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Abstract
Simple substrates for surface enhancedRaman spectroscopy (SERS), producible in a cost-efficientway, are
of growing interest both for scientific and for environmental applications. In this study,wedemonstrate
theuse of three types of bio-based tannin-furanic rigid foamsasprecursormaterials for SERS substrates.
Coatedwith a silver layer, these substrates allowed thedetectionof severalwell-knownanalytes in themM
regimebyRaman spectroscopy. Specificoptimizationof the standard tannin-furanic foammorphologyby
tuning the chemical synthesis led to a smaller andmorehomogeneously distributedpore structure,
supplyingmore active hot spot areas. Thus,weobtained a significant increase and a lower relative standard
deviation (RSD)of the SERS signal recordedover themappedSERS substrate area, for several analytes, in
particular forMalachiteGreendye. Thiswork represents a feasibility studyopening several potential
applications of this biopolymers infields suchas the detectionofwater pollutants, virtually combining
filtration andSERS capabilities drivenby a controlledporosity.

1. Introduction

Totally natural rigid foams derived frombyproducts of wood industries, like tannin-based rigid foams, are
innovativematerialsmade of inexpensive organic ingredients, produced via an acid catalyzed polycondensation
reaction between furfuryl alcohol and condensed flavonoids (e.g.Mimosa tannin) [1, 2].

These inexpensive products have been proposed for the insulation of green building due to their excellent
thermal properties and their good fire resistance [3, 4]. Despite themain studies were focused on this suggestive
commercial application, these polymers were also proposed as pollutant absorber formetals, surfactants, dyes
and ammonia because of their capacity to establish stable secondary bondswith these substances [5–7].

Biological and chemical contamination of groundwater andwastewater is a widespread problemwith the
current need ofmostly complex (wet chemistry) analytics to identify the source of contamination [8]. Amaterial
acting as both adsorbent and sensor for detecting low concentrated pollutants in a fast and easywaywould be a
huge benefit. Surface-enhanced Raman scattering (SERS), as a non-destructive and rapidmethod able to detect
substances even down to trace analysis level without requiring biomarkers or long incubation times that are
usually needed forfluorescence spectroscopy ormicrobiological investigations, is a suitable spectroscopic
technique for this challenge [9–11]. Noteworthy, the use of a confocal Raman setup allows collecting the
scattered radiation from a sample even through glass or other optically transparentmaterials [12].
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Usually the control of size distribution, shape, composition and distance of themetal nanoparticles on a
surface is necessary in order to obtain localized surface plasmons (LSP) under irradiation of a certain
wavelength, and to get sufficient electromagnetic enhancement contributing to the SERS signal. All these
parameters have a relevant impact on the electromagnetic enhancement because they strongly influence the
formation of hotspots.Within these hotspots, themagnitude of the electric fields resulting fromLSP resonances
of themetal nanoparticles are coupled and enhanced by several orders ofmagnitude compared to the incident
electric field, leading to strongly increased Raman signals with respect to conventional Raman scattering [11,
13–16]. Therefore, creating applicable and reliable plasmonic devices and SERS substrates usable for specific
applications is in focus of intense research sincemany years [10, 11, 17, 18]. The formation of well-definedmetal
nanoparticles often needs complex or expensive processes, with some exceptions like e.g. Chamuah et al [19]
showedwith their work about SERS on paper.

In this work, we propose an innovative approach for the fabrication of suitable SERS substrates, being afirst
feasibility study for the application of tannin-furanic foams as smartmaterials for SERS substrates. Itmay be
regarded as a starting point for themore advanced use of tannin-furanic foams inwastewater treatment
[6, 20, 21], including further steps in the direction of future applications forwastewater and environmental
diagnosis. The surfacemorphology of selected tannin-furanic foams [1, 4, 22]was functionalizedwith a thin
layer of silver byDCMagnetron sputtering to enable LSP resonances. In comparison toChaney et al (2005) and
Yang et al (2021) [23, 24], who created a nanostructure by the sputtering process, we used the originally present
surfacemorphology of the tannin-furanic foams and covered the surface with a continuous Ag layer. The SERS
capabilities of the produced structures were tested by exploiting Ramanmappings of different analytes (4-MBA,
Adenine, BPE, Crystal Violet,Malachite Green, R6G andRibolflavin), varying in size, Raman scattering cross-
section and adsorption sites on plasmonic surfaces. All analytes had a concentration of 1mM, in comparison to
μMandnMonwell-defined SERS substrates [10, 11, 25]. The SERSmeasurements were performedwith 532 nm
laser excitationwavelength. As amatter of fact, to take into account the influence on the resulting SERS signal of
the uncontrolled and naturally grown surface structure of tannin-based bio-foams, a few hundredRaman
spectrawere collected over a specified surface area by Ramanmapping, and an arithmeticmeanRaman
spectrumwith the relative standard deviation (RSD)was calculated afterwards. The SERSmeasurements
showed that the enhancement of the Raman signal strongly depends on the local position on the substrate.While
some regions showed a strong enhancement in the Raman signal, other regions showed no signal enhancement.
From this, we conclude that, due to the chaotic surfacemorphology of the standard tannin foams, Ag
nanostructures with the proper dimensions to generate LSP resonances only are formed in some localized areas
of the substrate. To improve the enhancement and homogeneity of the SERS signal, we performed a systematic
study of differently synthesized tannin-furanic foamswith different surfacemorphology and pore sizes. By
calculating a statisticalmeanRaman spectrumover allmeasured spectra collected in the area of the substrate
during the Ramanmapping, we can state a qualitative result of the analyte detectability on the functionalized
tannin-furanic foams used as SERS substrate.

Within ourwork, we did not focus on the calculation of the SERS Enhancement Factor (EF), contrary to
several other studies such as [23, 24]. This is because our substrate, due to itsmorphology and structure, is
intended to serve as a SERS sensing filtermaterial, the growth of a self-assembled analytemonolayer, which is the
basis formost reported EF calculations, being therefore questionable. The fact that our surface cannot be reliably
estimated due to its chaoticmorphology, togetherwith thefindings byGuicheteau et al (2017) andCheng et al
(2021) [26, 27], led us not to evaluate and report unreliable EFs for thisfirst study on tannin-furanic foam as
SERS sensingfiltermaterial.

2.Materials andmethod

2.1.Materials
For the production of the tannin-furanic foams Industrial Tannin ExtractWeibull AQ, provided by the
companyTanac (Montenegro, RS, Brazil), and furfuryl alcohol fromTransfurans Chemicals (Geel, Belgium),
were the basis for every formulation.Diethylether and sulfuric acidwere purchased fromRoth (Karlsruhe,
Germany), glyoxal and the surfactants polysorbate 80 and poloxamer 407were purchased fromVWR
(Darmstadt, Germany). All analyte chemicals (4-Mercaptobenzoic acid (4-MBA), Adenine, 1,2-Di-(4-pyridyl)-
ethylen (BPE), Crystal Violet,MalachiteGreen, Rhodamine 6G (R6G), Riboflavin (VitaminB12), 1,4-
Benzenedithiol (1,4-BDT))were purchased fromMerck and used as-received. Solutions of 1mM
concentrations have been preparedwith best suitable solvents (table 1) as reported in literature [28–34].
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2.2.Differently synthesized tannin-furanic foams
2.2.1. Preparation of standard tannin-furanic foam [4]
Toprepare standard tannin-furanic foam, 3.2 gH2O, 9.8 g furfuryl alcohol and 2.1 g diethylether wereweighed
in and stirred for 20 s. Then, 15.9 g tanninwere added, and the solutionwasmixed thoroughly for another 60 s.
In afinal step, 6.9 g of 32%H2SO4were added and themixture was stirred rapidly for 30 s to homogenise the
solution. The blendwas then poured into a Teflon-coatedmould of dimension 100× 100× 25mm3 and placed
in a preheated laboratory hot press at 100 °C for 10 min. After this curing period, the foamwas stored for 1week
at 20 °C and 65% relative humidity before further use.

2.2.2. Preparation of glyoxal tannin-furanic foam [4]
Toprepare glyoxal tannin-furanic foam, the recipe of standard tannin-furanic foamwas slightly changed by
replacingwaterwith glyoxal and adapting stirring times. Therefore, 3.2 g glyoxal, 9.8 g furfuryl alcohol and 2.1 g
diethylether wereweighed in and stirred for 20 s. Then, 15.9 g tanninwere added, and the solutionwasmixed
thoroughly for another 30 s. In afinal step, 6.9 g of 32%H2SO4were added and themixturewas stirred rapidly
for 20 s to homogenise the solution. The blendwas then poured into a Teflon-coatedmould of dimension
100× 100× 25mm3, placed in a laboratory hot press and cured at 40 °C for 10 min. After this curing period, the
foamwas stored for 1week at 20 °C and 65% relative humidity before further use.

2.2.3. Preparation of TWEENPluronic tannin-furanic foam [35]
For the preparation of TWEEN-Pluronic tannin-furanic foams 6.5 g polysorbate 80 and 2.6 g poloxamer 4077
were dissolved in amixture of 25 g furfuryl alcohol and 24 gwater. Thismixture was than homogenisedwith 40 g
mimosa tannin for 5 min at a speed of 150 rpmusing an overhead stirrer. Afterwards 16 g of 16%H2SO4were
added and stirringwas increased to 1500 rpm for about 15–20 min, obtaining a light brown foamduring this
process. The blendwas then transferred into a Teflon coatedmould (100× 100× 30mm3) and placed in a
convection oven at 90 °C for 30 min to allow an initial curing. Afterwards, the foamwas removed from the
mould and the skinwas peeled off. Afinal curing for 24 h at 90 °Cand conditioning for 1week at 20 °C and 65%
relative humidity was applied before cutting the foams to size for further use.

2.3. Foam cell dimensions and porosity
For the characterization of the foamswe decided tomeasure themacropores instead of themicropores, since
N2-sorptionmeasurements of different samples showed unclear results and is in general not the preferred
method for determining lower surface area (1–2m2 g−1) [36]. The cell size dimensions of themacropores were
measured by reflected lightmicroscopy using aNikon SMZ1500 stereomicroscope (Tokio, Japan). On three
samples of each foam formulation, at least 50measurements in length and 100 inwidthwere carried out in the
direction parallel to the growth. The average foam cell diameter (Av.D)was then calculatedwith equation (1),
whereD is the average of 150measurements. Results for all three foam types are shown in table 2

Table 1.Analytes (analytical standards from sigma aldrich) and solvents for preparation of 1mMSERS test solutions.

Analyte Mwg−1mol−1 Chemical formula Cas-no. Solvent

4-Mercaptobenzoic acid (4-MBA) 154,19 HSC6H4CO2H 1074–36–8 2-Propanol [30]
Adenine 135,13 C5H5N5 73–24–5 70:30 (EtOH:H2O) [28]
1,2-Di-(4-pyridyl)-ethylen (BPE) 182,22 C12H10N2 13362–78–2 EtOH [31]
Crystal Violet 407,99 C25H30ClN3 548–62–9 EtOH [33]
Malachite Green 364,91 C23H25ClN2 569–64–2 EtOH [32]
Rhodamine 6G 479,01 C28H31N2O3Cl 989–38–8 EtOH [34]
Riboflavin (B2) 376,36 C17H20N4O6 83–88–5 0.1MNaOH [29]

Table 2.Cell size dimensions of themacropores of tannin-
furanic foams.

Tannin-furanic foam Average foam cell diameter [μm]

Standard 172 (±55)
Glyoxal 148 (±40)
TWEENPluronic 98 (±30)

3

Mater. Res. Express 8 (2021) 115404 G Sabathi et al



p
=Av D D.

4
1* ( )

2.4. Scanning electronmicroscopy
Micrographs of the three different tannin-furanic foams, shown infigure 1, were taken using a Zeiss Ultra Plus
field emission scanning electronmicroscope (SEM) equippedwith an annular backscatter electron detector and
a secondary electron detector (Carl Zeiss AG,Oberkochen, Germany). Acceleration voltagewas set to 5 kV and
working distance was adjusted between 4 and 6mm. Prior to the imaging, the samples were coatedwith a thin
layer of gold using a sputter coater with a current of 40mAand coating time of 120 s. All three foam types at
differentmagnifications are compared infigure 1, showing the decrease in pore size for the glyoxal tannin-
furanic foam and the TWEENPluronic tannin-furanic foam.

2.5. Surface functionalization (DCmagnetron sputtering)
Amagnetron sputtering system available at the Elettra Sincrotrone Trieste was used to deposit a layer of Ag (40
nm thickness) on top of the tannin-furanic foams. TheDCmagnetron system is a custommultitarget
instrumentation. The process, inDC, startedwith a system vacuumof 2×10–5mbar, dropping to 5×10–3

mbar during the deposition. A power of 250Wwas applied, enabling a deposition rate of around 2.4 nm s−1.
After the coating procedure, all samples were sealed and packed underN2 atmosphere, to avoid a chemical
reaction of Ag andO2 during storage.

Figure 1.Optical images (first row) and scanning electronmicroscopy images at differentmagnifications of standard (a, d, g, j), glyoxal
(b, e, h, k) andTWEENPluronic (c, f, i, l) tannin-furanic foams, showing the different pore sizes of the different foam types.
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2.6. SERS sample preparation
To simulate the usage of a tannin-furanic foam as a filtermaterial and SERS substrate for pollutants detection,
the Ag-coated tannin-furanic foam samples were dipped into a 1mMconcentrated analyte solution, as listed in
table 1. Each dipping procedure was carried out for 15 s, after which the samples were dried under ambient
conditions.

2.7. Ramanmapping anddata treatment
Raman spectroscopic investigations and SERSmeasurements were carried out using a Thermo Scientific™
DXR™2 dispersive Ramanmicroscope equippedwith anOlympus BX41 confocalmicroscope andwith a laser
with an excitationwavelength of 532 nm, achievingwith a slit-like aperture with 50μmsize and a so-called full
range (50–3600 cm−1) gratingwith 900 linesmm−1 an estimated resolution of 5.5–8.4 cm−1. The spectrometer
was controlled by the softwareOMNIC™ forDispersive Raman 9.8.286. SERS investigations were performed by
using a 10× objective lens withNA0.25, resulting in an estimated spot size of 2.1μm, and a laser power of 100
μWfor allmeasurements, resulting in an intensity of 2,9 kWcm−2 at the laser spot on the sample. Raman
spectra recordingwas done bymapping different areas with a step size of 2–3μm, exposure times, number of
accumulations and number of recorded spectra for allmeasurements being listed in table 3. From allmappings,
mean values and relative standard deviation (RSD,%) of the Raman intensity over all the recorded spectra in
each individualmappingwere calculated, as shown infigures 2 and 3.

3. Results and discussion

Thefirst experiments were performed byRamanmapping of standard tannin-furanic foam samples with a
continuous 40 nmAg layer deposited byDCMagnetron Sputtering.We recorded the Raman spectrumof the
blank substrate to check if someRaman signal of the tannin foam is present in the signal background. Because of
the continuity of the deposited Ag layer, no tannin foamRaman signal was observed. Next, 1mMconcentrations
of 4-MBA, Adenine, BPE, Crystal Violet,MalachiteGreen, R6G andRiboflavinwere deposited on standard
tannin-furanic foam samples in order to evaluate the performance of the substrate over a broad range of analyte
molecules. Figure 2 shows the calculatedmeanRaman intensities andRSDs (where for a better presentability the
signal of R6Ghas been scaled by a factor of 1/10), clearly recognizing a SERS activity of the standard tannin-
furanic foam substrate which is strongly analyte dependent. For Adenine andBPEno characteristic Raman
peaks could be recorded, the spectrumbackground showing some features typical for carbonaceousmaterials
[49].MediumRaman signals were detected forMalachite Green andRiboflavin, showing high relative standard
deviations. Qualitative goodRaman signals were observed for Crystal Violet with ameanRaman intensity of 700
counts per second (cps) andRSDof 35%at 1618 cm−1, for 4-MBAwith ameanRaman intensity of 494 cps and
RSDof 18%at 1589 cm−1, and for R6Gwith ameanRaman intensity of 9960 cps andRSDof 21%at 1363 cm−1.
These values have been calculated for the strongest peaks of each considered analyte [37–43].

Since for Adenine andBPEwe did not detect any Raman signal at all, with the exception of some background
features, we hypothesize that this depends on the stiffmolecular structure, resulting inweakRaman scattering
although themolecules are binding perpendicularly to the plasmonic surface [39, 50–52]. Since thesemolecules
are of planar type, perpendicularly to the plasmonic surface noRamanmodes are available which could be
enhanced by the evanescent field. For Riboflavin,mediumRaman signal with high relative standard deviation
was observed, that we assume to originate from the different possible adsorption sites of themolecule. Indeed,
Riboflavin has twomethyl groups, two oxygen groups and a hydroxy groupwhere it can bind to plasmonic
surfaces.MalachiteGreen andCrystal Violet did showmedium and goodRaman signal, respectively. This is due
to theirmolecular structure, which is quite similar but shows one extra –N(CH3)2 ligand for Crystal Violet,
enabling it to bind at three positions compared toMalachite Green, which has the ability to bind on two
positions orientating themolecule perpendicularly to the surface [53]. Also for 4-MBAwe could appreciate a
goodRaman signal, which comes from the verywell bindingmercapto-group of themolecule [50, 54]. R6G is
showing the best Raman intensity, whichwe assume to derive from the inherent strong Raman scattering ability
of themolecule with 532 nm laser excitation [55, 56].

To test forμMdetectability 1,4-BDTwas then selected, because of its two thiol groupswhich have a strong
binding affinity to Ag andAu surfaces [50]. Ramanmappingmeasurements were performed on anAg-coated
standard tannin-furanic foam substrate sample after dipping it into 1μM1,4-BDT solution, butwe could not
observe any recognizable Raman signal (data not shown).

Wecan therefore assume that for lower concentrations adefinednanostructured [57] surface is necessary,which
is not guaranteedby a simpleDCmagnetron sputteringprocedure of a standard tannin-furanic foamsurface. Indeed,
we tried todeposit directly onto the standard tannin-furanic foamAgnanoparticles, as obtainedbymetal
nanoparticle synthesis usingAgNO3 immersionplating technique: from the color changeof the reactionmixture the
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Table 3.Ramanmapping parameter settings.

Tannin-furanic foam Analyte c=1mM Wavelength [nm] Power [mW] Aperture [μmslit] Lens Exposure time [s] Number of exposures Step size [μm] Number of spectra

standard 4-MBA 532 0,1 50 10× 25 6 3 289

Adenine 532 0,1 50 10× 10 30 3 196

BPE 532 0,1 50 10× 30 10 3 140

Crystal Violet 532 0,1 50 10× 10 6 3 289

Malachite Green 532 0,1 50 10× 10 6 3 289

R6G 532 0,1 50 10× 1 15 2 1326

Riboflavin 532 0,1 50 10× 15 4 3 442

glyoxal Malachite Green 532 0,1 50 10× 2 10 2 416

R6G 532 0,1 50 10× 1 15 2 684

TWEENPluronic Malachite Green 532 0,1 50 10× 2 10 2 651

R6G 532 0,1 50 10× 1 15 2 540
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occurring synthesiswas observedby thenaked eye.However, theonly effect of the synthesizednanoparticleswas, as
expected, a strong increaseof theRaman signal of the tannin-furanic foam itself [22], generatedby the formed
localized surface plasmon resonances of theAgnanoparticles (datanot shown).

Consequently, to further improve the sensitivity of the substrate, we created foamswith smaller pores, as
shown infigure 1. As described in thematerials section, the glyoxal tannin-furanic foam typewas synthesized by
replacingwaterwith glyoxal (C2H2O2) in the recipe of the standard tannin-furanic foam,while the TWEEN
Pluronic tannin-furanic foamwas synthesized by a different production process.

Figure 3 showsmeasurements with 1mMsolutions of R6G andMalachiteGreen performed on glyoxal
tannin-furanic foam samples and onTWEENPluronic tannin-furanic foam samples, comparedwith the results
of themeasurements on standard tannin-furanic foam.

Forglyoxal tannin-furanic foams, in the caseofR6GthemeanRaman intensity at 1360cm−1 [42] showedan
enhancementof 1,07 times, andaRSDincreaseby2%with respect to standard tannin-furanic foam,while in the caseof
MalachiteGreen themeanRaman intensity at 1617cm−1 [41] showedanenhancementof 28 times, andaRSDincrease
by21%.TheRamansignal enhancementwas thereforemoderate forR6G,while remarkable forMalachiteGreen.

ForTWEENPluronic tannin-furanic foams, in the caseofR6GthemeanRaman intensity at 1360 cm−1 [42]
showedanenhancementby2,25 times andaRSDincreaseby6%compared to the standard foam, andanenhancement
by2,11 times andaRSDincreaseby4%compared toglyoxal type. In the caseofMalachiteGreen themeanRaman
intensity at 1617cm−1 [41] showedanenhancementby23,36 times andaRSDdecreaseby36%compared to the
standard foam, andanenhancementby0,82 times andaRSDdecreaseby58%compared to theglyoxal type.

An image of a silver coated TWEENPluronic tannin-furanic foam samplewith the sample area overlayed
with the intensitymap is shown infigure 4. The red and yellow domains indicate areas of highest SERS
enhancementwithin thismap, due to good hot spot formation.

Summarizing, for theAg-coatedglyoxal type tannin-furanic foamwerecordedbyRamanmappingR6GRaman
spectraofnearly equal intensity andRSDaswith standard tannin-furanic foam,but forMalachiteGreena significantly

Figure 2. (left)Average value and standarddeviationof the SERS spectra of different analyteswith 1mMconcentration, recorded viaRaman
mappingwith532nm laser excitationwavelengthonAg-coated standard tannin-furanic foam.Thenumbers above spectra indicate the
positionofprominent peaks [37–43], while on the right the correspondingmolecular structures ofmeasured analytes are shown [44–48].
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Figure 3. For three different Ag-coated tannin-furanic foam surfaces with different pore sizes, decreasing from standard (bottom) to
glyoxal (center) to TWEEN (top) (as shown in table 2 andfigure 1), average value and relative standard deviation (RSD) of the SERS
spectra of (left) 1mMR6Gand (right) 1mMMalachite Green, recorded via Ramanmappingwith 532 nm laser excitationwavelength.
Numbers on top indicate the position of prominent Raman peaks [41, 42].

Figure 4.Opticalmicroscopy image of a silver coated TWEENPluronic tannin-furanic foam sample, overlayedwith the Raman
mapping area showing the intensity of the Raman spectrum at 1171 cm−1 of 1mMMalachite Green solution applied to the sample.
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enhancedSERSsignal.We think this is anotherproof that the strongRamansignalofR6Gpredominantlyoriginates
fromthe inherent scattering strengthandresonanceRamanenhancementofR6Gat532nm [55,56], and toa less extent
fromtheSERSperformanceof these two substrates at the analyte concentrationof1mM.WithMalachiteGreenwe
already see goodenhancementof theRamansignalwith theAg-coatedglyoxal type tannin-furanic foam,but also an
increasingRSD,whichpoints toanot veryhomogenouslydistributed surface enhancement.

In comparisonwith Ag-coated glyoxal type tannin-furanic foam, the finer pore structure of the Ag-coated
TWEENPluronic tannin-furanic foam allows some increase in the Raman intensity of R6G,which can be a hint
of a starting enhancement for this analytemolecule by the structured surface of such a type of SERS substrate.
With 1mMMalachite Green as analyte we see a comparable enhancement of the Raman intensity aswhen using
the Ag-coated glyoxal tannin-furanic foam, butwith a significant improvement in RSD, pointing to a better and
more homogenous hot spot distribution across the substrate’s surface, as illustrated infigure 4.

4. Conclusion

In this article,wedemonstrate theproductionof a SERS active substratewith aporous, bio-basedmaterial. The foam
structure andmorphology, asnaturally obtainedduring theproductionprocess, already shows the characteristics
necessary to act as a SERS substrate template. After theproductionof the foams, no further cost intensive or
complicated steps like a lithographyprocess, etching, or othernano-structuring techniques are needed to create,
manipulate, or guide the surfacemorphology.Only a simpleDCmagnetron sputteringprocesswas applied to coat
the tannin-furanic foamswith a thin and continuousAg-layer toprovide the requiredplasmonic surface.As a starting
point,we could show thepossibility of detecting alreadywith a functionalized standard tannin-furanic foam type a
couple of analytes in themMregime, out of a set ofwell-knownSERSanalytes.We furthermore could show that
somemodifications of the foamrecipe lead to smaller pore structures, thereby significantly increasing theRaman
signal ofMalachiteGreenand lowering theRSD.ForR6G,which is a strongRaman scatterer, also a slight increase of
theRaman signalwas observed, but here itmust be also considered thatR6Galso shows a resonanceRaman
contribution at the investigated laser excitationwavelengthof 532nm [55, 56].

The simple and cost-efficient approachof SERS substrates basedon tannin-furanic foams is verypromising,
similarly to the one for paper-based SERS substrates [19]. As stated at the beginning, thiswork represents a feasibility
study andopens opportunities fornew investigations in thisfield, combining the sustainability of the substratewith
promising results for thedetectionof at leastmMconcentrationsof analytemolecules. Further researchon additional
analytes and concentrations relevant for specific applicationswill be the target of future activities. Specifically, due to
the foamstructure andmorphology, these SERS substratesmaybeusable asRaman signal enhancer fornon-
destructive investigationsbyportableRaman spectrometers in applications likewastewater treatment or drinking-
water purification.
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