regeneration (black). Solid lines and shaded areas represent the mean and ±1 s.d. of n=10 spectra collected over the MLagg-CB[5] area. 
SERS spectra from the initial MLagg-CB[5] (grey), after detection of 100 µM of c ADN (red), e methylene blue (MB, blue), and g 4-
biphenylthiol (BPT, green), and after cleaning and regeneration at different O2-PC times (black). Spectra are offset for clarity. % change in d 
ADN, f MB, and h BPT signal after different O2-PC cleaning times. All SERS spectra collected with 1 s integration time, 785 nm laser excitation, 
and 1 mW power. 
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Supplementary Fig 4 | Electrochemical SERS (EC-SERS) flow and optical set-up. a Schematic diagram and photos of the b EC-SERS flow 
and c optical set-up. 
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Supplementary Fig 5 | Cyclic voltammetry (CV) of MLagg-CB[5] in 50 mM potassium phosphate buffer. a Time-series SERS 
spectra (1 s integration time, 785 nm excitation laser with 1 mW power) from MLagg-CB[5] cycled between +1.5 V and -1.0 
V in 50 mM potassium phosphate buffer (pH 7.0) at 50 mV s-1 for 5 scans. Intensities of CB[5] (830 cm-1

,
 black points) and 

Au-O peaks (broad peak centred at 590 cm-1, blue points) are also plotted per SERS spectrum. The applied potential (purple 
solid line) and corresponding current response (black solid line) are plotted with time. b SERS spectra of the MLagg-CB[5] 
at various applied potentials during the first CV scan. c SERS spectro-voltammogram of the first CV scan, showing the 
evolution of CB[5] (black) and Au-O (blue) peak intensities as the potential is scanned, with diamond points indicating peak 
intensities as the potential is swept in the positive direction, whereas circles indicate peak intensities during potential 
sweeps in the negative direction. The dotted line indicates the applied starting potential. d Overlaid cyclic voltammograms 
from 5 scans. e SERS spectra of the MLagg-CB[5] with Au oxide (blue) and after the reduction of the oxide (black). Oxidised 
MLagg-CB[5] SERS spectra taken at +1.5 V, while reduced MLagg-CB[5] SERS spectra correspond to the spectra taken at +0.2 
V after the competition of a full scan. 
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Supplementary Note 1 | Cyclic voltammetry of MLagg-CB[5] 
 
CV in buffer 
We first explore the changes in MLagg-CB[5] nanogaps under repeated anodic and cathodic polarisation using 
cyclic voltammetry (Supplementary Fig 5). SERS spectra are recorded every 1 s as the potential is swept at a scan 
rate of 50 mV s-1 in the positive direction from the open-circuit potential (OCP) of +0.2 V to +1.5 V, then in the 
negative direction to -1.0 V, and finally back to +0.2 V. Five scans are taken in 50 mM potassium phosphate buffer 
(pH 7.0). The peak intensities of features of interest are also tracked through SERS spectroscopy (Supplementary 
Fig 5a). These peaks include the characteristic CB[5] peak at 830 cm-1 (𝜈CB[5]) which arises from the ring 

deformation vibration2 and a group of peaks centred at 590 cm-1 (𝜈AuO) originating from different types of Au-O 
bond stretching3 in Au oxide and Au-OH.  
 
At OCP, the MLagg SERS spectrum is dominated by the fingerprint of the CB[5] molecules scaffolding the 
nanogaps (Supplementary Fig 5b). As the potential is scanned in the positive direction, we first observe a current 
peak at ≈0.4 V, which can be attributed to the adsorption of anions4. The SERS spectra show increases in different 
peaks associated with anions: 1100 cm-1 for the electrolyte phosphate ions5, 565 cm-1 for bound OH-, and <300 
cm-1 for bound residual chloride ions (likely from MLagg preparation). The rise in anion peaks is coupled with a 
decrease in CB[5] peak intensity, suggesting that at positive potentials (as the Au surface charge becomes 
increasingly more positive), the neutral molecular ligand, CB[5], is desorbed in favour of anions in the electrical 
double layer (EDL). It is also possible that at these positive potentials, CB[5] begins to oxidise. 
 
At ≥ 0.75 V, we observe the start of an oxidative current as Au oxide formation begins. This process is coupled 
with the desorption of anions and the desorption and/or oxidation of CB[5]. By +1 V, both the oxidative current 
and 𝜈AuO intensity reach a maximum as all other species are desorbed and/or oxidised completely4 
(Supplementary Fig 5c). As the potential is further scanned to +1.5V, the 𝜈AuO  intensity drops. This is consistent 
with previously reported SERS measurements during Au oxide formation: as thicker Au oxide layers are formed, 
a decrease in plasmonic coupling is observed as sub-surface nanogap Au atoms are oxidised to Au(III)4. From 
here, the potential is then swept in the cathodic direction. The 𝜈AuO intensity starts to rise again coupled with 
the start of a reductive current at +0.35 V. This sharp rise in 𝜈AuO peak intensity at the start of Au oxide reduction 
is consistent with the reduction of Au(III) back to Au atoms at the nanogap. However, as Au oxide reduction is 
complete, there is a sharp drop in 𝜈AuO, and a rise in the CB[5] peak and anion-related peaks. As the potential 
sweep is performed in static conditions, desorbed CB[5] molecules are likely sufficiently close to the MLagg 
surface to rebind once Au oxide is reduced. Further scans in the cathodic direction show the loss of remaining 
Au-O related peaks at 677 cm-1 and the desorption of anions. At -1 V, we observe a sharp reductive current, which 
corresponds to the hydrogen evolution reaction (HER). Sweeping the potential back to positive potentials leads 
to the re-adsorption of anions as the cycle is repeated. 
 
Following the first potential scan, the SERS peak intensities of all features decrease by roughly half as the MLagg 
is oxidized and reduced during each scan (Supplementary Fig 5a,e). Changes in SERS intensity can either be 
associated with changes in the concentration of a species in the nanogap or changes in the SERS substrate 
enhancement factor. As the only CB[5] molecules in the system are those from the initial MLagg-CB[5] substrate, 
the decrease in CB[5] intensity can be attributed in part to its desorption and diffusion away from the nanogaps. 
However, the currents associated with Au oxide formation and reduction suggest that roughly similar amounts 
of Au are being oxidized and reduced in each scan (Supplementary Fig 5d). Thus, the gradual decrease in SERS 
intensity is likely due to the gradual degradation of the SERS hotspots. 
 
CV in 1 mM CB[5] and buffer 
As the MLAgg-CB[5] nanogaps degrade upon repeated Au oxidation and reduction, we investigate whether the 
hotspots can be stabilized in the presence of excess CB[5] in solution. The same potential scan is conducted on 
another MLagg-CB[5] substrate, but now with the addition of 1 mM CB[5]. The cyclic voltammograms and time-
series SERS are shown in Supplementary Fig 6. While the CVs between the two MLagg-CB[5] samples are similar, 
with both samples exhibiting the characteristic Au oxidation, reduction, and HER currents (Supplementary Fig 5d 
and Supplementary Fig 6d), there are notable differences between the SERS observed with and without the 
presence of CB[5] in solution. After Au oxide is reduced back to Au, the CB[5] peak gradually returns close to its 
initial intensity, suggesting that CB[5] is rebinding to the Au surface to re-scaffold the nanogap hotspots after Au 
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oxide reduction. Thus, even after the first cycle, the gaps are stabilized so that reversible processes on the 
electrode such as Au oxidation/reduction are evident from the SERS spectra.  
 
Despite the improved SERS stability, there is still a 10-20% decrease in SERS intensities after each oxidation and 
reduction cycle (Supplementary Fig 6a,c,e). We note that aside from the addition of CB[5] in the solution, there 
is also a concentration of chloride ions from the CB[5] reagent’s acid of crystallisation. The presence of additional 
chloride ions in the electrolyte solution is evident from the SERS spectra: at OCP, a strong peak at <300 cm-1 
(Supplementary Fig 6b) corresponds to specific adsorption of chloride ions to the Au surface6. The interaction of 
Cl- with Au is very strong that even when its concentration is an order of magnitude lower than the phosphate 
buffer, its specific binding to Au is preferred over phosphate ions, as evidenced by the weaker phosphate ion 
peak intensities at 1100 cm-1 in Supplementary Fig 6b compared to those in Supplementary Fig 5b.  
 
Another consequence of the presence of mM levels of Cl- in solution is the formation of [AuCl4]- surface 
complexes as Au is oxidized at anodic potentials. As the potential is scanned in the positive direction and Au 
oxide is formed in the presence of Cl- ions in the electrolyte, a prominent new peak at 350 cm-1 appears and 
increases in intensity concurrently with the increase in 𝜈AuO (Supplementary Fig 6a,b,c). The 350 cm-1 peak 
originates from symmetric stretching of the Au-Cl bonds in [AuCl4]-. Since the AuCl4

- complex is water-soluble, 
this can lead to the excessive dissolution of Au atoms from the nanogap every time the MLagg is oxidised7,8.  
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Supplementary Fig 6 | Cyclic voltammetry of MLagg-CB[5] in 1 mM CB[5] and buffer. a Time-series SERS spectra  (1 s 
integration time, 785 nm excitation laser with 1 mW power) from MLagg-CB[5] cycled between +1.5 V and -1.0 V in 1 mM 
CB[5], 50 mM potassium phosphate buffer (pH 7.0) at 50 mV s-1 for 5 scans. Intensities of CB[5] (830 cm-1

,
 black points), Au-

O peaks (broad peak centred at 590 cm-1, blue points), and [AuCl4]- (350 cm-1, yellow points) are also plotted per SERS 
spectrum. The applied potential (purple solid line) and corresponding current response (black solid line) are plotted with 
time. b SERS spectra of the MLagg-CB[5] at various applied potentials during the first CV scan. c SERS spectro-voltammogram 
of the first CV scan, showing the evolution of CB[5] (black), Au-O (blue), and [AuCl4]- (yellow) peak intensities as the potential 
is scanned, with diamond points indicating peak intensities as the potential is swept in the positive direction, whereas circles 
indicate peak intensities during potential sweeps in the negative direction. The dotted line indicates the applied starting 
potential. d Overlaid cyclic voltammograms from 5 scans. e SERS spectra of the MLagg-CB[5] with Au oxide present in the 
nanogaps (blue), and after the reduction of the oxide (black). Oxidised MLagg-CB[5] SERS spectra taken at +1.5 V, while 
reduced MLagg-CB[5] SERS spectra correspond to the spectra taken at +0.2 V after the competition of a full scan. 
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Supplementary Note 2 | Solution switching for oxidation and reduction of MLagg-CB[5]  
 
To minimise the formation and possible dissolution of [AuCl4]- from the nanogaps, the presence of Cl- should be 
minimised during the oxidation step. We therefore investigate an alternative protocol in which the MLagg is 
oxidised in potassium phosphate buffer, while Au oxide reduction is conducted in the presence of CB[5]. 
Supplementary Fig 7a shows the time-series SERS spectra of a MLagg-CB[5] substrate undergoing an anodic linear 
scan from OCP (≈0.20 V) to +1.5 V in buffer, followed by a cathodic linear sweep from OCP to -1V and back to 0V 
in 1 mM CB[5] and buffer. Here, the 350 cm-1 peak corresponding to [AuCl4]- is far less prominent than when 
oxidation is performed in the presence of excess CB[5] and Cl- (Supplementary Fig 6). Reintroducing CB[5] during 
reduction allows the re-stabilisation of the nanogaps after Au oxide reduction.  
 
We also explore another protocol using discrete potential steps (Supplementary Fig 8a). Here, the MLagg is 
oxidised with a potential step at +1.5 V in buffer, followed by a reducing potential step at -0.80 V in 1 mM CB[5] 
and buffer. With a potential step to +1.5 V, we observe a rapid drop in CB[5] peak with a rise in Au oxide peak 
within 1 s. Likewise, when switching the solution to 1 mM CB[5] and applying a potential step to -0.80 V, Au oxide 
is rapidly reduced with the re-adsorption of CB[5] at the nanogaps. The intensities of the SERS spectra in this 
case (Supplementary Fig 8b) are more consistent than when compared to the SERS spectra using slower potential 
sweeps (Supplementary Fig 7b). Since the oxidation and reduction steps are rapid, the possible dissolution of Au 
atoms is inhibited, resulting in reduced surface roughening9.  
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Supplementary Fig 7 | Linear sweep oxidation and reduction of MLagg-CB[5] in alternating solutions. a Time-series SERS 
spectra  (1 s integration time, 785 nm excitation laser with 1 mW power) from MLagg-CB[5] undergoing an oxidising linear 
scan from OCP to +1.5 V in 50 mM potassium phosphate buffer (pH 7.0) at 50 mV s-1, and a reducing linear scan from OCP to 
-1 V and back to 0 V in 1 mM CB[5] and buffer at 50 mV s-1 (total of 5 cycles). Intensities of CB[5] (830 cm-1

,
 black points) and 

Au-O peaks (broad peak centred at 590 cm-1, blue points) are also plotted from each SERS spectrum. The applied or open-
circuit potential (purple solid line) and corresponding current response (black solid line) are plotted with time. b SERS spectra 
of the MLagg-CB[5] at various applied potentials during the first cycle. c SERS spectro-voltammogram of the first 
oxidation/reduction cycle, showing the evolution of CB[5] (black) and Au-O (blue) peak intensities as the potential is scanned, 
with diamond points indicating peak intensities during the oxidising linear scan, whereas circles indicate peak intensities during 
the reducing linear scan. The blue and red dotted lines indicate the starting potentials of the oxidising and reducing scans, 
respectively. d SERS spectra of the MLagg-CB[5] with Au oxide (blue) and after the reduction of the oxide (black). Spectra are 
taken at OCP after each oxidising or reducing scan.  
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Supplementary Fig 8 | Potential step oxidation and reduction of MLagg-CB[5] in alternating solutions.  a Time-series SERS 
spectra (1 s integration time, 785 nm excitation laser with 1 mW power) from MLagg-CB[5] undergoing an oxidising potential 
step to +1.5 V in 50 mM potassium phosphate buffer (pH 7.0), and a subsequent reducing potential step to -0.80 V in 1 mM 
CB[5] and buffer, for a total of 5 cycles. Intensities of CB[5] (830 cm-1, black points) and Au-O peaks (broad peak centred at 
590 cm-1, blue points) are plotted from each SERS spectrum. The applied or open-circuit potential (purple solid line) and 
corresponding current response (black solid line) are plotted with time. b SERS spectra of MLagg-CB[5] with Au oxide (blue) 
and after the reduction of the oxide (black). Spectra are taken at OCP after each oxidising or reducing step. 
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Supplementary Fig 9 | Potential-dependent binding of ADN on MLagg-CB[5]. a Time-series SERS spectra of the MLagg-
CB[5] cycled between +0.5 V and -1 V in 10 µM adenine (ADN) and 50 mM potassium phosphate buffer (pH 7.0) at 50 mV 
s-1 for 5 scans. Peak intensities of CB[5] (830 cm-1, black) and ADN (≈732 cm-1, red) are also plotted per SERS spectrum. The 
applied potential (purple solid line) and corresponding current response (black solid line) are plotted with time. b Molecular 
structure of ADN and its acid and base forms. c SERS spectro-voltammogram of the CV scans 1-2, showing the evolution of 
ADN peak intensity (pink/red points) as the potential is scanned. Solid black line is the current response. The dotted line 
indicates the applied starting potential. d (left) Time-series SERS spectra of the MLagg-CB[5] incubated in 10 µM ADN in 50 
mM potassium phosphate buffer (pH 7.0) at open-circuit potential (OCP), at various applied step potentials (vs Ag/AgCl), 
and after relaxation back to OCP. (right) ADN peak (𝜈ADN ≈732 cm-1) tracked from corresponding time-series SERS spectra. 
e SERS spectra before (t = 0 s from time-series SERS spectra), during (t = 30 s), and after different applied potentials (t = 45 
s). f Normalised intensities of ADN peak during and after different applied potentials. All SERS spectra collected at 1 s 
integration time, 785 nm excitation laser with 1 mW power. 
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Supplementary Note 3 | Potential-dependent binding of ADN 
  
We first investigate the effect of applied potentials on the SERS of a model analyte, adenine (ADN) using cyclic 
voltammetry. The MLagg-CB[5] is incubated in 10 µM ADN in 50 mM potassium phosphate buffer, and the 
potential is swept from the open-circuit potential (OCP ≈ 0.20 V) to +0.5 V at 50 mV s-1. The scan direction is then 
reversed as the potential is swept in the negative direction to -1 V (Supplementary Fig 9a).  
 
At pH 7.0, adenine is expected to be primarily neutral (Supplementary Fig 9b). At OCP, only a small ADN peak at 
732 cm-1, which corresponds to its totally symmetric ring breathing mode coupled with its in-plane NH2 bend, is 
typically observed (Supplementary Fig 9a,c). Polarisation to positive potentials also results in only minor changes 
to the ADN peak, although at +0.4 V, we observe the appearance of new peaks at <300 cm-1 and 565 cm-1 
corresponding to the binding of Cl- and OH-, respectively, at the nanogaps. At OCP and positive potentials, the 
electrical double layer (EDL) at the MLagg-CB[5] is dominated by adsorbed anions from the electrolyte, as the 
electrode surface is positively charged10,11. The layer of adsorbed anions and water molecules prevents more 
ADN from binding to the surface. However, as negative potentials are applied, anions start to desorb as the 
electrode passes its point of zero charge towards taking on a negative charge, where weakly bound, solvated 
cations dominate the inner layer of the EDL10,11.  From here, ADN can more effectively compete for binding sites 
on the Au surface. Thus, the ADN peak increases after polarisation at negative potentials. In the first cycle, a 
maximum is reached at -0.60 to -0.70 V, followed by a decrease as the potential is further scanned to -1 V. 
However, scanning back to positive potentials shows an even greater increase in ADN peak intensity as the 
potential passes -0.60 V. Once the cycle repeats, polarisation to negative potentials results in further increases 
in ADN peak intensity (Supplementary Fig 9a,c), suggesting additional binding of ADN at the hotspots from the 
bulk solution as the potential is returned to a point that is optimal for ADN binding. 
 
To investigate the possibility of rapidly enhancing the ADN signal by polarising the MLagg-CB[5] directly towards 
a potential that is optimal for ADN binding, we apply various step potentials starting from a clean MLagg-CB[5].  
Here, a clean MLagg-CB[5] is first incubated in 10 µM ADN in buffer (pH 7.0) at open-circuit potential (OCP ≈0.2 
V),  followed by an application of a constant step potential for 15 s and relaxation back to OCP. SERS spectra are 
recorded every 1 s before, during, and after the applied potential (Supplementary Fig 9d-e). Consistent with the 
CV-SERS measurements, potential steps to positive potentials show only minor changes to the ADN peak 
(Supplementary Fig 9d-e), while negative potentials show rapid increases in ADN signal. The intensity of this peak 
reaches a maximum at by holding the potential at -0.60 V and gradually decreases at more negative potentials 
(Supplementary Fig 9d). 
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Supplementary Fig 10 | Regional uniformity of ADN signal over different MLagg-CB[5] substrates. For three different MLagg-CB[5] 
substrates: a, b, c SERS spectra of MLagg-CB[5] before (black) and after (red) 10 µM ADN binding with -0.60 V enhancement potential in 50 
mM potassium phosphate buffer (pH 7.0). Spectra were taken in-situ with 1 s integration time, 785 nm laser with 1 mW power using a 40x 
objective. d, e, f Optical microscope image (465  x 330 µm region) of rinsed and dried MLagg-CB[5] surface after 10 µM ADN binding, and the 
g, h, i corresponding heatmap of SERS ADN peak area (𝜈ADN = 732 cm-1) over the MLagg-CB[5] surface area taken over a 31 x 11 grid with 15 
x 30 µm spacings. SERS map captured using 1 s integration time, 785 nm excitation laser, 2.14 mW power with a 20x objective. 
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Supplementary Fig 11 | Regional uniformity of ADN signal on MLagg-CB[5] over multiple cycles of analyte detection and 
cleaning/regeneration with CB[5]. a SERS spectrum of MLagg-CB[5] before analyte cycling tests. b Optical microscope image of 
465x330 µm region-of-interest used for SERS mapping. For cycles 1, 10, 20 and 30: c, d, e, f SERS spectra of MLagg-CB[5] after 5 
µM ADN binding with -0.60 V enhancement potential in 50 mM potassium phosphate buffer (pH 7.0) (red), and after cleaning and 
regeneration with CB[5] (black). Spectra were taken in-situ with 1 s integration time, 785 nm laser with 1 mW power using a 40x 
objective. Heatmaps of SERS ADN peak area (𝜈ADN = 732 cm-1) over the dried MLagg-CB[5] surface area g, h, i, j after ADN binding 
and k, l, m, n after ReSERS with CB[5]. Heatmaps were taken over the region shown in b on a 31x11 grid with 15x30 µm spacings. 
SERS map captured using 1 s integration time, 785 nm excitation laser, 2.14 mW power with a 20x objective. 
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Supplementary Fig 12 | Regional uniformity of ADN signal on MLagg-CB[5] over multiple cycles of analyte detection and 
cleaning/regeneration without CB[5]. a SERS spectrum of MLagg-CB[5] before analyte cycling tests. b Optical microscope image 
of 465x330 µm region-of-interest used for SERS mapping. For cycles 1, 2 and cycle 10: c, d, e SERS spectra of MLagg-CB[5] after 
5 µM ADN binding with -0.60 V enhancement potential in 50 mM potassium phosphate buffer (pH 7.0) (red), and after cleaning 
and regeneration without CB[5] (black). Spectra were taken in-situ with 1 s integration time, 785 nm laser with 1 mW power 
using a 40x objective. Heatmaps of SERS ADN peak area (𝜈ADN = 732 cm-1) over the dried MLagg-CB[5] surface area f, g, h after 
ADN binding and i, j, k after ReSERS without CB[5]. Heatmaps were taken over the 465x330 µm region shown in (b, right) on a 
31x11 grid with 15x30 µm spacings. SERS map recorded using 1 s integration time, 785 nm excitation laser, 2.14 mW power with 
a 20x objective. 
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Supplementary Fig 13 | Cycles of 10 µM ADN detection, cleaning and regeneration with buffer and 1 mM KCl on MLagg-CB[5]. 
a SERS spectra from 15 cycles of 10 µM ADN detection (yellow) and cleaning/regeneration in 1 mM KCl, 50 mM potassium 
phosphate buffer, pH 7.0 (black). Spectra are offset for clarity. b ADN peak areas after analyte detection and 
cleaning/regeneration. c Dark field scattering spectra and d scanning electron micrographs of the MLagg-CB[5] before and after 
15 cycles and analyte detection and cleaning/regeneration in 1 mM KCl and buffer. For the DF spectra in c, 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. 
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Supplementary Fig 14 | Cycles of 10 µM ADN detection, cleaning, and regeneration with buffer on MLagg-NaCl. a SERS spectra 
from 15 cycles of 10 µM ADN detection (brown) and cleaning/regeneration in 50 mM potassium phosphate buffer, pH 7.0 (black). 
Spectra are offset for clarity. b ADN peak areas after analyte detection and cleaning/regeneration. c Dark field scattering spectra and 
d scanning electron micrographs of the MLagg-NaCl before and after 15 cycles and analyte detection and cleaning/regeneration in 
buffer. For the DF spectra in c, 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. 
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Supplementary Fig 15 | Cycles of 100 µM ADN detection, cleaning, and regeneration with CB[5] on MLagg-CB[5] with DF 
measurements at each regeneration step. a SERS spectra from 10 cycles of 100 µM and detection (red) and cleaning/regeneration 
with CB[5] (grey). Solid line and shaded region represent the mean and ±1 s.d. of spectra each captured over n=10 different points 
across the MLagg-CB[5] surface area. b DF scattering spectra of the MLagg-CB[5] before (black) and after (blue) 
cleaning/regeneration with CB[5] over 10 cycles. Solid lines and shaded area represent mean and ±1 s.d. of spectra each obtained 
across n=150 points the area of the MLagg-CB[5]. c ADN peak areas (determined from spectra obtained from n=10 points across 
the MLagg-CB[5] surface area; error bars represent ±1 s.d.) after analyte detection (red) and cleaning/regeneration (black). Mean 
DF peak wavelengths of each regenerated MLagg-CB[5]. Error bars give ±1 s.d. from n=150 DF scattering spectra. 
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Supplementary Fig 16 | SERS spectra from blank and spiked urine test samples. a SERS spectra from the MLagg-CB[5] in buffer 
(black), blank urine matrix (no ADN added, yellow), and after the application of -0.60 V enhancement potential (brown). b SERS 
spectra from the MLagg-CB[5] in buffer (black), spiked urine matrix (with 50 µM ADN added, orange), and after the application of 
-0.60 V enhancement potential (red). Red arrow points to characteristic ADN peak at 𝜈ADN=732 cm-1 

 

 
 

 

Supplementary Fig 17 | Standard additional analysis of ADN in urine. a SERS spectra from the sequential analysis of ADN 
standards. b ADN peak areas from the SERS spectra of sequentially measured ADN standards and the corresponding regenerated 
MLagg-CB[5] (black). Dotted horizontal lines represent the average peak areas of each ADN standard. 
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Supplementary Fig 18 | Initial EC cleaning and regeneration of MLagg-CB[5]. a Schematic of the initial cleaning and regeneration of 
freshly prepared MLagg-CB[5] using in situ electrooxidation and reduction. b SERS spectra and c DF scattering spectra from the MLagg-
CB[5] as prepared (grey), after electrooxidation (blue), and after CB[5]-regeneration (black). For the DF spectra in c, 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. d Scanning electron micrographs of the MLagg-CB[5] (top) as prepared and 
(bottom) after initial cleaning and regeneration. 
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Supplementary Table 1 | Studies reporting different strategies for SERS substrate recycling or cleaning. (Asterisk indicates that % RSD estimated from reported data) 

Type Ref SERS Substrate 

Sample Analysis Recycling Method 
All steps in 

situ? 
Remarks 

Protocol Analytes LOD %RSD Protocol 
Cleaning 

Time 
# cycles  

Repeatability 
between cycles 

Removed analytes 

Works reporting chemical etching and metal redeposition for SERS substrate renewal 

Chemical etching 
and template-
based renewal 

12 
 

3D-nanostar-dimer-in-ring 
structure (3D-NSDiRs), where 
AuAg layer is deposited on an 

underlying Si substrate 

Immersion in analyte solution for 
up to 24 hrs, followed by rinsing 

and drying 

p-amino-thiophenol 
(pATP),  

rhodamine 6G (R6G),  
and adenine 

≈ pM n.r. 

Removal of analyte and metal 
coating by chemical etching (KI/I2) 
and plasma cleaning, followed by 
thermal evaporative redeposition 

of Ag and Au  

n.r. (not 
reported) 

5 < 10% RSD 10 µM pATP no 
Requires clean room facilities and 

handling of caustic reagents for 
chemical etching 

Chemical etching 
and template-
based renewal 

13 

AuNPs that can slide and 
aggregate on recyclable 

alumina/silicon 
nanohoodoos 
[107-108 EF] 

Incubation in analyte solution, 
followed by drying of solvent, 

which facilitates aggregation of 
AuNPs 

trans-1,2-bis (4-
pyridyl) ethylene (BPE) 

in EtOH 
≈pM 

6% CV (substrate 
uniformity) 

aggregated AuNPs are etched 
from the nanohoodoos via 

KI/I2/H2O bath, followed by re-
deposition of fresh Au via e-beam 

evaporation 

n.r. 8 ≈ 3% RSD* 
1 nM trans-1,2-bis (4-
pyridyl) ethylene (BPE) 

no 
Requires clean room facilities and 

handling of caustic reagents for 
chemical etching 

Chemical etching 
and template-
based renewal 

14 Klarite 
Analyte solution drop-cast onto 
substrate and allowed by air dry 

Benzoic acid in EtOH ≈µM 
10-15% (substrate 

uniformity) 

Removal of analyte and Au 
surface by chemical etching (aqua 

regia) and piranha solution. Au 
redeposited with vacuum 

evaporator 

n.r. 4 14-31% RSD Benzoic acid no 
Requires handling of caustic 

reagents for chemical etching 

Works reporting analyte degradation via thermal, plasma, or photochemical treatment  

Thermal 
decomposition 

15 
Au/Ag bi-layer film with 

protective alumina coating 
[5.5 x 104 EF] 

Aqueous analyte solution is drop-
cast onto substrate and 

evaporated at 100°C 
n.r. n.r. 

19% (substrate 
uniformity) 

thermal treatment for 5 min at 
400°C to decompose analyte, 
followed by cooling to room 

temperature before next 
measurement 

5 min 5 
15% decrease in 

signal from cycle 1 to 
5 

0.1 mM R6G no 

Can remove most organic 
compounds, as most have 

decomposition points below 400°C. 
Inorganic contaminants may remain 

Thermal 
decomposition 

16 
Sputtered AuNPs on boron 

nitride nanosheets 

Incubation in analyte solution for 
1 hr, followed by rinsing and 

drying 
n.r. n.r. n.r. 

thermal treatment for 5 min at 
400°C to decompose analyte 

5 min 5 ≈14% RSD* 1 µM R6G no  

Thermal 
decomposition 

17 
graphene-covered Au or Ag 

triangular nanoarrays (TNAs)  
Incubation in analyte solution 

followed by drying 
R6G, methylene blue, 

amoxicillin 

≈0.1 µM 
R6G 
(dye) 

n.r. 
Thermal treatment for 30 min at 

300°C under protective 
atmosphere of Ar 

30 min 16 

n.r. 
analyte signal halved 
after first cycle; and 

continuously 
decreases 

10 µM R6G, methylene 
blue 

no 
After >15 cycles, graphene coating 

thermally damaged 

Plasma cleaning 18 
Au-coated tungsten nanofuzz 

array (TNFA) 
Incubation in sample for 1 

minute, followed by drying in air 

Rhodamine B (RhB), 
brilliant blue (X-BR) 

and reactive brilliant 
red (X-3B) 

≈ppb RhB 
(dye) 

n.r. 

atmospheric pressure plasma 
treatment for 5 min (He with gas 

flow rate of 1 SLM and at an 
alternating voltage of 20 kV) 

5 min 5 ≈40% RSD* 10 ppb RhB no  

Plasma cleaning 
(initial cleaning) 

19 
Ag nanorod arrays prepared 

from oblique-angle vapor 
deposition 

Incubation in solution for 12 hrs, 
followed by rinsing and drying 

n/a n.r. n.r. 
Ar plasma cleaning (100 W, 1-2 

SCFH Ar flow) 
4 min n.r. 

n.r.  
SERS signal halves 
after first cleaning 

1,2-bis(4-pyri- 
dyl)ethylene (BPE) 

1-propanethiol in EtOH 
no 

Longer Ar plasma cleaning times 
resulted in greater morphological 

changes, and decrease in SERS 
activity by factor of 10 

Plasma cleaning 20 

Au-based multistack 
vertically oriented nanogap 
hotspots in nanolaminated 

plasmonic crystals  
(8 nm nanogaps) 

[107-108 EF] 

Incubation in analyte solution for 
24 hrs followed by ethanol 

rinsing and drying 

benzenethiol in 
ethanol 

n.r. 28.12% 
O2 plasma cleaning (50W, 50 sccm 

O2 gas flow) 
40 s 4 

Uniformity of 
substrate degrades 
from 38% to 69% to 

62%  

benzenethiol in ethanol no  
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Plasma cleaning 21 
Au/Pd-coated chestnut-like 

copper oxide film 
[104-105 EF] 

Analyte solution drop-cast onto 
substrate and allowed by air dry 

R6G in EtOH n.r. n.r. 
O2/Ar mixture plasma cleaning 

(100W, 160 sccm Ar, 40 sccm O2 

gas flows) 
50 s 5 ≈11% RSD*  R6G no  

Photochemical 
degradation 

22 
AuNP-decorated silicon 

nanowire array (Au-SiNWA) 
Incubation in analyte solution for 

5 hrs 
 rhodamine B (RhB) 

10-11 M 
RhB (dye) 

n.r. 

Substrate irradiated for 180 
minutes under UV (UV light 
photocatalytic degradation), 

followed by rinsing and drying at 
60°C under vacuum 

180 min 4 n.r. 1 µM RhB no  

Photochemical 
degradation 

23 

Fe3O4@SiO2@TiO2@Ag  
(Multi-functional 

microspheres - magnetic and 
photocatalytic and SERS 

active) 

dispersed microspheres 
incubated with analyte, collected 

magnetically and deposited on 
solid support for SERS analysis 

dry. 

R6G 
10 ppb 

R6G (dye) 
5% 

Redispersion of microspheres in 
water, followed by 100 min 

exposure under UV irradiation 
and DI water rinsing 

100 min 7 n.r. R6G no  

Photochemical 
degradation 

24 
Colloidal PbS-Au hybrid 

[5.1 x 108 AEF] 

sample and colloidal SERS 
substrates mixed and incubated 

for 2 hrs in dark. Suspension then 
drop-cast on solid support and 

dried at 70°C for 2 hours. 

RhB 
10-12 M RhB 

(dye) 
n.r. 

Visible light irradiation (300 W Xe 
lamp) 

90 min 10 
Decrease in SERS 

signal by 17% from 
cycle 1 to 10 

RhB no   

Photochemical 
degradation 

25 CuO/Ag composite film 

substrate soaked in analyte 
solution for 20 min to 20 hrs, 

followed by rinsing with DI water 
or EtOH, and drying in air 

R6G, crystal violet, 
thiram 

10-8 M 
thiram 

8.9% (uniformity) 
Substrate immersed in DI water 
and irradiated with visible light 

irradiation (300 W Xe lamp) 
100 min 3 n.r. 1 µM R6G no  

Photochemical 
degradation 

26 
TiO2/Ag long-range ordered 

crystals 
Incubation in analyte solution for 

1 hr in the dark 
RhB 

10-7 M RhB 
(dye) 

n.r. 
Exposure to LED light (370 nm), 
followed by DI water rinsing and 

drying with N2 gas 
120 min 3 ≈ 5% RSD* 1 mM RhB no  

Photochemical 
degradation 

27 
Au semishells on TiO2 

spheres 

Incubation in analyte solution for 
30 min, rinsed with DI water, and 

dried with N2  

R6G, brilliant cresyl 
blue (BCB) 

10-9 M R6G 
(dye) 

12% (uniformity) 

Immersed in DI water and 
irradiated with 4W UV lamp (254 
nm), followed by rinsing with DI 

and drying with N2 

1.5-2 hrs 5 n.r. 
1 µM R6G,  
0.1 µM BCB 

no  

Photochemical 
degradation 

28 
4N-in-1 hybrid substrate (Ag–

TiO2) 
[50x EF] 

Solution drop-cast onto SERS 
substrate 

R6G 
≈10-14 M 

R6G (dye) 
n.r. 

Exposure of substrate to high 
intensity (10 mM-cm-2) UV light 

3-25 min 10 ≈ 5% RSD* 

10-15 – 10-5 M R6G; 
Toluene, allura red, 

erythrosine, indigo tine, 
Brown HT 

possible 

Required illumination time 
dependent on analyte 

concentration; quoted number of 
cycles is 18, but data demonstrates 

10 detection/cleaning cycles 

Works that report the use of special polymer coatings to modulate analyte binding/removal  

Thermally-
responsive polymer 

coating 

29 
Au@pNIPAM (thermally 

responsive poly-(N-
isopropylacrylamide)) 

Analyte incubated for 2 hrs with 
Au@pNIPAM in swollen state (at 
4°C), to retain analyte in polymer. 
Polymer collapses upon heating 
to 60°C for 2 hrs, brings analyte 

closer to Au. 

n.r. n.r. n.r. 

Au@pNIPAM is cooled back to 
4°C for 2 hrs to swollen state so 

that analyte can be released from 
Au surface. 

At least 2 
hrs 

n.r. n.r. 
1-napthol, 1-

naphtalenethiol (1NAT), 
Nile Blue A 

possible  

Thermally-
responsive polymer 

coating 

30 

NP-on-mirror (AuNP on 
Au/SiO2-coated Si optical 

interference substrate) with 
thiolated pNIPAM polymer 

coating serving as molecular 
trap 

Immersion in analyte solution 
with heating to 50°C. System 

cooled to 4°C and washed 5x to 
remove excess analyte.  

R6G 
10-9 M R6G 

(dye) 

15.7% CV 
uniformity; 

5.6% CV substrate 
reproducibility  

Sample is exposed to hot oxalic 
acid solution (50°C) for 10 

minutes and washed with hot 
oxalic acid solution 5x. Sample is 
then taken out from solution and 

dried immediately 

At least 10 
min 

5 ≈ 5% RSD* 100 µM R6G no  

Thermally-
responsive polymer 

coating 

31 
poly(N-isopropyl acrylamide) 

(PNIPAm)-grafted gold 
grating 

Incubation in analyte solution at 
room temperature (24°C) for 15-
30 min, followed by heating for 5 

crystal violet (CV), 
disperse red 1(DR1), 

≈10-14 M CV 
(dye) 

3% CV 
(uniformity), 4.5% 

Analyte removed by immersing 
substrate in DI for 15 min at room 

temperature  
15 min 3 5% RSD 10-14 M CV, DR1, ME no  
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min, washing 3 times with hot 
water, and drying under air 

and metanil yellow 
(ME) 

substate 
reproducibility 

Thermally-labile 
polymer coating 

32 

AuNP superlattice spin-
coated with thermally labile 
poly(lactic-co-glycolic acid) 

(PGLA) layer 

Windows exposed on the 
protective PGLA layer by locally 

irradiating a spot with 0.064 mW 
µm-2 for 1 s, allowing analyte 

from solution to bind to exposed 
SERS substrate. Measurement 

taken after 5 s. 

n.r. n.r. n.r. 

For new sample analysis, a new 
spot on the substrate is exposed 

by selectively degrading the 
protective PGLA layer 

At least 1s 
for new 
window 

11 

≈ 26% RSD* for TBZ 
(4 cycles) 

≈ 20% RSD* for MBA 
(3 cycles) 

4-mercaptobenzoic acid 
(4-MBA), nicotinamide 

(NAm), methylene blue, 
thiabendazole, CV, 

adenosine 

yes 

10,000 consecutive measurements 
per substrate is theoretically 

possible; 
Reproducibility of analyte signals 

per cycle dependent on underlying 
SERS substrate 

Works that report removal of adsorbates via solution/organic solvent rinsing  

Immersion 33 

Flower-like Ag structures 
with concave surfaces (FACS) 
electrodeposited on ITO glass 

(nanoparticles well-
separated) 

Immersion in analyte solution for 
2.5 hrs, followed by drying with 

N2 
R6G 

10-12 M R6G 
(dye) 

≈15% RSD 
(uniformity) 

Immersion in KNO3 or ethanol 
solution for 44 hrs 

44 hrs 2 n.r. 
R6G, adenine,  

4-ATP  
no  

Rinsing 34 
Au nanoplates modified with 

lucigenin 
Immersion in analyte solution, 

followed by drying 

pyrene (polycyclic 
aromatic hydrocarbon 

pollutant) 
10-10 M n.r. 

Rinsing with methanol (time not 
specified) 

n.r. 4 ≈ 13% RSD* 
pyrene (polycyclic 

aromatic hydrocarbon 
pollutant) 

no  

Rinsing and 
sonication 

35 
Au nanostars grafted onto 

glass and coated with a 1-nm 
layer of silica 

Sample solution drop-cast onto 
SERS substrate and covered with 
glass coverslip to form thin film 

of solution 

R6G 
0.5 x 10-7 M 
R6G (dye) 

n.r. 
Rinsing with DI, followed by 

ultrasonication for 1 min 
At least 1 

min 
n.r. n.r. R6G no 

“Many cycles” possible (exact 
number unspecified) but only data 

from 1 cycle demonstrated 

Rinsing under flow 36 
Electrochemically roughened 

brass plate with 
electrochemically coated Ag 

Sample solution injected in flow-
injection analysis system 

Nicotinic acid and 
pyridine 

1.7 mM n.r. 

Rinsing for 1 minute with analyte 
solvent, followed by rinsing with 
rinsing solution (3 M KCl or 0.1 M 

NaOH) for 2 minutes  

At least 3 
min 

30 

≈85% decrease* 
from cycle 1 to 30; 
from cycle 11-30, 

5.1% RSD 

Nicotinic acid and 
pyridine 

yes 

Significant loss of SERS activity after 
first cleaning cycle; no more than 
20 cycles recommended due to 

reduced performance; low 
sensitivity  

Rinsing under flow 37 
Ag thermally deposited on 
anodized aluminium oxide 

Small sample volume (100 nL) 
injected in flow cell through 

small capillary. Hydrodynamic 
focusing of sample stream 

achieved by pumping sheath 
water into flow chamber 

R6G 
10-9 M R6G 

(dye) 
n.r. 

Sample capillary is flushed with 
rinsing solution (0.1 M NaOH) 

under sheath flow 

At least 30 
s 

2 n.r. R6G yes  

Rinsing under flow 38 

AgNPs embedded in a 3D 
hydrogel matrix; integrated 

into a PDMS microfluidic flow 
cell 

Sample injected into microfluidic 
flow cell and through hydrogel 

matrix for in situ SERS detection 

y-hydroxybutric acid 
(GHB) in alcohol 

0.08 M GHB 
0.1 x 10-6 M 
R6G (dye) 

6.46% CV 
reproducibility 

4.6% CV reliability 

5 minutes rinsing with methanol 
flowed under pressure through 

hydrogel matrix 
5 min 20 ≈ 1.3% RSD* 

R6G, GHB, 
o-, m-, and p-

aminobenzoic acid 
yes 

Analyte switching also 
demonstrated  

Works that report removal of adsorbates via competitive binding 

Competitive 
binding for 
removing 

contaminants 

39 
Electrochemically roughened 

Ag foil 
n/a n/a n/a n/a 

SERS substrate is placed in 0.010 
M dodecanethiol in methanol 

solution for 20-24 hours to form 
SAM and displace any surface 

contaminants. Afterwards, 
substrate is treated with ozone, 

rinsed with methanol for 2 
minutes and dried with N2 

At least 20 
hours 

n/a n/a 

carbonaceous surface 
contamination; 

probe molecule: trans-
1,2-bis(4-

pyridyl)ethylene (BPE) 

no 
Removal of carbonaceous surface 
contamination leads to improved 

background signal 

Competitive 
binding for 
removing 

contaminants 

40 
AuNPs bound onto ITO 

electrode with APTMS (NPs 
well-separated) 

n/a n/a n/a n/a 
Immersed in 1 mM KI for 10 

minutes, followed by washing 
with DI 3x 

At least 10 
min 

n/a n/a Surface impurities no 
Surface Au-I bond is strong, so only 
analytes with strong affinity to gold 

can be detected, as they need to 
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displace the iodide from the iodide-
modified surface.  

Competitive 
binding with 

hydride 

41 
AuNPs, aggregated with KCl 

for SERS analysis 
n/a n/a n/a n/a 

Incubation of AuNPs with >25 
mM NaBH4 for 10 minutes for 

complete desorption of 
organothiols; other adsorbates 

may take shorter time for 
desorption 

At least 10 
min 

2 n.r. 

model organothiols: p-
methylbenzenethiol (p-

MBT), 2-
naphthalenethiol (2-

NT), p-benzenedithiol 
(p- BDT), and 

homocysteine (Hcy); 
thiophene, adenine, 

rhodamine, small anions 
(Br- and I-), and a 

polymer (PVP, poly(N-
vinylpyrrolidone)) 

n/a  

Competitive 
binding with 

hydride 

42 

AuNPs self-assembled on a 
glass capillary (via APTMS 

attachment) and coated with 
SiO2 layer (Au@SiO2) 

Sample flowed through 
Au@SiO2-coated glass capillary 
and retained there for 30 min, 
followed by rinsing with DI and 

ethanol 

Thiophenol and 
malachite green 

5x10-7 M 
thiophenol 

10-20% 
Flow 5.0 x 10-2 M of NaBH4 

solution through glass capillary 
for 30 s 

20 s 10 ≈15 % RSD* 

100 µM thiophenol, 
malachite green; 

1,4-benzenedithiol, 4-
nitrothiophenol, 4-MBA 

yes 
Switching also demonstrated with 

different analytes 

Competitive 
binding with 

hydride 

43 
AuNPs/polyvinyl chloride 

(PVC) film 

Immersion in analyte solution for 
30 min, followed by rinsing with 

EtOH and drying in air 
Thiram 10 ng cm−2 

10.24% RSD 
(uniformity) 

12.54% (batch-to-
batch) 

NaBH4 solution washing  n.r. 7 ≈ 7% RSD* Thiram  no  

Competitive 
binding with 

hydride 

44 
bimetallic Au/Pt periodical 

gold gratings 

SERS substrate immersed in 
analyte solution for 20 minutes, 
washed by ethanol, and dried in 

a desiccator 

dibenzothiophene 
(fuel impurity) 

10-12 M 9.1% RSD 

5 mL cyclohexene added to SERS 
substrate, followed by 

illumination with LED light (850 
nm, 200 mW) for 15 minutes to 

generate active hydrogen in situ, 
then washing with ethanol and 

acetone 

At least 15 
min 

4 

decrease in SERS 
signal by 4.8% from 

cycle 1 to 4; increase 
in spatial variance 

noted 

dibenzothiophene (fuel 
impurity) 

no 

Other solvents were tried as active 
hydrogen sources (water and 

methanol) but were ineffective in 
removing the hydrophobic analyte 

from Pt surface. 

Works that report use of electrochemical strategies for SERS substrate recycling 

Electrostatic 
Adsorption/ 
Desorption 

45 Au-capped Si nanopillars 

 SERS substrate pre-conditioned 
3x (1 min at -0.8V vs Ag/AgCl, 

and 1 min 0.8V in PBS) to ensure 
wettability of substrate; SERS 
substrate then immersed in 

analyte solution at -0.8V for 30 s 
prior to SERS mapping (3 min and 

30s). 

melamine in PBS or 
milk, pH 3.6 (positively 

charged) 

0.01 ppm in 
PBS 

0.3 ppm in 
milk 

30% RSD between 
chips 

bound analyte removed by 
applying a positive potential 

(+0.80 V) for 1 minute after SERS 
measurements. 

At least 1 
min 

10  

11.4-23.7% RSD; 
≈40% decrease* in 

signal from cycle 1 to 
10 

melamine in PBS or 
milk, pH 3.6 (positively 

charged) 
yes 

60-80 cycles used for calibration 
curve 

Electrochemical 
reduction (initial 

cleaning) 

46 
Roughened Ag electrode 

(ORCs in 0.1 M KCl) 
Immersion in 10 mM thiol 

solution for 3-24 hrs 
n/a n/a n/a 

Carbonaceous impurities 
removed by applying negative 

potential -1.1 V, -1.5 V, or -1.8 V 
for 120s in 0.1 M NaF 

At least 120 
s 

n/a n/a 
Carbonaceous 
contamination 

no 

Negative potential selectively 
removes carbonaceous impurities. 

Re-immersion in thiol solution 
ensures formation of complete 

SAM  

Electrochemical 
reduction, flow 

47–50 
In situ roughened Ag 

electrode integrated into 
electrochemical flow cell 

Initial Ag surface conditioning 
(oxidation-reduction cycle – ORC) 
+0.4V for 20 s, then back to -0.6V 

before injection of analyte into 
flow cell. Analyte signal 

enhanced at -0.6V 

Pyridine, nucleotide 
bases (adenine, 

thymine, cytosine, 
adenosine, adenosine 

3-monophosphate 

≈ 10-6 M n.r. 

Analyte desorbed at -1.2 to -2.0 V 
vs SCE for 30 s. SERS substrate 
surface renewed with in situ 1s 
pulse at +0.40 V with analyte 

present in the cell 

10-60 s 2-4 3-7% RSD 

Pyridine, adenine, 
cytosine, adenosine, 

adenosine 3-
monophosphate 

yes 

“In situ roughening”: Ag electrode 
roughened in the presence of 

analyte solution. 
More negative potentials needed to 
remove nucleotide bases compared 

to pyridine 
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Electrochemical 
reduction, flow 

51 
Polycrystalline Ag electrode 

roughened ex situ integrated 
into electrochemical flow cell 

Incubation of SERS substrate in 
analyte solution, followed by 

enhancement of analyte 
adsorption at -1.2 V vs SCE 

Melamine at pH 7 
(neutral) 

5 x 10-8 M 
melamine 

in 0.1 M KCl 
n.r. 

Analyte desorbed at -2.0 V vs SCE 
for 20 s in alkaline solution 

(NaOH, Na2CO3 and Na3PO4). SERS 
substrate surface re-roughened 
by applying +0.40 V vs SCE until 
130 mC cm-2 charge is passed 

At least 20 
s 

10 15% RSD 
Melamine at pH 7 

(neutral) 
yes 

“Ex situ roughening”: Ag electrode 
roughened in electrolyte only (no 

analyte present) 

Electrochemical 
reduction (initial 

cleaning) 

40 
AuNPs bound onto ITO 

electrode with APTMS (NPs 
well-separated) 

n/a n/a n/a n/a 

Impurities removed by holding  
SERS substrate at -0.7V for 10 

mins in 0.1 M NaClO4. Potential 
held while rinsing with fresh 
NaClO4 , then rinsed with DI 

At least 10 
min 

n/a n/a Surface impurities no  

Electrochemical, 
flow 

52 

Inkjet-printed AgNP spots on 
ITO integrated into 

microfluidic flow cell with Pt 
counter electrode 

Analyte solution injected into 
microfluidic cell with flow rate of 

5 µL min-1 
n/a n/a n/a 

Simultaneous flow of phosphate 
buffer (pH 3, 22.89 mM at  
5 µL min-1 flow rate) and 

application of 100 V for 300 s 

At least 300 
s 

3 33-40% RSD 
brilliant green, 

malachite green, crystal 
violet 

yes 

Electrochemical system is 
unreferenced, so mechanism of 
cleaning is difficult to elucidate. 
Required potentials and times 

noted to vary per substate 

Electrochemical, 
flow 

53 
Porous Ag wire integrated 
into microfluidic flow cell 
with Cu counter electrode 

Analyte solution injected into 
microfluidic flow cell 

n/a n/a n/a 

Injection and rinsing with 66 mM 
phosphate buffer, pH 7 at 50 µL 

min-1 for 10 minutes, followed by 
application of 4 V for 40 s 

At least 40 
s 

18 cycles with 10 
µM CV. Switch 

between MG and 
CV also 

demonstrated 
for 4 cycles 

≈18% RSD* 
≈30% decrease* in 
analyte signal from 

cycle 1 to 18 

malachite green (MG), 
crystal violet (CV) 

yes  

Competitive 
binding with 

electrochemical 
desorption (initial 

clean) 

54 
AuNPs deposited on APTMS-

functionalized ITO 
n/a n/a n/a n/a 

Au/ITO substrates  
immersed in 1 mM KI solution for 

10 min; followed by 
electrochemical oxidation ≈0.8V-

1.0V in 0.1 M NaClO4 

At least 10 
min 

1 
50% decrease in 

SERS activity 
10 mM pyridine, surface 

impurities 
no 

Iodide ion displaces surface 
impurities. I- then removed electro-

chemically by oxidizing it to IO3
-
. 

Decrease in SERS activity due to 
dissolution of Au with adsorbed I- 

Competitive 
binding with 

electrochemical 
desorption 

51 

Polycrystalline Ag electrode 
roughened ex situ with 

oxidation-reduction cycles 
(ORC) 

Incubation of SERS substrate in 
analyte solution, followed by 

electrochemical enhancement of 
analyte adsorption at -1.2 V vs 

SCE 

Melamine at pH 7 
(neutral) 

5 x 10-8 M 
melamine 

in 0.1 M KCl 
n.r. 

SERS substrate with adsorbed 
analyte is incubated for 40 s in  
10-3 M cetylpyridium chloride 

(CPC) effectively displacing 
analyte. To remove adsorbed CPC, 
the potential is stepped to -1.3 V 

vs SCE 

At least 40 
s 

10 10% RSD 
Melamine at pH 7 

(neutral) 
yes  

Electrochemical 
etching and 
redeposition 

55 

Glassy carbon electrode with 
Ag electrodeposited in situ. 

Electrode integrated into 
electrochemical flow cell 

Analyte solution flown through 
electrochemical flow cell at  

1 mL min-1 at -1.3 V 

Fe(II) in the form of 
[Fe(bipy)3]2+ 

10-9 M 10% RSD 

Ag film anodically stripped by 
scanning potential from -1.3 V to 
+0.8V at 20 mV s-1. New Ag film 
deposited by injecting 400 µL 

0.050 M K2SO4 and 7.2 x 10-4 M 
AgNO3 and scanning back to -1 V 

at 20 mV s-1 

At least 195 
s 

n.r. n.r. 
Fe(II) in the form of 

[Fe(bipy)3]2+ 
yes 

 [Fe(bipy)3]2+ cannot be removed 
with negative or positive potentials 

Electrochemical 
etching and 
redeposition 

56 
Ag electrodeposited on 

Au@SiO2 

Analyte solution drop-cast onto 
substrate, incubated for 1 hr, 
rinsed with water, then dried 

under vacuum 

RhB 
10-11 M RhB 

(dye) 
n.r. 

Ag shell and analytes stripped by 
holding potential at 0.6 V vs. SCE 

in 0.1 M H2SO4 for 10 min. Ag 
reelectrodeposited at -0.4 V vs 
SCE in 0.1 M AgNO3 for 1 min 

At least 11 
min 

10 
10% decrease in 

SERS activity from 
cycle 1 to 10 

RhB, NADPH no  

Electrochemical 
etching and 
redeposition 

57 
AgNP-coated Au nanorod 

vertical array (AgNP/GNR) on 
ITO electrode 

Incubation in analyte solution 
(time not reported), followed by 

evaporation of solvent 

4-ATP, amoxicillin, 
tetracycline, ofloxacin 

0.25 x  
10-9 M  
4-ATP 

7.44% RSD 
(uniformity) 

Analytes and Ag shell are stripped 
off by applying -0.80 V (vs SCE) in 
20 mM H2SO4 for 120 s. Fresh Ag 
is then electrodeposited on the 
AuNR array through a potential 

At least 4 
minutes 

10 

≈ 6% RSD* 
12% decrease in 

SERS activity from 
cycle 1 to 10 

4-ATP, amoxicillin, 
tetracycline, ofloxacin 

no  
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step of -0.20 V vs. SCE in 20 mM 
AgNO3 for 120 s. 

Electrochemical 
oxidation and 

reduction 

This 
work 

Thin-film AuNP aggregate 
with CB[5] scaffolds, 

deposited on FTO-coated 
glass 

Analyte solution pumped 
through electrochemical flow 

cell. -0.60 V enhancement 
potential applied for 15 s 

Adenine (ADN) 
2 x 10-7 M 

ADN in 
buffer 

4-5.7% RSD 
(regional 

uniformity) 

(1) +1.5 V applied for 10-60 s in 
50 mM potassium phosphate 

buffer (pH 7.0). 
(2) -0.80 V applied for 5 s in 1 mM 

CB[5] in 50 mM buffer 

At least 15s  30 1.0-6.7% RSD 

Adenine, cytosine, 
thiols, hypoxanthine, 

creatinine, 
nicotinamide, 
paracetamol, 

norepinephrine, 
tryptophan, nicotinic 
acid, and methylene 

blue 

yes  
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