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A. Villar et al.
1. Introduction

Sulfites are a group of sulfur-based compounds used for centuries to
preserve wine and other foods. These compounds have been applied
since the ancient Romans to prevent the transformation of wine into
vinegar, and nowadays they are still used at different stages of the wine
production process due to their low cost and antimicrobial/antioxidant
properties. Sulfites are commonly added as gaseous sulfur dioxide (SO2)
dissolved in water (European food additive number E220), potassium bi-
sulfite (European food additive number E228) or potassium-
metabisulfite (European food additive number E224), although SO3 is
also generated in small concentrations during fermentation process as a
metabolic intermediate of the sulfate reduction pathway. During the
vinification process, the different chemical forms of SO, are known as
free or combined. The second one is more abundant than free SO-, but it
has less antioxidant properties. Free SO, is the gaseous and inorganic
fraction, while combined SO is the fraction linked to different organic
substances in wine such as acetaldehyde. Both fractions are in equilib-
rium depending on the pH, temperature, and composition of the wine.
The sum of both fractions is described as total SO5. Free SO, is the sum of
molecular sulfur dioxide (SO,), bisulfite ion (HSO3) and sulfite ion
(SO%’), where molecular SO, is the so-called active form, and the con-
centration of each one of the species in equilibrium depends on the pH
[23,7]. The application of excessive SO, must be avoided because it
produces undesired organoleptic reactions in the final product. On the
other hand, insufficient concentration of SO, does not protect the wine
against excessive oxidation or microbiological processes that affect
wine’s quality. From a health perspective, sulfites have been related to
asthmatic reactions, breathing difficulties or diarrhoea in a subset of the
population, mainly in asthmatics and in children [21,13]. In this
context, the final SOy concentration in wine was limited by the Inter-
national Organisation of Vine and Wine (OIV) at 400 mg/1 for white
wines and 150 mg/1 for red wines.

The most common international standard methods (Compendium of
International Methods of Wine and Must Analysis-OIV) for the deter-
mination of sulfites in wine are the Moinier-Williams method (OIV-MA-
AS323-04A) and the iodometric Ripper method (OIV-MA-AS323-04B).
The first one is an acid-base titration method that requires the conver-
sion of sulfites to SO, gas. This method, which is time-consuming, de-
pends on the analyst’s skills and requires a large volume of sample. In
the second method, free sulfur dioxide concentration is determined by
direct titration with iodine and the combined sulfur dioxide concen-
tration is determined by iodometric titration after alkaline hydrolysis.
This method is affected by the matrix and shows reproducibility prob-
lems. There are other standard methods based on electrochemical
enzymatic detection [43] or an ion exclusion chromatographic method
(AOAC official method 990.31), but both are too expensive and time-
consuming. The relevant literature shows examples of alternative
methods applied for sulfites quantification in wine based on para-rosa-
niline-formaldehyde photometric method [42], voltammetry [27,12],
suppressed ion chromatography [35], Flow Injection Analysis (FIA) [9],
Membrane Less Vaporization Unit (MBL-VP unit) using a Paired Emitter-
detector Diodes and (PEDD), Coupled Contactless Detector (C4D) [15],
microanalytical flow system with gas-diffusion membrane and pH ion-
sensitive field effect transistor [8], and Surface-Enhanced Raman Spec-
troscopy (SERS) [4,3,18]. Raman spectroscopy and, in particular SERS,
has been previously applied not only for sulfites quantification but also
for wine quality control [30], fermentation process monitoring [38],
wines discrimination [17], chemical profiling determination [22], and
mycotoxins (Ochratoxin-A) detection [24]. The exhaustive control
required for the correct wine production needs many chemical analyses
throughout the process. Therefore, in this context, SERS is one of the
most promising techniques providing good sensitivity and specificity.
Through this technique, it is possible to achieve very high sensitivities
approaching the target of single-molecule detection with an enhance-
ment factor up to 10® when the target molecules are in proximity or
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absorbed onto different morphologies of some metal surfaces, graphene
or semiconductors, in which metal surfaces such as gold or silver
nanoparticles (NP) [41], or nanostructured metal surfaces [16,34,33]
have been extensively utilized. The signal enhancing effect produced by
the plasmon-active surface has been mainly attributed to two mecha-
nisms: the Chemical Mechanism (CM) and the Electromagnetic Mecha-
nism (EM) [37]. The first one relies on the modifications in the
electronic structure of the target molecules adsorbed on the metal sur-
faces. In this way, some selective Raman peaks are enhanced [2]. On the
other hand, the EM is produced by the enhancement of the electro-
magnetic field in the proximity of the rough metallic surface, enhancing
both incident and scattered lights by many orders of magnitude [26].
The most widely used SERS platforms are aggregates of Au and Ag NPs
induced by metal salts (Cl ™, SO%_, and NO3). Even though, the difficult
reproducibility of SERS can be a drawback for quantification purposes,
different approaches have been developed to ensure the reproducibility
based on different NP shapes, chemical functionalization of the NPs,
microfluidic devices, or the fabrication of SERS substrates among others
[28,40,36]. Herein, a commercial Au nano/sub-microstructured sub-
strate has been employed to ensure the reproducibility and easiness of
use. Unfortunately, SERS has not been widely applied as a laboratory
routine quantitative technique because of reproducibility problems,
particularly when colloids are used as substrate, in which lack of
reproducibility is associated with the final shape, size and distribution of
the metal clusters generated during colloid aggregation [29,25].

Currently, under the premise of Industry 4.0 and the emergence of
Internet of Things (IoT) a reliable sulfite monitoring method must fulfill
the following requirements: (i) it should be accurate, (ii) simple to use
(without any kind of pre-treatment), (iii) cost-effective, and (iv) suitable
for in-field measurements in such way that the device could deliver the
results to a web data management platform. The technological advances
related to SERS tools in recent years have led to the development of
affordable portable SERS devices and the commercialization of SERS
substrates that avoid the time-consuming synthesis process of free NPs
or NPs-coated substrates, thus enhancing the reproducibility of the
method. Considering these advances, SERS is postulated as a promising
technology for real-time wine quality and safety monitoring fulfilling
the previously defined requirements.

The main goal of this work is to carry out a feasibility study of a new
methodology for free SO, content monitoring based on SERS spectros-
copy with the use of a laboratory Raman spectrophotometer. This work
includes (i) a theoretical study based on a first-principles calculation of
the Raman signal to identify the most active Raman vibrational modes of
each equilibrium species that constitute free SO, at different pH; (ii) the
development of a laboratory measurement protocol for SERS charac-
terization considering technical requirements to transfer the method-
ology to a portable SERS detection module for on-site applications; and
(iii) a multivariate calibration procedure for sulfites-free quantification
bearing in mind the results obtained from the theoretical identification
of the relevant molecular vibrational fingerprints. This methodology
should be further expanded to spiked wine samples and real wine
samples to check its suitability for in-field real scenarios environments.

2. Materials and methods
2.1. Raman spectrophotometer

All the SERS spectra were collected with a Renishaw (Gloucester-
shire, UK) in Via confocal Raman Microscope equipped with a near-
infrared excitation laser of 785 nm and maximum power of 180 mW
in the sample. The Raman microscope is designed to collect the back-
scattered signal employing a 1200 lines/mm grating and a charge-
coupled device (CCD) detector. Besides, a wide variety of different ob-
jectives from Leica (Wetzlar, Germany) is mounted on the microscope.

SERS measurements were carried out using the J12853 Au nano/sub-
microstructured substrates from Hamamatsu (Shizuoka, Japan) to
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ensure reproducibility and an easy manipulation of the samples. The
substrates comprised nanoimprinted polypropylene coated with a thin
gold film. According to the manufacturers, these substrates contain a
well-established structure to facilitate attaching the solution and no
sample preprocessing is required. In addition, due to the Au nano-
structure, the Raman excitation wavelength used is 785 nm.

2.2. Free SOz aqueous solutions

As shown in Equation (1), sulfur (IV) oxoanions and sulfur dioxide in
aqueous solution experiment a pH-dependent equilibrium reaction in
which the following chemical species are involved: sulfur dioxide (SO3),
sulfurous acid (H»SO3), bisulfite ion (HSO3) and sulfite ion (SO%’). The
concentration of each species depends on the pH of the medium, and it is
defined by the equilibrium constants K; (1,6 x 102 mol dm ) and K,
(1,0 x 1077 mol dm~3) [14]. At the usual pH of wine (2.8-4.0), the
major specie present in the medium would be the bisulfite ion.

SO, + Hy0 <5 HSO; + H0" <2802 +2H,0" 1

A multivariate calibration process was performed to relate the con-
centration of the different species in the equilibrium reaction with the
complex structure of Raman peaks obtained in SERS spectra. To that
end, the following aqueous solutions of potassium metabisulfite
(K2S205) > 98% (Sigma Aldrich) were prepared at pH 3 and pH 6: 5 mg/
1, 25 mg/1, 50 mg/1, 75 mg/1, 100 mg/l, 150 mg/l and 250 mg/l. The
samples at pH 6 are those obtained directly by dissolving potassium
metabisulfite in distilled water (Milli-Q). Samples at pH 3 were obtained
from samples at pH 6 by adding chlorohydric acid 37% reagent grade
(Scharlau) until obtaining the desired pH. Potassium disulfide in
aqueous solution undergoes the reaction in Equation (2), so the ratio of
potassium metabilsulfite to sulfite ion is 1:2.

K2S,05 4+ H,0 — 2K* + 25032 + 2H* 2

Therefore, the calibration range for free SO, monitoring will be
defined between 10 and 500 ppm. As a simple aqueous solution is
considered, it is assumed that there is no combined SO, and all the added
metabisulfite is as free SO,. According to Equation (1), depending on the
pH of the aqueous solution, the concentration of the species that
contribute to free SO, changes.

2.3. Raman theoretical study

The simulated Raman spectra of the molecules SO, SO3 2 and HSO3
can be obtained from Density Functional Theory (DFT) calculations of
their key vibrational properties: vibrational frequencies, vibrational
populations, and Raman tensors. For HSO3 ~ the two existing isomers in
solution were considered: one with the hydrogen atom bonded to one
oxygen atom referred to as HOSO3, and another one with the hydrogen
atom bonded to the sulfur atom referred to as HSO3. Based on these
calculated quantities, one can obtain the total differential Stokes Raman
scattering cross section for a scattering angle perpendicular to the
incident light beam and the incident polarization. For a given vibra-
tional mode k with frequency wy, the total differential Stokes Raman
scattering cross section (42) is given by [19]

do (0, —an)* ([ _
(d_Q) :m a i+ 74 )|(1+ni(T)) 3)

where wj, is the frequency of the excitation light, a7 and Z}% are the
isotropic and anisotropic invariants of the Raman tensor of the vibra-
tional mode k, respectively, and nP(T) is the thermal population of the
vibrational mode k at temperature T. ¢, is the permittivity of vacuum
and c is the speed of light in vacuum. In this work, we use a temperature
of 298 K and an excitation light of wavelength 785 nm.

In order to simulate the chemical environment of SO, SO%’, HOSO3
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and HSOj3 in the SERS experiment, we compute the Raman spectrum of
the complexes formed by these molecules bound to a tetrahedral gold
cluster of 20 atoms. This chemical model configuration accounts for the
contribution of the chemical mechanism to the enhancement of the
molecular Raman signal observed in the SERS experiment. In addition,
water molecules are explicitly included in the simulations to account for
the effects of the solvent on the Raman spectra: 6 water molecules for the
SO,-Auyg and 8 water molecules for SO%’Augo, HOSO3 -Auyy and HSO3 -
Auyg These models are referred as X-Augg, with X = SO (H20)e, SO% -
(Hzo)g, HOSOE (Hzo)g and HSOE (Hzo)&

The same tetrahedral gold cluster was used, Auy, optimized at the
DFT level using the exchange—correlation functional B3P86 and the
LANL2DZ basis set [6] for all the complexes. On top of this gold cluster
structure, we add the sulfur-based compounds and the water molecules
and carry out a constrained optimization of the X-Aup, complexes
freezing the atomic positions of the gold atoms and solely allowing the
atomic positions of X to relax. The B3LYP exchange—correlation func-
tional [1] was applied to optimize the X-Auyy complexes. To account for
the noncovalent interactions between the molecules and the gold clus-
ter, we add the empirical dispersion D3 of Grimme [10] with the
damping function of Becke and Johnson [11]. The basis set 6-311G++
(d,p) was applied to characterize sulfur, oxygen and hydrogen atoms,
and for the gold atoms the LANL2DZ was used as a basis set. The
vibrational frequencies and Raman tensors were computed using the
same exchange—correlation functional and basis sets. Vibrational fre-
quency analysis does not reveal any imaginary frequency confirming
that all structures corresponded to situations of energy minima. All
calculations presented in this work were carried out with the code
Gaussian 16 Rev B.01 (Gaussian 16, Revision B.01l. Gaussian, Inc.,
Wallingford CT).

2.4. SERS characterization

According to the SERS substrate manufacturer’s instructions, 5 pl of
the solution was dropped in the active area of the substrates and the
laser beam was focused to the center before spectra collection. The
previously calibrated equipment was set to launch 80 mW of power (50
% of the maximum power) for 10 s of acquisition time. A 5X objective
with a 0.12NA was employed to focus the sample. The spectra were
recorded from 100 cm ™! to 3200 cm™!. Every measurement was repli-
cated three times.

2.5. Multivariate data analysis

Multivariate data analysis was applied to correlate the information of
the vibrational fingerprints from particular spectral ranges in the SERS
spectra with the free SO5 concentration of K3S205 aqueous solutions at
pH 3 and 6. To optimize the spectroscopic information, different types of
pre-processing methods and combinations were applied to the spectra
such as baseline removal, Moving Average and Savitzky-Golay (SG)
smoothing, Multivariate Scatter Correction (MSC), Standard Normal
Variate (SNV) or derivatives. Once the pre-processing strategy was
defined, the next step was the development of the calibration model. The
mathematical model was developed by Partial Least Square Regression
(PLSR). This regression technique has been previously applied by other
authors for wine quality monitoring in Raman/SERS spectroscopy
[38,30,5,41]. Then, the Martens Uncertainty test for variable selection
was applied to the mathematical model. This is a cost-effective method
proposed by Westad & Martens, that applies the principle of Jack-
Knifing for estimating standard errors of the regression coefficients in
the PLSR [39]. This method gives good results with a reduced number of
samples, compared to other variable selection methods such as an in-
terval Partial Least Square Regression (iPLS) or Genetic Algorithms
(GAs) that work better with more samples [31,32]. By application of the
Martens test, regression coefficients of the mathematical model are
divided by their estimated standard errors to give test-t values for testing
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the significance of the variables used in the model. The PLSR model was
then redone using only the spectroscopic variables selected by the
Martens test. Considering the limited number of available samples, the
validation of the models was carried out by the leave-one cross-valida-
tion method. The calibration model performance was assessed according
to the statistical parameters obtained from the validation such as the
coefficient of determination (r?), Root Mean Square Error of Cross
Validation (RMSECV), Standard Error of Cross Validation (SECV) and
Bias. The optimum number of Latent Variables (LVs) of the model was
selected considering the variation of RMSECV with the number of LVs.

The data analysis was carried out with The Unscrambler X ver. 10.5
software (CAMO Software AS, Oslo, Norway) and with a script devel-
oped in the R software implemented in the hyperSpec package.

3. Results and discussion
3.1. Identification of the target Raman peaks

To identify the most representative Raman lines of all the chemical
species that contribute to the total concentration of free SOy (Eq. (1)—
(2)) in the SERS measurements in water, the Raman spectra of the
complexes X-Auy is calculated, Fig. 1. From these spectra the wave-
numbers of the stretching and bending vibrational modes of the selected
molecules are identified, namely SO, SO%’, HOSO3, and HSO3 ~ in the
complexes X-Auyg as shown in Table 1. For the sake of simplicity, the
wavenumbers of the bending modes of the water molecules that appear
between 1615 cm ™! and 1743 cm™! in all the studied complexes are

X-Auzo; X=50,(H,0)s, SO;%(H,0)5 HOSO, (H,0)5 HSO; (H,0),
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omitted.

In the spectra of SO, (H20)e-Augg, and SO% ~ (H20)g-Auy (Fig. la
and Fig. 1b and Table 1) it is observed a number of Raman lines between
465 cm ! and 612 cm ™! corresponding to the 0—S—O bending modes,
and a group of lines at higher wavenumbers ranging from 917 cm™! to
1278 em™!, corresponding to the S—O stretching modes. The two
spectra are dominated by the Raman lines of the S—O symmetric
stretching mode at 1145 cm™! for SO, (H20)g-Augg and at 918 cm ™! for
S03%~ (H20)g-Auyg, which are selectively enhanced as compared to the
same Raman lines of the molecules without the gold cluster. For SO»-
Auy, the Raman line of the S-O symmetric stretching is enhanced by a
factor of 10 (compare relative strengths in Fig. Sla and Fig. S1e) due to
the interaction of the molecules with the gold cluster. For S0% ~-Auy the
resonances of the cluster enhance the Raman line of the S-O symmetric
stretching almost by a factor 107 (compare Fig. S1b and Fig. S1f). Thus,
it is expected that the position of the Raman lines of this mode changes
rapidly with the pH of the sample. For HSO3 (H50)g-Auyg (Fig. 1d), Itis
noticed that the interaction of HSO3 with the gold cluster almost
exclusively enhances the Raman line of the S-H stretching mode at 2378
cm ™}, that is one order of magnitude more intense than the rest of the
modes of the molecule (compare Fig. S1d with Fig. S1h).

The theoretical analysis of the Raman spectra of the complexes X
-Augyg, reveals that the most prominent features for the determination of
all the chemical species that contribute to the total concentration of SO
are the Raman lines of the S—O stretching modes, the O—H stretching
modes of HOSO; and the S—H stretching mode of HSO3. In order to
correlate the concentration of SOz, SO3%~, HSO3 with the intensity of the

Fig. 1. Simulated Raman spectra of SO, (H20)s-Auyg,
503 2- (HgO)g-Ango’ HOS()27 (Hzo)g-Allzg and HSO37
(H50)g-Auyp. The Raman absolute differential cross-
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benting stretching tween 400 cm ™! and 3200 cm ™! calculated at B3LYP-
D3(BJ)/6-311G++(d,p)/LANL2DZ level. a) Raman
6 T T T T it BAEREE R i spectrum of SO, (HZO)6'Au20; b) SO%’ (H50)g-Aug; €)
‘a) I i : : SOZ(HZD)E‘A‘JZU- H08027 (HZO)S'AHZO; and d) HSO{,'i (Hgo)g-Auga The
F X ¥ - 1 green and blue dashed lines highlight the spectros-
3t I I - i 1 copy working ranges 770-1700 cm ! and 2000-2400
- 1 " ! : 4 em ™, respectively.
" 1 1
L 2 : J
PR U1 N e fovais i ....... Pecssanasiaa, 1as
— 8.10° ; : i
|.
—
™ 4- 10
=
’_U
™
| 0 T
- 3.0, i
=L : 1 H
s -C) | " ! 1 HOSO,(H,0)5-Au2
"‘\:5 :E‘J:, - . o : H -
15+ | 1 ! i SOH 1
L i | 1 : stretching J
1
. 1 1 ]
- . " <
0 .n..J\.AhJL.m ........... N P i A P P
-d) . 4 ! 5 X o
X | : i ! HSO3"(H;0)s-Au20]
L | . i ! ]
5t . I ' ' S-H 1
r ] 1 } stretching ]
[ ‘ | : i ]
1 4 F

§00

800 1200 1600 2000 2400
Wavenumber/cm !
| - _J | J

770-1700 cm™

2000-2400 cm™®



A. Villar et al. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 300 (2023) 122899
Table 1

Calculated vibrational wavenumber of SO, (H20)6-Auyg, SO3 2= (H20)s-Augp, HOSO; (H20)g ~Augo and HSO3 (Hp0)g-Augo, The vibrational frequencies at B3LYP-D3
(BJ)/6-311G++(d, p)/LANL2DZ level were computed. First column: Chemical formula of the studied complexes. Second column: assignment of the vibrational modes
where v, 1, and § stand for the symmetric (Sym.) stretching, asymmetric (Asym.) stretching and bending modes, respectively. Third column: Description of the
vibrational modes. Fourth column: Calculated wavenumbers in cm ™. The vibrational modes within the spectroscopic ranges used to develop the multivariate model in
section 4.2 are highlighted. The rows colored in green, and blue contain the vibrational modes in the spectroscopic ranges from 770 cm ! to 1400 cm ™, and from 2000
em™! to 24007! respectively.

Complex Assignment Description Wavenumber (cm'1)
Vv, (S—0) Asym. stretching 1278.45
vs(S —0)
S0, (H20)6-Auyg 8(S—0) Sym. stretching 1145.12
Bending 532.40
Vv, (S—0) Asym. stretching 1048.13
Va(S —0)
vs(S —0) Asym. stretching 976.13
) 6(s-0)
S0;7 (H,0)s - 5(s-0) Sym. stretching 917.83
Auy, 8(s-0) Bending 611.90
Bending 493.43
Bending 465.77
v(0 — H) Stretching 2258.18
Va(s - 0)
V(S — 0) Asym. stretching 1014.46
vs(S —0)
5(s-0) Sym. stretching 982.62
. 6(S-0) .
HOSO, (H,0)s - 5(s - 0) Sym. stretching 820.31
Augo 5(s-0) Bending 579.06
Bending 463.79
Bending 440.41
Bending 432.34
v(S—H) Stretching 2378.45
Vo(S—0)
V(S —0) Asym. stretching 1223.31
6(s—0) .
8(s - 0) Asym. stretching 1194.63
‘(’;((g __g)) Bending 1125.05
6(s-0) Bending 1107.05
6(S-0)
HSO; (H20)s - Sym. stretching 1020.53
Auyg Bending 605.39
Bending 490.11
Bending 477.59

spectral fingerprints in the SERS measurements, there are developed in
the following section a multivariate model selecting specific spectro-
scopic ranges, where it is adopted the following criteria: i) the spectral
range must include the relevant Raman fingerprints of the analyzed
molecules as revealed by the simulated spectra; ii) the spectral range
must expand over a narrow wavenumber window to keep the level of
noise of the multivariate model to a minimum. By following these
criteria, two spectroscopic ranges are selected: one from 770 cm™! to
1700 cm ™! that includes the S—O stretching modes (Table 1 green rows;
Fig. 1 region between the green dashed lines), and other from 2000 cm?
to 2400 cm™! that includes the O—H and S—H stretching modes
(Table 1 blue rows; Fig. 1 region between the blue dashed lines).

3.2. Optimization of calibration model performance

The first step in the processing of the experimental SERS spectra was
to attenuate/ remove the undesirable baseline effect employing 4S Peak
filling Algorithm (hyperSpec package). According to the results obtained
in Section 3.1, the spectroscopic working range of 770-1700 cm™' +
2000-2400 cm ! was selected. The most appropriate mathematical pre-
processing strategy was then defined, which consisted of (1) smoothing
Savitzky-Golay (size = 11, polynomial order = 2) to remove the spec-
troscopic noise of the experimental data; (2) SNV to correct multipli-
cative effects of spectra, and finally (3) centering of all spectra. Fig. 2a
and Fig. 2b show representative raw SERS spectra at pH 3 and pH 6
respectively and, Fig. 3a and Fig. 3b show SERS spectra after applying
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the chosen pre-processing strategy (Fig. S3a/S3b and Fig. S3c¢/S3d
shows the spectra obtained after baseline removal and smoothing by
Savitzky-Golay process at pH3 and pH6 respectively). The most signif-
icative changes between them are due to the application of SNV. The
main effect of SNV is to center the data at the average level of the
spectrum and scale the data to unit variance [44]. Basically, the
resulting processed spectrum appears centered at zero and shows a
variation of approximately —2 to +2 on the vertical scale.

Considering the number of available samples, the validation of the
calibration models was carried out by leave-one-out cross-validation.
Table 2 shows the performance of the multivariate calibration models
with and without the Martens Uncertainty test variable selection method
at pH 3 and pH 6. Results show how the main statistics related to the

—— 50ppm 1
—— 50ppm 2
—— 50ppm 3
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model’s performance have been improved by the Martens test: 12 in-
crease from 0.757 to 0.904 at pH 3, and from 0.842 to 0.915 at pH 6.
SECV decreases from 82.02 to 51.50 at pH 3 and from 66.44 to 47.71 at
pH 6 reducing the prediction error of the models, and the number of LVs
drops from 4 to 3 at pH 3 and from 4 to 2 at pH 6. With the use of this
method, it has been possible to remove non-informative variables
decreasing the error of the model and improving its robustness with a
smaller number of LVs. Fig. 4a and Fig. 4b show the correlation between
the predicted and the reference values of free SO of the models obtained
after applying Martens test at pH 3 and 6, including a description of all
statistics obtained after cross-validation and the number of LVs (factors)
used in the model. Fig. 5a and Fig. 5b show the variation of RMSECV
with the number of LVs (factors) at pH 3 and 6, where the minimum
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Fig. 2. Raw SERS spectra at pH 3 (a) and pH 6 (b).
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Fig. 3. SERS spectra at pH3 (a) and pH6 (b) after pre-processing process
(smoothing Savitzky Golay + SNV -+ centering).

value of RMSECV, hence the optimum number of LVs of multivariate
models, corresponds to 3 and 2, respectively. Results show how the
combination of the selected spectral range obtained from theoretical
calculations with the variable selection guided by the Martens tests
provides a good approach, pointing out the potential of the model to
predict the concentration of free SO2 in certain samples of wine.

Fig. 6a and Fig. 6b show the most significant regression coefficients
(highlighted in red) calculated by Martens test at pH 3 and 6 respec-
tively. As expected, the results obtained are not the same, because the
concentration of the chemical species that contribute to free SO, varies
as a function of pH. According to these results, Table 3 shows the most
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significant variables selection (Raman peaks) done by the Martens test at
pH 3 and pH 6. At pH 6 the main species in equilibrium would be HSO3
and SO%’, with a residual contribution of SOs. Therefore, it is expected
that the selected variables will be related to the above-mentioned
compounds. Taking as a reference the theoretical study described in
Section 3.1, it is described that bands between 1048.72 and 1047.77
em™! and 973.06-968.09 cm™! could be linked with the asymmetric
stretching modes of SO3~. Likewise, bands at 2365.81-2350.45 cm ™!
can be associated with the stretching mode (S—H) of HSO3, and bands
between 1242.89 and 1217.17 cm ™! and 1164.41-1155.09 cm ™" could
be linked with the asymmetric stretching mode (S—O) of HSO3. In
addition, bands between 2255.63 and 2251.13 cm™! can be related to
the stretching mode (O—H) of HOSO; and bands between 989.06 and
983.66 cm ™! 800.60-799.60 cm ! would correspond to the symmetric
stretching (S—O) of HOSO5.

Following the same approach, at pH 3 the main species in equilib-
rium would be SO; and HSO3. Thus, it is expected that selected variables
will be related to them. Once again, taking as a reference the theoretical
study, it is described that the bands between 1275.12 and 1236.53 could
be assigned to the asymmetric stretching mode of SO,. Similarly, the
bands between 2259.27 and 2258.53 cm ™! and 1225.45-1210.64 cm !
are probably related to the stretching mode (O—H) of HOSO3 and
asymmetric stretching mode (S—O) of HSO3, respectively.

Finally, relevant bands associated with active vibration modes of
water are observed in the calibration models. At pH 6 the bands between
1700.22 and 1696.03 cm™', 1693.51-1681.76 cm™!, and
1669.14-1644-64 cm™! could be assigned to the bending mode
(H—O—H) of Hy0 in: SO3~ (HyO)g-Augg, HSO3 (H20)g-Auz and
HOSO3 (H20)g-Auy. Likewise, at pH 3 the bands between 1694.05 and
1683.93 cm™!, 1672.95-1671.25 cm !, 1661.08-1657.69 cm ',
1645.79-1636.43 cm ™, and 1621.06-1617.64 cm ™" could be assigned
to the bending mode (H—O—H) of H30 in: SOy (H20)g-Auyy, HSO3
(HzO)g-AUzo and HOSOE (HgO)g-AUzo.

In summary, the theoretical calculations carried out to identify the
Raman active vibrations of the different molecules involved in the
chemical equilibrium of free SO, in an aqueous solution provides an
excellent input for the selection of variables for multivariate data
analysis. This selection of spectral bands can be additionally improved
by means of a Martens test, which provides a more robust output in
terms of selected spectral ranges contributing to the prediction model.

4. Conclusions

The results obtained in this work show the feasibility to monitor the
free SO, content in aqueous solution at different pH by the SERS
methodology described here. The protocol followed in this work in-
tegrates the theoretical study reflecting the Raman active vibrations of
molecules alongside their expected frequencies and contribution to the
Raman signal with a multivariate data analysis that takes this theoretical
information as an input for initial variables selection. The described
route should be the basic step for sensing-based applications, more
specifically for those based on Raman scattering or infrared absorption
spectroscopies in which the target molecules have well defined finger-
prints associated with their environment, symmetry, and vibrational
selection rules. Thus, multivariate data analysis, required to handle the
complex spectra information, works from the solid base of knowledge

Table 2
Performance of the multivariate calibration models with and without the Martens Uncertainty test at pH 3 and 6.
pH Variable Selection r? RMSECV SECV Bias LVs
3 Theoretical (Section 4.1) 0.757 80.627 82.020 9.677 4
Theoretical + Martens test 0.904 50.509 51.503 4.988 3
6 Theoretical (Section 4.1) 0.842 64.956 66.445 —3.820 4
Theoretical + Martens test 0.915 47.566 48.714 —1.546 2
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enhancing the output model.

Although this methodology must be optimized to improve aspects
such as the prediction error, it can be a useful tool for on-site monitoring
in industrial applications, where for a rapid diagnostic a semi-
quantitative technique can be very helpful. In this context, the aim of
developing SERS methodology is not to reach the accuracy and precision

Table 3

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 300 (2023) 122899

features of Moinier-Williams or Ripper standard methods but to offer the
possibility of a rapid and easy method that allows for monitoring for fast
corrective actions. This methodology has been conceived to be used by
nonspecialized personnel, not requiring any complex sample pre-
processing, just take out an aliquot of the sample, deposit it on the
SERS substrate and measure. The reproducibility problems associated
with SERS technique are mitigated using commercial SERS substrates,
avoiding the synthesis of AuNPs colloids. Regarding the equipment
costs, nowadays there are on the market cost-effective portable Raman
spectrophotometers with acceptable performance that can be used for
this type of applications. The future trend of Raman/SERS technology is
that the equipment manufacturing cost will decrease as technological
advances progress, providing a lower retail price, making their imple-
mentation in the industry increasingly attractive.

Future work should be focused on transferring the methodology to
portable Raman devices and performing a multivariate calibration with
wine samples. Whilst 97% of the liquid in wine is water and ethanol, the
remaining 3% contains hundreds of discrete molecules from acids and
sugars to aroma and phenolic compounds. It constitutes a quite het-
erogeneous composition which could probably provide a strong spectral
interference. It would need an exigent calibration process in which the
optimal bands for sulfite detection may be modified. During the cali-
bration process, it would be necessary to characterize as many samples
as possible, which would allow not only to obtain a more robust cali-
bration model, but also to perform a more representative validation with
a prediction test set. Similarly, by characterizing more wine samples, it
would be possible to use other more powerful variable selection
methods (e.g., iPLS or GA), which will allow us to obtain better cali-
bration results.
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The most significant spectroscopic variables determined by the Martens Uncertainty tests. Variables in bold coincide with those determined through the theoretical

study in Section 3.1.

Parameter Most Significant Variables (cm™')

SO, freeatpH3  2283.98-2279.52, 2259.27-2258.53, 2230.86, 2208.22-2204.44, 2201.41-2196.11, 2157.27-2143.48, 2084.82-2084.04, 2074.71-2073.93, 1694.05-1683.93,
1672.95-1671.25, 1661.08-1657.69, 1645.79-1636.43, 1629.60-1625.33, 1621.06-1617.64, 1497.26-1486.73, 1462.96-1459.43, 1310.70-1305.24,
1290.66-1281.52, 1275.12-1236.53, 1225.45-1210.64.

SO, freeatpH6  2365.81-2350.45, 2315.50-2310.35, 2255.63-2251.13, 2203.86-2198.58, 2097.93-2095.61, 1700.22-1696.03, 1693.51-1681.76, 1669.14-1644-64,

1636.16-1622-57, 1614.91-1614.06, 1545.42-1525.52, 1483.71-1481.09, 1471.46-1466.32, 1415.04-1413.27, 1373.21-1358.89, 1322.02-1320.21,
1306.65-1296.78, 1284.88-1279.42, 1268.49-1254.71, 1242.89-1217.17, 1164.41-1155.09, 1086.62-1083.78, 1048.72-1047.77, 989.43-983.66,

973.06-968.24, 800.60-799.60.
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