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1 | INTRODUCTION

The incidence of light on a continuous metallic surface may give rise
to distinct phenomena, such as the photoelectric effect’2 and the
excitation of collective free electron oscillations at the metal sur-
face (surface plasmons).>* When the metallic surface is structured
in nanometric dimensions smaller than the wavelength of incident
light, the spatially confined resonant collective electron oscillations
lead to an enhancement of the local electromagnetic field, generating
a localized surface plasmon resonance (LSPR).*-¢ Surface-enhanced
Raman scattering (SERS) takes place when the enhancement of the
localized electromagnetic field results in the augmentation of the
Raman scattering cross-section of molecules located in the vicin-
ity (several nanometres) of the nanostructured metallic surface.”?
Enhancements of the resulting Raman signal intensities in the order of
up to ~1012 under ideal conditions have been reported, which allow the
detection of single molecules.’® These potentially large signal enhance-
ments make SERS a very powerful technique in sensing applications
for the sensitive, fast and cost-efficient trace detection of chem-

11-13 pesticides,** 16 pharmaceuticals,”:18

icals, such as explosives,
biomolecules'?-21 and food contaminants.?2-24 Among these applica-
tions, the sensitive detection of trace pollutants and contaminants in
foods and feedstuffs by SERS are especially important tasks to pre-
vent negative effects of these chemicals on the health of humans and
animals.

Most commonly used SERS platforms are based on nanostructural
metallic surfaces, primarily of the metals Au, Ag or Cu.222> These
can comprise metal nanomaterials in colloidal dispersion or immo-
bilized on solid substrates, as well as nanostructured metal films.22
The wavelength range of the LSPR absorption bands of the employed
nanomaterials and, thus, the suitable excitation wavelengths for SERS
depend on the type of used metal, size and shape of the nanomaterial,
interparticle distance and the surrounding medium.26-2? SERS mea-
surements are typically conducted at excitation wavelengths between
400 and 800 nm; however, the application of near-infrared (NIR)
excitation wavelengths, for example 1064 nm, is gaining increasing
importance.2>30-33 The advantages of NIR excitation are the avoid-
ance of interference from fluorescence, the reduction of photobleach-
ing and decreased analyte heating for many organic molecules due to
the absence of NIR light absorption,2>2132 providing ideal conditions
for the measurement of sensitive analytes such as biomolecules.3?
To achieve NIR-SERS, various types of nanomaterials have been

trace detection of melamine and rhodamine 6G is demonstrated, which shows limits of
detection smaller than 0.1 ppm and analytical enhancement factors on the order of 10*

as compared to bare aluminium foil.

gold nanoparticles, melamine, silver nanoplates, surface-enhanced Raman scattering, trace

employed, including bimetallic Au/Ag nanostars,> Au films evaporated
onto silica nanospheres,3! Ag-coated porous silicon®? poly-disperse
Au colloids,3* aggregated colloidal Ag nanoparticles (NPs)31:353¢ Ay
nanorods®’ and hollow Au nanoshells.38

For a fast and straightforward in-field application of SERS sensors,
the development of ready-to-use SERS substrates is crucial. Besides
the type of plasmonic nanomaterial, the choice of support material
onto which the SERS-active metallic nanostructures are deposited is an
essential parameter for achieving a high sensitivity, reproducibility and
robustness of the SERS platforms. Commonly used support materials
for the fabrication of SERS substrates include paper, polymers, glass or
silicon.3? Aluminium is another solid support material with favourable
properties for fabricating SERS substrates, such as low cost, high
reflectivity,*® absence of a substrate Raman signal or fluorescence®*!
and large thermal conductivity for fast heat dissipation.*? Further-
more, nanostructured Al shows plasmon resonances that are tuneable
from the UV to the NIR wavelength range and exhibits a pronounced
SERS effect.*>** Gudun et al. found a signal enhancement even for
untreated commercial Al foil and reported analytical enhancement fac-
tors (AEFs) of 80-240 for bare Al foil at excitation wavelengths of
633 and 785 nm, respectively.*? A synergistic enhancement can thus
be obtained when combining plasmonic metal nanomaterials with alu-
minium support materials for SERS substrates. Gudun and co-workers
reported AEFs of about 107 for the detection of 4-nitrobenzenethiol
and crystal violet and a limit of detection (LOD) for melamine of
27 ppb at 785 nm excitation on SERS substrates of AuNPs on Al
foil.*0 Martinez-Garcia et al. reported an AEF of ca. 107 for the detec-
tion of rhodamine 6G (R6G) (at 10713 M) on SERS substrates of
concave Au nanocubes deposited onto 3-aminopropyltriethoxysilane
(APTS)-treated aluminium (Al-6063) slides.*! Ceballos et al. used elec-
trodeposited Ag nanodendrites on aluminium as SERS substrates and
reported enhancement factors of up to 4 x 10* for R6G detection.*>

In this work, we report the fabrication of SERS substrates with
extraordinarily high acceptable laser excitation power and high analyte
sensitivities at NIR excitation wavelengths (785 and 1064 nm) based on
a cost-effective and very simple dropcast deposition of Ag nanoplates
or spherical Au nanoparticles on untreated aluminium foil. The fab-
ricated substrates are compared to commercial substrates based on
a similar fabrication method. We demonstrate the application of the
SERS substrates for the sensitive detection of melamine and R6G at
concentrations of 0.1 ppm and below. This is of high relevance for

quality control of food and drinking water, due to the harmfulness of
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melamine and its abuse as an adulterant in milk and infant formula in
the past, which led to a very high number of hospitalizations and even
fatalities among infants.*¢

2 | EXPERIMENTAL SECTION
2.1 | Materials and instruments

Silver nitrate (AgNO3, 99%), melamine (>99%), trisodium citrate dihy-
drate (99%), poly(ethylene glycol) (average M,, = 3350 g mol~1, 99%)
and sodium borohydride (NaBH,4, >98%) were obtained from Sigma-
Aldrich. R6G (>99%) was obtained from TCI Chemicals. Ethanol (p.a.)
and hydrogen peroxide (30% (w/w) in water) were obtained from VWR.
Ultrapure water was obtained from a Sartorius Arium Mini water
purification system. Aluminium foil (Rotilabo) was obtained from Carl
Roth.

UV-Vis-NIR absorption spectra were recorded on a PerkinElmer
Lambda1050 spectrophotometer. Raman spectroscopy at an excita-
tion wavelength of 1064 nm was performed on a Bruker MultiRAM
FT-Raman spectrometer using a liquid nitrogen-cooled Ge detec-
tor. Measurements at 1064 nm excitation wavelength on samples in
powder form were conducted on a Bruker RamanScope Il Raman
microscope coupled to the FT-Raman spectrometer. The excitation
laser spot diameter was ca. 50 pm. Measurements at 1064 nm were
performed with a resolution of 4 cm™?! and by averaging 100 scans.
Raman spectroscopy at an excitation wavelength of 785 nm was per-
formed on a Wasatch Photonics WP Raman spectrometer equipped
with a fibre-coupled Raman probe providing laser excitation with a spot
size of ca. 160 um and a resolution of 9 cm~1. Spectra were recorded
with anintegration time of 1 s and an average of 10 scans.

Scanning electron microscopy (SEM) was performed on a ZEISS
Cross Beam XB 1540 scanning electron microscope. An acceleration
voltage of 3 kV and a working distance of 3.6 mm were used. Optical
microscopy was performed on a Nikon Eclipse LV100ND.

Samples for transmission electron microscopy (TEM) analysis were
prepared by dropcasting a dilute aqueous sample dispersion onto
holey-carbon TEM 300 Mesh copper grids. Detailed structural charac-
terization was obtained using a JEOL JEM-2200FS TEM operated at
200 kV. The size distributions were evaluated by the analysis of TEM
micrographs using ImageJ software (National Institute of Health) for
more than 350 particles. Particle size histograms were fitted with a

Gaussian distribution function.

2.2 | Nanomaterials for SERS substrates

Silver nanoplates (AgNPLs) were prepared by a procedure adapted
from the method reported by Zhang et al.*” Under ambient conditions,
40 pL of a 50 mM AgNOg solution, 400 pL of a 75 mM trisodium citrate
dihydrate solution, 40 pL of a 17.5 mM poly(ethyleneglycol) (average
M,, = 3350) solution and 48 pL concentrated H,O, solution (30% w/w)
were added to 20 mL of ultrapure water. To this solution, 120 pL of a

100 mM NaBHy solution was swiftly added under vigorous stirring to
yield a faintly yellow solution. The solution was stirred for 30 min at
room temperature during which its colour changed from yellow via red
to dark blue. The resulting dark blue AgNPL dispersion was stored at
4°C for 12 h. The dispersion was centrifuged at 5000 rpm for 90 min,
and the precipitate was washed with ultrapure water. The centrifu-
gation and washing were carried out twice. The final precipitate was
redispersed in 1 mL of ultrapure water to yield a concentrated AgNPL
dispersion used for the fabrication of SERS substrates.

Gold nanoparticle dispersions (HiQuant AUHQ40, >0.8 mg mL™1)
were obtained from Phornano and used as received.

2.3 | SERS substrate fabrication

For SERS substrate fabrication, aluminium foil was cleaned by ultra-
sonication in acetone for 15 min, followed by thorough washing with
ultrapure water and blow-drying with pressurized nitrogen gas. The
cleaned Al foil was attached to a glass slide with double-sided adhesive
tape for easier handling and to provide a flat sample surface. Drop-
cast deposition was carried out by depositing 50 pL of the AgNPL or
AuNP dispersion on the Al foil, and the substrate was left to dry at
room temperature under ambient atmosphere. After drying, the depo-
sition step was carried out a second time resulting in a total volume
of 100 pL of nanoparticle dispersion used per substrate. For compari-
son with the fabricated SERS substrates, commercially available SERS
substrates (Phornano 4n4SERS) based on gold nanoparticles on Al foil

were used.

2.4 | SERS substrate application for analyte
detection

Melamine and R6G were used as target analytes for the test of the
fabricated SERS substrates. Stock solutions of melamine and R6G
in ultrapure water (1000 ppm) were prepared and diluted with the
respective solvent to achieve the desired concentrations. Analyte
solutions of 10 uL were dropcast-deposited onto the active area of
the SERS substrate and dried at room temperature under ambient
conditions before performing Raman spectroscopy measurements.
The AEFs were estimated for the SERS substrates according to
Equation (1).1044 Here, Isgrs and Igs are the Raman signal intensities
under SERS conditions and without surface enhancement, respectively,
whereas csgrs and cgs represent the analyte solution concentrations
used for the measurements with and without SERS, respectively. In our
study, we used the peak areas of the measured Raman peaks as values

for ’SERS and IRS:

AEE — Isers/Csers (1)
Irs/Crs

The LODs of the investigated SERS substrates were determined
from the minimum peak area limit required for analyte detection, I op.

The peak area limit was calculated from the mean peak area measured
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FIGURE 1 (A) Transmission electron microscopy (TEM) images of the synthesized silver nanocrystals showing the different shapes of the
silver nanoplates. (B) Silver nanoplates arranged in a face-to-face aligned stack. (C) Histogram of the size distribution fitted with a Gaussian
distribution function as determined from 350 nanodiscs. Inset gives the mean diameter of nanodiscs, the mean length of nanoprisms and mean
width of the nanocrystals (average length and width of the vertically located nanoplates were calculated from 100 nanoparticles, analysed from
TEM micrographs). (D and E) TEM images of the used gold nanoparticles at different scales. (F) Histogram of the size distribution of spherical Au
nanoparticles fitted with a Gaussian distribution function determined from 270 nanoparticles. The inset gives the average sphere diameter.

for blank SERS substrates without analyte, Igjank, and the standard
deviation of the peak areas measured for the blank replicates, sgjank,
according to the following equation®*:

l.ob = Tgiank + 3 Sgiank (2)

From the peak area limit I op, the corresponding LOD in terms of
analyte concentration was calculated from the linear fit function deter-
mined from the measurements of different analyte concentrations on

the respective SERS substrates.

3 | RESULTS AND DISCUSSION
3.1 | Nanoparticle characterization

The morphological shapes and size distribution of the used Ag
nanoplates and Au nanoparticles were investigated by TEM. TEM
micrographs (Figure 1A) revealed the occurrence of nanocrystals of
different shapes in the synthesized AgNPL samples. Mainly disc-
shaped silver nanoplates were observed, whereas also a minority
of truncated prism-shaped nanoplates were present. The planar and
triangular shape nanoprisms tended to stand face-to-face together,
vertically upon their edges, which appear like rod-shaped nanoparti-
cles (see Figure 1B), an effect well known and previously reported.1648
The presence of lattice fringes confirms the high crystallinity of the
nanocrystals (Figure 1A,B). The silver nanodiscs exhibited an average
diameter of 38.3 + 9.6 nm (see size distribution in Figure 1C), whereas

the nanoprisms showed up to double the size. The Ag nanoprisms were
measured independently, and an average edge length of 37.8 + 11.0 nm
was determined. The mean thickness of the nanoplates was deter-
mined as 10.4 + 3.9 nm. Figure 1D,E shows TEM micrographs of the
gold nanoparticles (Phornano HiQuant AUHQ40). The particles dis-
played a spherical shape with an average diameter of the AuNPs of
38.6 + 7.6 nm as determined from the TEM micrographs (Figure 1F).
A very small fraction of particles with an ellipsoidal shape (as can be
observed in Figure 1D) were present as well.

The light absorption properties of the synthesized nanoparticles
were investigated via UV-Vis-NIR absorption spectroscopy. The nor-
malized absorbance spectra of the aqueous dispersions of the syn-
thesized AgNPLs and AuNPs, which were used to fabricate SERS
substrates, are shown in Figure 2A. The spectra of both materials show
distinct absorption peaks which can be related to the LSPR of the
nanomaterials. The absorbance of the gold nanoparticles shows a rel-
atively sharp peak centred at 530 nm with a tail extending towards
higher wavelengths. Although the AuNPs still show absorption at the
very frequently used Raman excitation wavelength of 785 nm, the
absorbance decreases to negligibly small values towards 1000 nm. The
Ag nanoplate dispersion shows a very broad LSPR absorption peak cen-
tred at a wavelength of 710 nm with a smaller shoulder at ca. 470 nm.
Although the AgNPLs in aqueous dispersion show strong absorption
at 785 nm, there is also still significant light absorption present at the
wavelength of 1064 nm. The dashed lines in Figure 2A represent the
absorbance spectra of films of the used AgNPLs and AuNPs deposited
by dropcasting the dispersions on glass substrates and fully drying the
resulting films. For both materials, a clear difference in comparison to
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FIGURE 2 (A) Normalized absorbance spectra of the silver nanoplates (AgNPLs) and gold nanoparticles (AuNPs) in aqueous dispersion (solid
lines) and of dropcast deposited films on glass (dashed lines). The dashed grey lines are guides for the eye and indicate the wavelengths of 785 and
1064 nm. (B) Scanning electron microscopy (SEM) micrograph of a SERS substrate surface after deposition of AgNPLs on Al foil. (C-E) Micrographs
of the SERS active spots of the substrates fabricated by dropcast-deposition of (C) AgNPL and (D) AuNP on aluminium foil and of (E) the
commercial 4n SERS substrate. The insets show photographs of the SERS active spots on the substrates.

their absorbance spectra in aqueous dispersion can be observed by
the strong broadening and extension of the absorption towards the
NIR region. The main, well-defined LSPR absorption peaks observed in
dispersion are only weakly apparent in the dropcast-deposited films.
This strong shift of the light absorption may be attributed to the
formation of clusters and aggregates of the Ag and Au nanomate-
rials during the drying of the dispersions upon dropcast deposition.
Aggregation of the nanocrystals may strongly affect their plasmonic
properties by inducing a shift of the spectral position of the LSPR
or inducing additional higher wavelength LSPR bands.*?:5° Addition-
ally, a significantly increased contribution of light scattering at the
formed clusters towards the apparent absorbance must be consid-
ered for the AgNPL and AuNP film spectra. Figure 2B shows the SEM
micrograph of the surface of a fabricated SERS substrate after the
dropcast deposition of AgNPL on aluminium foil. The SEM image shows
a distribution of small particles (<200 nm) as well as the occurrence
of larger clusters/aggregates of material with sizes of several hun-
dreds of nanometres. This observation corroborates the assumption
of nanoparticle aggregation as a cause of the strong spectral shift of
the absorption upon dropcast film deposition from the nanomaterial
dispersions.

Figure 2C-E shows micrographs and photographs of the SERS-
active spots of the investigated substrates. The substrates prepared by
the dropcast-deposition of AgNPL and AuNPs show a larger amount
of deposited material near the edges of the deposition area (coffee
ring effect) as compared to the central area of the deposition spot,
which appears to be slightly more pronounced for the AgNPL sub-
strates. However, both types of substrates also show a homogeneous

distribution of the deposited nanomaterials across the central area of

the SERS-active spot. The commercial 4n SERS substrates do not show
any coffee ring pattern in the confined SERS-active spot and show a
uniform and thick coverage of the Al foil support with SERS-active
material.

3.2 | Sensitivity of SERS substrates for detection of
melamine

Figure 3AB shows the background-corrected Raman spectra mea-
sured for aqueous solutions of melamine at the indicated concentra-
tions dropcast-deposited onto SERS substrates fabricated by the drop-
cast deposition of nanoparticles on Al foil as well as the commercial
AuNP-based SERS substrates (4n SERS) at 1064 and 785 nm excitation,
respectively. For comparison, the spectra measured for a 1000 ppm
solution of melamine deposited on pristine Al foil and for melamine
powder are shown. Figure 3A shows that all investigated SERS plat-
forms can detect melamine from solutions with a very low concen-
tration of 0.1 ppm melamine at 1064 nm excitation. This is evidenced
by the occurrence of the characteristic melamine peak observed at
684 cm~1 for AgNPL SERS and 709 cm~? for AUNP SERS substrates,
which can be assigned to an in-plane deformation vibration of the aro-
matic triazine moiety.>>*2 A shift of the peak from the position of
676 cm~1 measured for melamine powder and melamine on pristine Al
foil can be observed for the SERS samples. Similar shifts have been fre-
quently observed for the SERS-based detection of melamine and can be
attributed to the interaction of the molecule with the metal nanostruc-
ture and/or the presence of the melamine molecules in protonated or
neutral form.°13 For the AgNPL SERS substrate, the melamine peak
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(A) Background-corrected Raman spectra of melamine powder, melamine deposited from a 1000 ppm solution on Al foil and

0.1 ppm melamine solutions dropcast on the investigated SERS substrates, measured at (A) 1064 nm excitation wavelength (140 mW; 100
averaged scans) and (B) 785 nm excitation wavelength (108 mW, 32 mW for melamine powder; 1 s integration time, 10 averaged scans). The
spectra were averaged over three different measurement spots on the samples. For the sake of visibility of the other spectra, the Raman intensity

of the spectrum for melamine powder in (B) was divided by a factor of 8.

at a concentration of 0.1 ppm is clearly visible, whereas for the fabri-
cated AuNP SERS substrate, the peak shows a much broader shape and
a lower intensity which only barely overtops the noise level. For the
commercial AuNP-based substrate (4n SERS substrate), the melamine
peak shows a similar broad shape but with a significantly higher rela-
tive intensity and is clearly distinguishable from the noise level. As the
LSPR of the used AuNPs does not extend to a wavelength of 1064 nm
when measured in aqueous dispersion, we presume that the partial
aggregation of AuNPs into larger clusters occurs during the deposi-
tion of the AuNPs, which extends the LSPR absorption bands into the
NIR wavelength regime. Figure 3B shows that under excitation with a
785 nm laser, a similar detection sensitivity of 0.1 ppm melamine could
be achieved for the AgNPL-based SERS substrate and the AuNP-based
substrate. The peak intensities on both types of substrates are similar,
with a slightly higher peak intensity observed for the AgNPL sub-
strates. The commercial 4n SERS substrate shows a significantly higher
and broader peak for a concentration of 0.1 ppm of melamine. The AEFs
for the investigated SERS substrates in comparison to bare Al foil were
estimated from the peak areas of the characteristic melamine peaks on
Al foil (1000 ppm) and the investigated SERS substrates in Figure 3 and
the corresponding melamine concentrations, according to Equation (1).
The results are summarized in Table 1. All types of SERS substrates
show AEFs on the order of 10%-10* for melamine in comparison to
bare Al, which are comparable to literature reports.** For the compar-
ison with support materials like glass, the additional enhancement by
the Al substrate itself (AEF ~ 80-240 as reported in Ref. [39]) should be
considered.

It should be noted that despite the fabricated SERS substrates dis-
playing a slightly favoured deposition of the metal nanomaterials at the
edges of the SERS-active spots (coffee ring effect, see Figure 2C-D),
the substrates showed good Raman signal reproducibility when mea-
suring near the edge and across the central area of the SERS-active
spot, as shown in Figure S1. Although the raw Raman spectra with-
out background correction for AgNPL and AuNP SERS substrates

TABLE 1 Comparison of analytical enhancement factors (AEFs)
calculated for the investigated surface-enhanced Raman scattering
(SERS) substrates in comparison to bare Al foil for the measurement of
melamine.

Wavelength CMelamine Peak area
Substrate (nm) (ppm) (a.u.) AEF (103)
Al foil 1064 1000 0.080 -

785 1000 10,569 =
AgNPL 1064 0.1 0.051 6.4

785 0.1 1915 1.8
AuNP 1064 0.1 0.048 4.8

785 0.1 1210 1.1
4n SERS 1064 0.1 0.086 10.8

785 0.1 10,157 8.9

Note: Calculations are based on Equation (1) using the peak areas of the
melamine peak at 684-709 cm~! determined from Figure 3.

show higher intensities of the broad background signal when measur-
ing near the edge of the SERS-active area due to the larger amount
of deposited nanomaterials, the melamine peak intensities in the
background-corrected spectra show good consistency throughout the
different spots. For the commercial 4n SERS substrate, the raw Raman
spectra as well as the background-corrected spectra measured at dif-
ferent spots show little variation which can be related to a uniform
layer of SERS-active metallic material across the substrate.

To assess the applicability of the fabricated AgNPL SERS substrates
for the quantitative determination of analyte concentrations in com-
parison to the commercial 4n SERS substrates, both substrates were
used for the SERS-based detection of melamine deposited from aque-
ous solutions of various concentrations. Figure 4 shows the averaged,
background-corrected spectra measured for melamine deposited on

AgNPL SERS substrates from solutions with melamine concentrations
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FIGURE 4 Average background-corrected Raman spectra of a blank AgNPL SERS substrate on Al foil and of melamine deposited from
solutions with concentrations ranging between 0.1 and 10 ppm onto AgNPL substrates, measured at an excitation wavelength of (A) 1064 nm
(140 mW) and (C) 785 nm (108 mW). Integrated peak area of the melamine peaks centred at 687-710 cm~? plotted versus decadic logarithm of
the melamine concentration ¢pelamine Measured at excitation wavelengths of (B) 1064 nm and (D) 785 nm, averaged over three different spots on
the samples. The insets in (B) and (D) show the peak area versus concentration curves on a linear scale for the lower melamine concentrations and

the corresponding linear fit functions.

of 0.1-10 ppm measured at excitation wavelengths of 1064 nm
(Figure 4A) and 785 nm (Figure 4C). From the Raman spectra mea-
sured for the different concentrations, the peak areas of the melamine
peak were determined by integration for the spectra measured on
three different spots on the AgNPL SERS samples. The peak areas
plotted versus the decadic logarithm of the melamine concentrations
(Cmelamine) are shown in Figure 4B (1064 nm) and Figure 4D (785 nm).
The insets in Figure 4B,D show the plots of peak area versus melamine
concentration on a linear scale with linear fits of the data. For both
excitation wavelengths, a good linear correlation of the peak areas
versus the melamine concentration on a linear scale could be observed
in the lower concentration regime (0.1-1 ppm melamine) as shown by
coefficients of determination (R2) close to 1.

The averaged, background-corrected Raman spectra for melamine
solutions with different concentrations deposited on 4n SERS sub-
strates are shown in Figure 5A for 1064 nm and Figure 5C for 785 nm,
respectively. The corresponding peak area versus logarithmic concen-
tration diagrams are shown in Figure 5B (1064 nm) and Figure 5D
(785 nm). The insets of the graphs show the peak area versus linear
melamine concentration in the lower concentration range. For both
Raman excitation wavelengths, the peak areas showed an excellent

linear correlation with the melamine concentration in the lower con-

centration range for the 4n SERS substrate. The relatively small error
bars indicate the good spot-to-spot reproducibility of the SERS sig-
nal on the 4n SERS substrate. The linear fit functions of peak area
versus melamine concentration and the peak areas determined from
the replicates of the blank SERS substrate measurements in the same
wavenumber range were used to calculate the LOD for the detection
of melamine on AgNPL-based and commercial 4n SERS substrates,
as described in Section 2.4. The determined LOD values are summa-
rized in Table 2. At an excitation wavelength of 1064 nm, both the
AgNPL-based substrate and the 4n SERS substrate show similar LOD
of 63 and 66 ppb for melamine, respectively. At 785 nm Raman exci-
tation, the performance of the commercial 4n substrate surpasses the
AgNPL SERS substrate with an LOD of 8 ppb in comparison to 34 ppb
for the AgNPL substrate. These values for the LOD for melamine are
comparable to those reported by Gudun et al. (27 ppb) for AuUNP-Al
foil-based substrates*® and the melamine LOD reported for expensive,
high-performance Klarite SERS substrates (33 ppb) reported by Lin
et al.>* for excitation at 785 nm.

The results indicate that the fabricated AgNPL SERS substrate
shows a good applicability for quantitative melamine detection simi-
lar to the performance of commercial AuNP-based 4n SERS substrates.

The 4n SERS substrates showed slight superiority in terms of detection
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FIGURE 5 Average background-corrected Raman spectra of the blank 4n SERS substrate and of melamine deposited from solutions with
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melamine concentration Ciejamine Measured at excitation wavelengths of (B) 1064 nm and (D) 785 nm, averaged over three different spots on the
samples. The insets in (B) and (D) show the peak area versus concentration curves on a linear scale for the lower melamine concentrations and the

corresponding linear fit functions.

TABLE 2

Limit of detection (LOD) values (in parts per billion, ppb) calculated for the AgNPL-based surface-enhanced Raman scattering (SERS)

substrates and the commercial 4n SERS substrates as outlined in Section 2.4.

Substrate Wavelength (nm) Kgi (a.u. ppm~1)
AgNPL 1064 0.262

785 6342
4n SERS 1064 1.032

785 49,950

drit (a.u.) Tgjank (a.u.) SBlank (a.U.) LOD (ppb)
0.039 0.036 0.0065 63

1061 708 190 34
—0.0054 0.042 0.0069 66

4927 3404 637 8

Note: kg and d;; are the slope and intercept of the linear fit function of the peak area versus melamine concentration graphs measured for the substrates
(see Figures 4 and 5). Tgjank is the mean peak area determined from Raman measurements on the blank SERS substrates, and sg;, is the standard deviation of

the peak area values for the blank replicate measurements.

sensitivity at 785 nm excitation and spot-to-spot reproducibility of the

Raman signal.

3.3 | Damage threshold and storage stability of
fabricated SERS substrates

To assess the maximum laser power which the fabricated AgNPL-based

Al foil SERS substrates can sustain in comparison to the commercial

4n SERS substrates, measurements with a successive increase of exci-
tation laser power on the same measurement spot were performed
for both substrates. Melamine, which was dropcast-deposited onto the
substrates from solutions of 0.1 or 1 ppm, was used as a test ana-
lyte to assess if laser-induced damage of the SERS substrate occurred
as indicated by a non-uniform increase or decrease of the measured
SERS signal above the damage threshold laser power. The background-
corrected Raman spectra measured for AgNPL-based substrates and
4n SERS substrates at different laser powers at 1064 and 785 nm are
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FIGURE 6 Background-corrected Raman spectra of 0.1 and 1 ppm melamine solutions dropcast-deposited on (A and B) AgNPL-based SERS
substrates and (C and D) 4n SERS substrates, respectively, measured at increasing laser power at 1064 nm (A and C) and 785 nm (B and D) on the
same measurement spot. The insets show the integrated peak area of the characteristic melamine peak versus the excitation laser power fitted

with a linear function.

shownin Figure 6. In Figure 6C, a slight shift of the melamine peak posi-
tion in comparison to the other spectra can be observed, which may
be attributed to a difference due to the local presence of melamine
in protonated or neutral form®1°2 or interaction with residual traces
of water. The insets of the graphs in Figure 6 show the corresponding
integrated peak area of the melamine peak at 687-710 cm™! plotted
versus the excitation laser power. As evident from the insets, both SERS
platforms showed no deviation from the expected linear increase of
signal intensity with laser power over the whole available power ranges
of up to 400 mW at 1064 nm and 373 mW at 785 nm, respectively. We
attribute this extraordinarily high damage threshold and signal stabil-
ity to a heat sink effect of the Al foil substrate, enhanced by the thin
layer of noble metal nanoparticles, which allows the rapid dissipation
of the heat generated by laser absorption. This may effectively prevent
local thermal damage of the SERS substrate and the analyte molecules
and allows to perform Raman analysis with high laser powers, which
strongly benefits the obtainable analyte sensitivity.

In addition to the laser damage threshold, the ambient storage sta-
bility of the investigated substrates was tested by the measurement of
melamine on SERS substrates after different periods of storage under
ambient conditions (see Figure S2). All three substrates showed a good
reproducibility of the Raman signal measured on substrates after 14
days of ambient ageing in comparison to freshly prepared substrates.
After a total of 40 days of storage under ambient conditions, the

AgNPL substrates showed a loss of the enhancement effect, whereas

the AuNP-based substrates could still detect the same concentration of
melamine albeit with a clearly decreased signal intensity. The commer-
cial SERS substrates showed very good ambient storage stability with
the signal enhancement persisting for more than 280 days of storage.

3.4 | Sensitivity of SERS substrates for rhodamine
6G detection

To check the performance of the investigated SERS substrates for the
detection of analytes other than melamine, Raman measurements on
the substrates after deposition of the dye R6G from solutions in water
were carried out. The background-corrected Raman spectra for the
lowest R6G concentrations which were still detectable with the inves-
tigated SERS substrates are shown in Figure 7. For comparison, the
spectra of pristine R6G powder and of R6G deposited on plain alu-
minium foil from a 1000 ppm solution are shown. For the AgNPL-based
SERS substrate, a clear detection of the three main Raman peaks of
R6G at wavenumbers of 1309, 1362 and 1510 cm~2 could be observed
at concentrations as low as 0.1 ppm. For the commercial 4n SERS sub-
strate, the detection of the R6G peaks could similarly be achieved down
to concentrations of 0.1 ppm albeit with a slightly lower signal intensity
relative to the noise level. The AgNPL-based substrate and the 4n SERS
substrate thus show comparable performance in the detection of R6G
and melamine. The fabricated AuNP SERS substrate shows a worse

85UB017 SUOLULIOD BAITER.D 3|1 (dde U} Ag pausen0b a1 SN YO (38N JO S3IN1 0} ALRIQIT BUIUO A8]1MW UO (SUORIPUOD-PUR-SWLRY/WI0Y A8 1M AJed) 1B UO//SANY) SUORIPUOD PUe Swie L 8} 89S *[7202/20/.2] uo Ariqr auiiuo A|im ‘BISeAIUN J[de X Sauueyor AQ EE000EZ0 BSUR/Z00T OT/10p/w0d A1 Aeiq1jpuluo ado.ns-AisIweLd//sdny woiy papeojumod ‘ZT-TT ‘POz ‘Z5rS8292



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

344 Analytical Science Advances doi.org/10.1002/ansa.202300033

T T

T T
Rhodamine 6G, excitation: 1064 nm
[0.005 a.u.

R6G powder (x1/5)

WMMW%
A (\ 0.1 ppm on AgNPL substrate

1 ppm on AuNP substrate

Raman intensity / a.u.

0.1 ppm on 4n SERS substrate]

A et e A sl

1000 1200 1400 1600 1800 2000
Raman shift / cm™’

FIGURE 7 Background-corrected Raman spectra of rhodamine
6G (R6G) powder, R6G deposited from a 1000 ppm solution on Al foil
and 0.1 or 1 ppm R6G solutions dropcast on the investigated SERS
substrates, measured at 1064 nm excitation wavelength (140 mW,
100 averaged scans). The spectra were averaged over three different
measurement spots on the samples. For the sake of visibility, the
Raman intensity of the spectrum for R6G powder was divided by a
factor of 5.

TABLE 3 Comparison of analytical enhancement factors (AEF)
calculated for the surface-enhanced Raman scattering (SERS)
substrates in comparison to bare Al foil for the measurement of
rhodamine 6G at 1064 nm excitation.

Wavelength Peak area
Substrate (nm) Crec (PPM) (a.u.) AEF (103)
Al foil 1064 1000 0.087 -
AgNPL 1064 0.1 0.096 111
AuNP 1064 1 0.039 0.4
4n SERS 1064 0.1 0.040 4.6

Note: Calculations are based on Equation (1), using the peak areas of the
R6G peak at 1510 cm~1 (Figure 7).

performance for the measurement of R6G where the detection of the
characteristic peaks could be achieved only at 1 ppm or above. From
the peak areas of the R6G peak at 1510 cm~1, the AEFs for the dif-
ferent types of SERS substrates compared to bare aluminium foil were
estimated via Equation (1). The resulting AEFs are listed in Table 3.
In comparison to melamine, AEFs of similar magnitude are found for
the AgNPL SERS substrates and the commercial 4n SERS, whereas the
fabricated AuNP SERS substrates show a significantly lower AEF.

4 | CONCLUSIONS

In this work, we demonstrated the fabrication of SERS substrates
based on a simple dropcast deposition method of Ag nanoplates and

spherical Au nanoparticles on untreated aluminium foil. Due to the

choice of the used nanomaterials and a shift of their light absorption
properties towards the NIR upon dropcast deposition, we achieve an
excellent sensitivity of the substrates for the use with the NIR exci-
tation wavelength of 1064 nm. The fabricated SERS substrates show
a good performance for the trace detection of melamine and R6G at
concentrations of 0.1 ppm and below, with AEFs of up to 10% in com-
parison to bare aluminium foil. Furthermore, we demonstrated the
extraordinarily high laser excitation power tolerance of the fabricated
substrates, which showed excellent stabilities of the measured analyte
signals at excitation power of up to 373 mW at 785 nm and 400 mW
at 1064 nm. The simple fabrication, robustness and great suitability for
NIR excitation make the demonstrated SERS substrates excellent can-
didates for cost-effective chemical sensing applications, especially for
analytes which show photoinstability and/or fluorescence in the visible

wavelength range.
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