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ABSTRACT 

A simple HPLC-EC method based on hydrophilic interaction liquid chromatography 

with amperometric detection through gold screen-printed electrodes has been developed 

and applied for the first time to the determination of aminothiols in white wines. 

Moreover, the coupling of the method with partial least squares discriminant analysis 

(PLS-DA) using the analysed aminothiols as biomarkers provides wine discrimination 

in terms of harvest year. White wine samples were directly injected and 

chromatographic areas, together with pH and redox potential values, allowed a 

successful discrimination of wines from different harvest years with a global 

classification rate of 97.8%. The developed HPLC-EC method also generated 

characteristic fingerprints that were combined with PLS-DA to classify wines according 

to three wine varieties, with a global classification rate of 95.3%.  

 

Keywords: HILIC; electrochemical detection; gold screen-printed electrode; 

aminothiols; wine analysis; partial least squares discriminant analysis 
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1. INTRODUCTION 

In recent years food quality and food authentication have become one of the most 

important aims for food industry and society since consumers give more value to the 

quality and origin of food products. Thus, labels like Protected Designation of Origin 

(PDO), local products and ecological products have gained more and more importance 

and status.  

In this sense, one of the products in which these quality labels have been historically 

most valorised is wine. Regarding wine quality, both quality producers and final 

consumers usually pay special attention to sensory aspects that are usually related to 

wine variety, aging processes, style and aroma. In this sense, small soluble aminothiols 

such as glutathione, cysteine and related compounds have been reported as important 

biomarkers involved in the protection of white wines from both browning and losses of 

flavour and aroma [1–4]. 

Considering the increasing importance of determining the occurrence of aminothiols in 

wine, numerous analytical methods have been developed for this purpose. The 

coexistence of different aminothiols in wine requires the use of separation techniques 

like chromatography or capillary electrophoresis. Particularly liquid chromatography 

coupled with UV-detection [5–9], fluorescence detection [10–12] or mass spectrometry 

[13–18] has been among the most exploited methods. However, UV and fluorescence 

detection methods require derivatisation treatments into UV absorbing or fluorescent 

species since these compounds present low UV-vis absorbance [6,19,20] whereas the 

detection by means of mass spectrometry is quite expensive. A more affordable 

alternative detection method that can avoid tedious derivatisation procedures is 

electrochemical detection, which takes advantage of the electroactive character of 
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aminothiols, being the oxidation of thiol groups to disulfide the main electrochemical 

reaction involved [21–28]. 

In electrochemical detection the selection of the amperometric sensor plays a key role. 

On the one hand, it has been reported that noble metals, like gold and silver, can be very 

convenient for the determination of aminothiols due to their affinity for thiol groups 

[27,29–31]. On the other hand, the use of screen-printed electrodes (SPE) has been 

postulated as a very convenient alternative to conventional solid electrodes due to their 

intrinsic characteristics, such as low-cost character and three-electrode configuration 

printed on the same strip [32]. Moreover, the disposable character of SPEs allows the 

possibility to work with a new electrode every day and, therefore avoids tedious 

polishing procedures. Thus, the coupling of liquid chromatography to electrochemical 

detection with disposable SPEs with a gold working electrode can be an interesting 

possibility for the determination of aminothiols. 

Given the importance of these aminothiols in white wines, Sarakby et al [27] already 

developed a HPLC-EC method using a solid silver electrode for their determination. 

Taking advantage of this, the present study pretends to go one step further and not only 

determine aminothiols in wine, but also use them as biomarkers for wine aging 

processes. With this aim and taking into account the large amount of samples that 

should be considered in real scenarios, a HPLC-EC method based on isocratic elution of 

a simple mobile phase (aqueous trifluoroacetic acid and acetonitrile) with screen-printed 

electrodes as amperometric sensors was developed. Moreover, this method introduces, 

for the first time, hydrophilic interaction liquid chromatography (HILIC) to 

electrochemical detection, allowing wine analysis without any sample treatment. This 

HPLC-EC method was combined with chemometric strategies for the development of 

new discrimination tools not only for harvest year but also for white wine varieties.  
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2. EXPERIMENTAL 

2.1. Chemicals and reagents 

Methanol, acetonitrile (ACN) (HPLC gradient grade, Fisher Scientific, Hampton, NH, 

USA), trifluoroacetic acid (TFA), ammonium acetate (Sigma-Aldrich, St. Louis, MO, 

USA) and mili-Q water (Millipore, Milford, MA, USA) were used for the preparation of 

mobile phases.  

L-Cysteine (Cys, 99%), DL-homocysteine (HCys, 95%) and N-acetylcysteine (NAC, 

≥99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA), whereas methionine 

(Met, 99%) and reduced glutathione (GSH, 98%) were supplied by Merck (Darmstadt, 

Germany). L (+)-ascorbic acid (AA, ≥99%) was obtained from Riedel-de Haën (Seelze, 

Germany). Chemical structures of these compounds are shown in Scheme 1. 10 

mmol L−1 standard stock solutions were prepared in Milli-Q water (Millipore, Milford, 

MA, USA) and stored at 4 ᵒC. Diluted standard solutions were prepared daily in 

H2O:ACN (1:1).  

Sulphuric acid (Merck, Darmstadt, Germany) was used for electrode activation.  

2.2. Chromatographic system 

Chromatographic analyses were performed on an Agilent 1200 Series HPLC instrument 

equipped with a G1322A degasser, a G1311A quaternary pump, a G1329A 

autosampler, and a personal computer to control the HPLC system with the Agilent 

Chemstation software, all from Agilent Technologies (Palo Alto, CA, USA). An 

isocratic chromatographic separation at room temperature was achieved by: i) reversed-

phase mode with a 5 µm, 25 cm × 4.6 mm Ascentis C18 column supplied by Supelco 

(Bellefonte, PA, USA) fitted with an Agilent Eclipse XDB-C8 guard column (4.6 mm × 
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12.5 mm, 5 µm), using a mobile phase consisting of 0.05 % (v/v) TFA: ACN (98:2); 

and ii) HILIC mode by using a SeQuant ZIC-pHILIC 5µm polymer 150 × 4.6 mm 

column (Merck, Darmstadt, Germany) with 0.05 % (v/v) TFA: ACN (19:81) as a 

mobile phase. The flow rate was 1 mL min-1 and the injection volume was 5 µL. 

The electrochemical detector was a HPLC electrochemical cell for SPEs (DRP-

HPLCELL) provided by Dropsens (Oviedo, Spain). The used SPEs were screen-printed 

gold electrodes (SPAuE) supplied by Dropsens (ref. 220AT), which comprise a three-

electrode configuration with a gold counter electrode, a silver pseudo-reference 

electrode, and a gold disk of 4 mm diameter as a working electrode. SPAuE was 

attached to a µAutolab Type III (Ecochemie, The Netherlands) by means of a flexible 

cable (Dropsens, ref. CAC), which is connected to the personal computer with GPES 

version 4.9 software (Ecochemie). A new SPAuE device was used for every daily 

working session, and a conditioning potential of -0.6 V was applied during 60 s before 

each measurement in order to prevent the adsorption of the thiol species on the gold 

surface [29], avoiding the loss of repeatability caused by the expected decrease of the 

electroactive surface area of the SPAuE. 

Chromatographic peak areas were quantified using GPES version 4.9 software in the 

case of Met, HCys, Cys and GSH whereas NAC area was quantified by chemometric 

deconvolution using a home-made Matlab program based on the fitting of overlapping 

signals to the exponentially modified gaussian (EMG) function [33].  

2.3. Samples 

A total of 19 white wine samples, purchased in local supermarkets in November 2018, 

were considered for this study. This set of samples included white wines from three 

different grape varieties (6 Albariño, 6 Chardonnay, 6 Verdejo and 1 
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Chardonnay/Albariño) and from vintages corresponding to two different years (8 from 

2016 and 11 from 2017). For each wine sample, 2-3 replicates were analysed by HPLC-

EC without any sample pre-treatment and Oxidation Reduction Potential (ORP) and pH 

were measured.  

ORP and pH measurements were carried out in a Crison micro pH 2000 pH-meter 

(Crison Instruments, Alella, Spain) using platinum and pH electrodes, respectively. 

Since ORP measurements are affected by oxygen exposure, some precautions in sample 

management were taken. Particularly, wine samples were opened and immediately 

fractionated into portions that were stored in sealed bottles at 4 ᵒC. ORP measurements 

were carried out in non-exposed portions in the shortest possible time and potential 

values are referred to Ag/AgCl (3 mol L-1). 

2.4. Data processing 

Data processing was based on partial least squares – discriminant analysis (PLS-DA) 

models. Three different data matrices were considered: (i) NAC, Met, HCys, Cys and 

GSH chromatographic peak areas; (ii) the previous peak areas together with pH and 

ORP values for models concerning vintages from different years; and (iii) 

chromatographic profiles from 0 to 10 min for models concerning wine varieties.  

For the first two models, any possible variability caused by the use of different SPAuEs 

on different days was corrected. In each working session, a 10 µmol L-1 standard 

mixture was injected and the peak areas of the studied compounds were measured. 

Next, for each compound of the standard mixture the mean area for all sessions was 

calculated and then used to correct peak areas for all the samples injected in the same 

working session. In order to build these two models, the data were autoscaled and 2 

latent variables (LV) were selected according to cross-validation. In the last model more 
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complex pre-processing steps were performed through home-made programs 

implemented in Matlab, including baseline correction, compression by the discrete 

wavelet transform (DWT) method using Daubechies 4 wavelet function and a fourth 

decomposition level and autoscale. In this model 4 LVs were selected.  

In all cases, data pre-processment, variable selection and construction of PLS-DA 

models were performed using Matlab® [34] with PLS-toolbox [35].  

 

3. RESULTS AND DISCUSSION 

3.1. HPLC-EC optimization 

A standard mixture consisting of Cys, HCys, GSH, Met, AA and NAC at 25 µmol L-1 

was analyzed by HPLC-EC. According to previous literature regarding aminothiol 

determination [21], their chromatographic separation was firstly evaluated by reversed-

phase liquid chromatography employing an Ascentis C18 column with an isocratic 

mobile phase composed of 0.05 % (v/v) TFA:methanol (98:2). A SPAuE applying a 

working electrode potential of 0.9 V was used as amperometric detector. However, the 

separation of the considered compounds was not fully achieved since AA and HCys 

coeluted. In order to improve this separation, considering that the mobile phase was 

mainly aqueous and increasing the content of organic modifier would only lead to 

shorter retention times without the desired resolution between the coeluting analytes, 

acetonitrile (ACN) was used as organic modifier instead of methanol. Under these 

conditions, 0.05 % (v/v) TFA:ACN (98:2), the separation of the six considered 

compounds was completely achieved.  

Once the desired chromatographic separation was reached, the optimal working 

electrode conditions to perform the amperometric measurements of the considered 
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compounds using the SPAuE were investigated. First, the SPAuE was immersed in 0.05 

mol L-1 H2SO4 solution and 10 cyclic voltammetry (CV) cycles from 0 V to -1.25 V at 

100 mV s-1 were applied in order to activate de sensor. This activation step provided a 

higher response for all the considered compounds (figure not shown). To optimize the 

working potential, chromatograms at different fixed potential values from 0.80 V to 

1.05 V were measured. The highest response was obtained at 1.00 V for Cys, HCys, 

GSH and NAC, and 1.05 V for Met and AA (data not shown). Therefore, the most 

suitable working potential for the simultaneous determination of the considered 

compound was 1.00 V vs. Ag/AgCl pseudoreference electrode, since at higher potential 

values the response decreases significantly, in particular for GSH and HCys. A 

representative chromatogram acquired by the optimized method after injection of 5 μL 

of the standard mixture solution is presented in Figure 1a (inset). The retention times 

(min) of the considered compounds were: 2.78 for Cys, 3.52 for AA, 4.13 for HCys, 

5.90 for GSH, 7.07 for Met and 10.62 for NAC. 

Once the optimal HPLC-EC conditions were established for the mixture of standards, 5 

μL of a wine sample were injected in order to test the effect of the wine matrix on the 

chromatographic behaviour of the studied analytes. As it is shown in the chromatograms 

presented in Figure 1a, components of the wine matrix elute in a broad unresolved band 

between 2 and 10 min, making impossible an accurate identification and integration of 

the Cys, AA, HCys, GSH, and Met peaks. Since the mobile phase had only a 2% ACN, 

it was not possible to increase the retention of the compounds of interest and separate 

them from the interfering components of the wine matrix by reducing the content of 

organic modifier. Thus, considering the molecular size, polar features and the acid-base 

properties of the studied analytes, a HILIC retention mode was selected instead of 

reversed-phase for the chromatographic separation. The chosen column was a ZIC-
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pHILIC, with a stationary phase consisting of a polymeric support functionalysed with 

zwitterionic sulfobetaine. Contrary to reversed-phase, in HILIC water is the strongest 

eluent of the mobile phase, and polar/ionized compounds are more retained than neutral 

ones [36]. At acidic pH the zwitterionic analytes Cys, HCys, GSH, and Met are 

expected to be positively charged, at least partially. Different chromatographic 

conditions were tested for HILIC in order to successfully separate the 6 analytes, 

injecting again a mixture of standards and adjusting the content of ACN and the pH of 

the mobile phase. TFA and ammonium acetate were the buffering species selected for 

the optimization study (data not shown). The final conditions were additionally refined 

in order to find the best possible separation between the unidentified wine components 

and the studied analytes, and this was reasonably achieved with a 0.05% TFA/ACN 

(19:81) mobile phase. Selectivity in HILIC is completely different from that of 

reversed-phase (Figure 1b). Met, HCys, Cys, and GSH eluted at the end of the wine 

matrix tail, while NAC was the less retained wine component. Unfortunately, AA 

appeared in the largest unresolved peak around 4 min, and consequently this compound 

was excluded from further study. 

3.2. Linearity, sensitivity, limit of detection (LOD), limit of quantification (LOQ), 

repeatability and reproducibility, 

Once the optimal HPLC-EC conditions were stated, validation of the HPLC-EC method 

was performed through the evaluation of linearity, sensitivity, limit of detection (LOD), 

limit of quantification (LOQ), repeatability and reproducibility. For this purpose, a 

calibration curve for each aminothiol at seven concentration levels ranging from 0.20 

µmol L-1 to 50.0 - 52.2 µmol L-1, depending on the aminothiol, was carried out in 

duplicate using two different SPAuEs. Calibration graphs were built using peak area vs. 

concentration of each considered aminothiol compound. The method performance is 
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summarized in Table 1. Sensitivity was stated from the slopes of the calibration lines. A 

good linearity, assessed from the regression coefficients (R2), was obtained for all the 

considered aminothiols. The minimum concentration of aminothiols that the HPLC-EC 

method can detect and quantify was assessed from the LOD and LOQ values, 

respectively. LOD and LOQ are computed as 3 and 10 times the standard deviation of 

the intercept over the slope of the calibration curves of the aminothiol compounds, 

respectively. The obtained LODs for the five aminothiols ranged from 0.52 µmol L-1 to 

1.26 µmol L-1 (Table 1), whereas LOQ varied from 1.74 µmol L-1 to 4.19 µmol L-1 

(Table 1). These results, compared to previous values reported in the literature [21,27], 

are similar or even slightly better depending on both the studied aminothiol and the 

considered linear range. 

Repeatability (intra-day) was estimated from five repetitive measurements of a solution 

containing 10 µmol L-1 of each considered compound using the same SPAuE unit. 

Repeatability values, expressed as RSD %, ranged from 1.98 to 2.85 depending on the 

considered aminothiol. Reproducibility (inter-day) was calculated from the slopes of 

two calibration curves obtained using two different SPAuE units, with RSD % values 

ranging from 0.95 to 6.74 depending again on the considered aminothiol. Both 

repeatability and reproducibility obtained values are very good and significantly better 

than those reported in the literature for aminothiols determination [21,24].  

The obtained results show that the proposed HPLC-EC method is very satisfactory in 

terms of linearity, sensitivity and precision for the determination of aminothiols. 

Regarding repeatability and reproducibility, the results obtained demonstrated that a 

renewed electrode surface is obtained after the application of the conditioning potential 

of -0.6 V during 60 s, which is enough to prevent thiol adsorption on the electrode 

surface throughout a daily working session. This, coupled to the disposable and low-
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cost character of SPEs, which makes possible the use of a new electrode every day, 

avoids more aggressive pretreatments such as polishing or cutting a thin slide of the 

surface between measurements. Moreover, the use of SPAuE as amperometric sensor 

provides the additional advantages attributed to the SPEs i.e. commercial availability, 

miniaturized size and its ease of use due to the characteristic three-electrode 

configuration that prevents the use of any external reference or counter electrode. 

3.3. Discrimination between vintages from different years 

Thiolic compounds are known to degrade over time during aging of white wines due to 

both oxidation by molecular oxygen and addition reactions with o-quinones generated 

during oxidation of polyphenols [37]. Therefore, the concentration of the studied 

aminothiols could be used to discriminate between vintages from different years.  

In order to test this hypothesis, the proposed HPLC-EC method was applied to 8 and 11 

white wines from the 2016 and 2017 vintages respectively and the peak areas of NAC, 

Met, HCys, Cys and GSH were used to build a PLS-DA model. For this model the 

samples were divided into calibration (5 wines from 2016 and 7 wines from 2017) and 

validation sets (3 wines from 2016 and 4 wines from 2017) and 2-3 replicates were 

included for each sample. The combined scores and loadings plot is presented in Figure 

2a. As it can be seen, there is a clear tendency of separation between vintages from 2016 

and 2017 given by lower amounts of aminothiols in wines from 2016, which is 

consistent with a decrease of these compounds during wine aging. This decrease is 

particularly important in the case of GSH, in which values range from 4.5 to 16.7 µmol 

L-1 in wines from 2017 and from 2.84 to 9.30 µmol L-1 in wines from 2016. However, 

some 2016 and 2017 samples are overlapped in the border area between classes, which 

results in a total of 6 replicates, mainly from 2017, being misclassified (Table 2). In 
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terms of numerical performance, the global classification rate (total samples correctly 

assigned) was 87.0 %, and average sensitivity (samples of each class correctly assigned) 

and specificity (samples of other classes correctly rejected) were both 87.9 %. It should 

also be pointed out that the samples corresponding to the 2016 vintage are closer to each 

other. This indicates that, although aminothiols can be initially found in different 

proportions in white wine, the aging process tends to homogenize them.  

In order to achieve a better discrimination between vintages from different years, two 

more parameters, pH and ORP, were considered. For all the white wines considered pH 

and ORP ranged from 2.69 to 3.13 and from 148 to 224 mV, respectively. These new 

data were combined with the corresponding aminothiols peak areas to build a new PLS-

DA model. Figure 2b and Table 2 show, respectively, the combined scores and loadings 

plot and the confusion matrix resulting from this model. It can be observed that a much 

better discrimination is achieved, with only one sample from 2017 being misclassified. 

This results in a global classification rate of 97.8% with both an average sensitivity and 

specificity of 98.1 %. As it can be observed from the loadings, pH plays a much more 

important role in the discrimination between classes than ORP. In this sense, wine 

samples from grapes harvested in 2016 tend to be more acidic than those collected in 

2017. A possible explanation for this fact could be that a lower pH slows the loss of 

wine sensorial qualities because it decreases the rate of autoxidation of phenolic 

compounds [38]. Therefore, less acidic wines would not be considered good candidates 

to undergo an aging process. 

Then, the combination of the HPLC-EC method with potentiometric measurements 

together with chemometric strategies allows the successful discrimination of young and 

aged white wines. It should be pointed out that both HPLC-EC and potentiometric 

measurements involved in this model have the advantage of not requiring any sample 
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treatment. In particular, it is worth noting that in this HPLC-EC method the wine 

sample can be directly injected without neither derivatization, dilution nor extraction 

treatments. 

3.4. Classification of wines from different grape varieties 

In addition to the determination of the five aminothiols studied, the proposed HPLC-EC 

method also allowed the comparison of LC-profiles of different wines. In this sense, it 

was observed that different white wine varieties, namely Albariño, Verdejo and 

Chardonnay, showed significant differences in profiles, particularly in the region 0 – 10 

min (Figure 3). Therefore, the classification of white wine samples from these three 

varieties was attempted using this region of the obtained LC-profiles. For this purpose, 

wine samples were distributed between a calibration (4 Albariño, 4 Verdejo and 4 

Chardonnay) and a validation set (2 Albariño, 2 Verdejo, 2 Chardonnay and 1 

Albariño/Chardonnay) and a PLS-DA model was built. The resulting 3D scores plot is 

shown in Figure 4. In the scores plot in LV1, LV3 and LV4 (Figure 4a) Verdejo 

samples can be easily distinguished whereas the scores plot in LV2, LV3 and LV4 

(Figure 4b) allows the discrimination between Albariño and Chardonnay samples. It 

should also be pointed out that the Albariño/Chardonnay sample is mainly associated to 

the rest of the Albariño samples and, in both representations, closer to Chardonnay 

samples than Verdejo ones.  

The numerical performance of this PLS-DA model was also assessed in terms of 

classification rate, sensitivity and specificity. The resulting confusion matrix is 

presented in Table 3. As it was previously observed in the plots, most of the samples 

were correctly assigned, with only 2 replicates of an Albariño wine being misclassified. 
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A global classification rate of 95.3% was achieved, with an average sensitivity and 

specificity of 95.2 % and 97.6%, respectively. 

In summary, these results suggest that the proposed HPLC-EC method using SPAuE as 

amperometric sensor allows the successful classification of white wines according to 

their varieties. Although other methods like electronic tongues have also been reported 

for the classification of wines [39,40], the presented method has the advantage of using 

only one commercial sensor in contrast to an array of sensors that require a cross-

response, which often implies the use of modified electrodes. Moreover, the linear 

character of chromatographic data allows the use of linear chemometric methods such 

as PLS-DA and avoids the use of more complex chemometric tools like artificial neural 

networks.  

 

4. CONCLUSIONS 

In this work a HPLC-EC method based on hydrophilic interaction liquid 

chromatography using SPAuE as amperometric sensor was for the first time developed 

and optimized for the determination of five aminothiols and applied to white wine 

analysis. It should be highlighted that the proposed method does not require any sample 

pre-treatment since the wine can be directly injected. This method was fully validated 

through sensitivity, linearity, LOD, LOQ, repeatability and reproducibility, with similar 

or even better performance than other previously reported methods based on reversed-

phase chromatography. Moreover, this new method takes advantage from the use of 

SPEs, which not only can be used for a large number of measurements without signs of 

deterioration but can also avoid tedious polishing procedures, which are mandatory in 

the case of solid electrodes.  
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The measured area of these five aminothiols in combination with the use of 

chemometric tools such as PLS-DA showed a clear tendency of discrimination between 

vintages from two different years, namely 2016 and 2017, with a global classification 

rate of 87.0 %. This model was clearly improved with the addition of two new 

parameters, pH and ORP, that allowed the construction of a new PLS-DA model that 

increased the global classification rate up to 97.8 %. From the resulting loadings of this 

model it can be stated that GSH area and pH were the two parameters with the highest 

contribution to this classification. 

Moreover, the fingerprinting study of the wine LC-profiles allowed the classification of 

white wines from three different grape varieties. For this classification, the measured 

chromatograms were compressed employing DWT and PLS-DA models, achieving a 

global classification rate of 95.3%. 
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TABLES 

 

Table 1. Calibration parameters, repeatability and reproducibility of NAC, Met, HCys, 
Cys and GSH obtained using the proposed chromatographic method. The standard 
deviations are denoted by parenthesis. 
 

aThe lowest value of the linear range was considered from LOQ 

 

Table 2. Confusion matrix resulting from the year classes assigned by the PLS-DA 
models for both calibration and validation sets. 

Aminothiol areas 
 Calibration set Validation set 
 Expected 2016 Expected 2017 Expected 2016 Expected 2017 

Predicted 2016 12 3 7 2 
Predicted 2017 1 13 0 8 

Aminothiol areas, pH and ORP 
 Calibration set Validation set 
 Expected 2016 Expected 2017 Expected 2016 Expected 2017 

Predicted 2016 13 1 7 0 
Predicted 2017 0 15 0 10 

 

 

Table 3. Confusion matrix resulting from the varietal classes assigned by the PLS-DA 
models for both calibration and validation sets. 
 

 Calibration set Validation set 

 
Expected 
Albariño 

Expected 
Chardonnay 

Expected 
Verdejo 

Expected 
Albariño 

Expected 
Chardonnay 

Expected 
Verdejo 

Predicted 
Albariño 

9 0 0 3 0 0 

Predicted 
Chardonnay 

0 10 0 0 4 0 

Predicted 
Verdejo 

0 0 10 2 0 5 

 
 

 

 NAC Met HCys Cys GSH 
Sensitivity (nC µmol-1 L) 63.4 (0.6) 27.8 (0.5) 49.7 (0.4) 54.5 (0.8) 38.5 (0.4) 
R2 0.9990 0.9970 0.9995 0.9980 0.9991 
Linear rangea (µmol L-1) 2.03 – 52.2 4.19 – 50.1 1.74 – 50.6 3.22 – 50.0 2.81 – 50.6 
LOD (µmol L-1) 0.61 1.26 0.52 0.97 0.84 
Repeatability (%) 2.14 2.85 2.14 1.98 2.45 
Reproducibility (%) 1.90 6.74 0.95 2.15 3.07 



FIGURES 

 

 

 

Scheme 1. Chemical structures of the studied compounds. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 1. Representative HPLC-EC chromatograms of A) 25 µmol L-1 thiol standard 

solution and white wine using an Ascentis C18 column with a mobile phase of 0.05 % 

(v/v) TFA: ACN (98:2) and a flow rate of 1 mL min-1 and B) 10 µmol L-1 thiol 

standards, wine and wine spiked with 25 µmol L-1 thiols using a SeQuant ZIC-pHILIC 

column with a mobile phase of 0.05 % (v/v) TFA: ACN (19:81) and a flow rate of 1 mL 

min-1. 

 

 

 

 

Figure 2. Combined scores and loadings plots obtained after PLS-DA models 

constructed from (A) NAC, Met, HCys, Cys and GSH chromatographic areas, and (B) 

the previous chromatographic areas together with pH and ORP. Calibration (cal) and 

validation (val) sets are represented by filled and empty symbols respectively. 

 



 

Figure 3. Representative HPLC-EC chromatograms of the three white wine grape 

varieties considered (Albariño, Verdejo and Chardonnay) using a SeQuant ZIC-pHILIC 

column with a mobile phase of 0.05 % (v/v) TFA: ACN (19:81) and a flow rate of 1 mL 

min-1. 

 

 

 

Figure 4. 3D scores plot obtained after PLS-DA models built from white wine HPLC-

EC signals. (A) LV1, LV3 and LV4 or (B) LV2, LV3 and LV4 are considered. 

Calibration (cal) and validation (val) sets are represented by filled and empty symbols 

respectively. 


