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a b s t r a c t

Phenolic compounds play and important role on colour, flavour and mouthfeel attributes of wines. The
acquisition of information related to phenolic compounds during the winemaking process is therefore
becoming a necessity. Ultraviolet-Visible (UV-Vis) spectroscopy appears as an affordable option to
monitor phenolic composition and levels during winemaking. To investigate this, a large number of
samples collected from industrial fermentations over two vintages as well as commercial wine samples,
spanning a wide range of vintages, were analysed for phenolic compounds using high performance liquid
chromatography (HPLC). Methyl cellulose precipitable (MCP) tannins, anthocyanins, total phenols and
colour density were also analysed. Partial least-squares (PLS) calibration models, based on UV-VIS spectra
and reference measurements, were constructed and their performance evaluated in terms of the residual
predictive deviation values. The accuracy and robustness of the calibrations were further evaluated by a
combined test on slope and intercept, interclass correlation coefficients and standard error of mea-
surement. Limit of detection and limit of quantification of the PLS models were also reported and
evaluated. Furthermore, PLS models for an additional data set including 130 grape samples was also
investigated for MCP tannins, anthocyanins, total phenols and colour density measurements. Phenolic
compounds were extracted following two different protocols, namely wine-like and homogenate
methods.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Phenolic compounds are bioactive substances that are widely
distributed in plants and fruits and therefore also occur in some
food products including wine (Teixeira, Eiras-Dias, Castellarin, &
Ger�os, 2013). Wine and grape derived phenolic compounds can be
classified into non-flavonoids (hydroxycinnamates, hydrox-
ybenzoates and stilbenes) and flavonoids (flavan-3-ols, flavonols
and anthocyanins) (Garrido & Borges, 2013). Flavonoids and
hydroxycinnamates are found in grapes and wines in high con-
centrations while the other non-flavonoid phenolics are found at
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alencia, Spain.
dre-Tudo).
lower levels (Teixeira et al., 2013). The importance of phenolic
compounds resides in their role in colour, flavour and mouthfeel
attributes of wines (Cheynier et al., 2006; Fulcrand, Due~nas, Salas,&
Cheynier, 2006). Additionally, the health benefits of highly con-
taining phenolic foods, such as wine, have been extensively docu-
mented (Aleixandre, Aleixandre-Tud�o, Bola~nos-Pizarro, &
Aleixandre-Benavent, 2013). In combination with its antioxidant
properties, protective effects against cardiovascular diseases
(Chiva-blanch, Arranz, Lamuela-raventos, & Estruch, 2013), some
cancers (Arranz et al., 2012, pp. 759e781) and neurodegenerative
(Sun, Wang, Simonyi, & Sun, 2010, pp. 375e383) or inflammatory
(Casas et al., 2012) diseases have been reported.

Grapegrowing and winemaking techniques can influence the
levels of these compounds in the final product (Sacchi, Bisson, &
Adams, 2005; Smith, Mcrae, & Bindon, 2015). The time-efficient
quantification of phenolic compounds during the winemaking
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process is thus a necessity. Traditionally, ultraviolet-visible (UV-Vis)
spectrophotometric based methods have been used for the analysis
of the phenolic composition. UV-Visible methods are suitable for
phenolic analysis because of the ability of these compounds to
absorb UV (provide a protective effect in plants against UV radia-
tion) and visible light (they are mostly coloured compounds)
(Lorrain, Ky, Pechamat, & Teissedre, 2013). The intensity of the UV-
Visible spectrum is attributed to the electronic transition of the p
type orbitals, which depends on the number and the location of the
OH, OCH3 and glycoside groups of the different classes of poly-
phenols (Sanna et al., 2014). Intermolecular interactions and the
conditions of the medium (pH, metals, SO2) define the UV-Visible
absorption of the phenolic pool (Hassane, Gierschner, Duroux, &
Trouillas, 2012).

Spectrophotometric analyses of phenolic compounds are ach-
ieved through a number of protocols (Aleixandre-Tudo, Buica,
Nieuwoudt, Aleixandre, & du Toit, 2017). These methods gener-
ally provide an estimation of the overall content of a specific sub-
class of phenolic compounds. A lack of specificity and reproduc-
ibility have been ascribed to these methodologies (Sun, Leandro,
Ricardo da Silva, & Spranger, 1998). However, they have also been
defined as reliable, simple, cost effective and fast procedures, which
make them suitable for routine analytical practices (Aleixandre-
Tudo et al., 2017; Harbertson & Spayd, 2006). On the other hand,
high performance liquid chromatography (HPLC) analysis provide
more accurate and precise quantification of phenolic compounds.
In this case individual phenolics can be quantified thanks to the
separation of the compounds after passing through the HPLC col-
umn (Boido, Alcalde-Eon, & Carrau, 2006). After elution, the
phenolic compounds can be quantified at different wavelengths
using a UV-Visible detector (Hassane et al., 2012). The main
drawbacks of HPLC techniques are found in the necessity of skilled
personnel, the costs involved in instrumentation and reagents and
the lengthy analysis time.

The use of spectroscopy combined with chemometrics to
quantify the levels of phenolic compounds in grapes and wines has
been extensively reported (Cozzolino, 2015; Dambergs, Gishen, &
Cozzolino, 2015; Ricci, Parpiniello, Laghi, Lambri, & Versari, 2013;
Versari, Parpinello, & Laghi, 2012). The benefits claimed include
reliability, rapidness, cost-effectiveness and simplicity (Dambergs
et al., 2015; Gishen, Dambergs, & Cozzolino, 2005). Additionally,
this multiparametric technique is highly suitable for on-line and in-
line systems, which makes it appropriate for the control and
monitoring of wine fermentation and aging processes (Cozzolino,
2015; Gishen et al., 2005). Although a large part of the published
studies uses near and mid infrared spectroscopy, UV-Visible spec-
tral information has been shown to also be useful for the quanti-
fication of wine phenolics (Aleixandre-Tudo, Nieuwoudt,
Aleixandre, & Du Toit, 2015; Beaver & Harbertson, 2016;
Dambergs, Mercurio, Kassara, Cozzolino, & Smith, 2012; García-
Jares & Medina, 1995; Skogerson, Downey, Mazza, & Boulton,
2007). As mentioned, the ability of phenolics to absorb UV light
and the fact that they are mostly coloured compounds make UV-
Visible spectroscopy a suitable technique for this purpose.

A number of attempts to quantify phenolic content in fer-
menting samples and finished wines using UV or the combination
of UV-Visible spectroscopy have been reported in the literature
(Aleixandre-Tudo, Nieuwoudt, Aleixandre, & Toit, 2015; Beaver &
Harbertson, 2016; Dambergs et al., 2012; García-Jares & Medina,
1995; Skogerson et al., 2007). The first research aiming to predict
anthocyanin and tannin content using UV-Visible spectroscopy was
reported by García-Jares andMedina (1995). Despite the limitations
of the reference methods, due to non-specificity, and the limited
sample set, the results showed the potential of UV-Visible spec-
troscopy to predict phenolic levels in wines. More recently,
Dambergs et al. (2012) reported accurate multiple linear regression
(MLR) and partial least-squares (PLS) regression calibrations for the
quantification of methylcellulose precipitable tannins (MCP) using
UV spectroscopy. A number of fermenting samples from small scale
fermentation trials were included in the calibration set as well as in
validation. In another study in finished wines, UV-Visible PLS pre-
diction models for MCP and bovine serum albumin (BSA) tannins
were also reported (Aleixandre-Tudo et al., 2015). Moreover,
Skogerson et al. (2007) reported PLS models with varying level of
accuracy, for commercial fermenting samples collected over one
vintage for the Adam-Harbertson assay phenolic parameters
(Harbertson, Picciotto, & Adams, 2003). An updated research
investigating the effect of several factors on the accuracy of UV-
Visible spectroscopy models to quantify the Adam-Harbertson
phenolic parameters was recently reported (Beaver & Harbertson,
2016). The effect of wine dilution, pH stability and cultivar (Shiraz
and Cabernet Sauvignon samples were included) on model per-
formance was investigated (Beaver & Harbertson, 2016). The
updated BSA assay protocol reported by Harbertson, Mireles, and
Yu (2015) was in this case used as reference method. Again, pre-
diction models with varying accuracy were reported.

Surprisingly, no references were found in the literature
regarding attempts to provide calibration models for grape
phenolic composition using UV-Visible spectroscopy. Several pub-
lications reported prediction models for grape phenolic analysis
using infrared spectroscopy (Chen et al., 2015; Fernandes et al.,
2011; Ferrer-Gallego, Hern�andez-Hierro, Rivas-Gonzalo, & Escri-
bano-Bail�on, 2011; Fragoso, Ace~na, Guasch, Busto,&Mestres, 2011).
Moreover, different methods for the extraction of phenolic com-
pounds from the solid part of the berries with varying extraction
conditions have been reported in the literature (Bindon et al., 2014;
Iland, Ewart, Sitters, Markides, & Bruer, 2000). One of the most
widely accepted methods relies on the phenolic extraction of
blended or homogenized berries. Although strong correlations for
colour and anthocyanins measurements in grape and wine data
were reported (Bindon et al., 2014; du Toit & Visagie, 2012; Jensen,
Werge, Egebo,&Meyer, 2008), moderate to weak correlations were
observed between the tannin levels in grapes and those measured
in the corresponding wines (du Toit & Visagie, 2012; Jensen et al.,
2008). On the other hand, a method simulating the phenolic
extraction that occurs during the fermentation process was
recently reported by Bindon et al. (2014). Strong positive correla-
tions for MCP tannin levels in Cabernet Sauvignon and Shiraz
grapes and the wines made thereof were reported. The investiga-
tion of prediction models using UV-Vis spectroscopy in grapes ex-
tracts would thus provide scientists and winemakers with
additional suitable techniques that might be used for the quanti-
fication and monitoring of phenolic composition during grape
ripening as well as at harvest.

Taking into account that UV Visible spectroscopy is generally a
more affordable and available technique for medium and small
sized wineries (compared with infrared technology), the main aim
of this research was thus to firstly investigate the suitability of UV-
Visible spectroscopy for the determination of the phenolic profile of
wine samples during fermentation as well as for finished wines. A
total of 27 individual phenolic compounds were quantified from
the HPLC analysis of a large number (569) of fermenting samples
and wines. Moreover, conventional methods were used to measure
MCP tannins, anthocyanins, total phenolics and wine colour den-
sity. PLS prediction models for HPLC and spectrophotometric ana-
lyses were built and validated. The second aim of the study
corresponds to the investigation of PLS prediction models for the
quantification of phenolic composition of grape berry extracts us-
ing two different extraction protocols.
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2. Material and methods

2.1. Reagents and standards

Malvidin-3-glucoside chloride was purchased from Extra-
synthese (Lyon, France). Phosphoric acid and caffeic acid were
purchased from Fluka (Sigma-Aldrich Chemie, Steinheim, Ger-
many). Acetonitrile was obtained from Merck (Darmstadt, Ger-
many). Finally, gallic acid, catechin, p-coumaric acid, quercetin-3-
glucoside and quercetin were obtained from Sigma-Aldrich
Chemie, (Steinheim, Germany). The reagent used for the spectro-
photometric analysis (methyl cellulose, ammonium sulphate, hy-
drochloric acid (HCl)) were also obtained from Sigma-Aldrich
Chemie, (Steinheim, Germany).

2.2. Grape samples

One hundred and thirty batches of grapes were collected in 2016
from a variety of wine sub-regions within the Western Cape region
in South Africa. The sample set was composed by a large number of
cultivars namely: Cabernet Sauvignon (27), Cabernet Franc (2),
Cinsault (3), Grenache (3), Malbec (5), Merlot (13), Mourvedre (2),
Durif (2), Petit Verdot (6), Pinotage (15), Red Muscadel (1), Roo-
bernet (1), Shiraz (46), Tannat (1) and Tempranillo (1) and two
unknown samples. Two phenolic extraction protocols were per-
formed and prediction models were built for four spectrophoto-
metric determinations (MCP tannins (mg/g), anthocyanins (mg/g),
total phenolics index and colour density).

2.3. Wine samples

Fermenting samples from different vinifications were collected
in 2015 (n ¼ 9) and 2016 (n ¼ 4), from the commercial Welge-
vallen cellar (Stellenbosch, South Africa). The three main South
African cultivars, namely Cabernet Sauvignon, Shiraz and Pinotage,
together with a Grenache vinification were included in the sample
set. Samples were collected on a daily basis for the first 15 days
and every 3 days for a maximum period of two months from grape
crushing. With the aim of including a large diversity of wine-
making conditions, the selected vinifications included the
following winemaking techniques: different yeast strains, cold
maceration, tannin addition, extended maceration and malolactic
fermentation in barrel. Additionally, the grape batches contained
varying phenolic and sugar ripening levels. Fermentations took
place in a variety of different fermenters from 3.000 to 10.000 L in
size. Samples were filtered with a kitchen sieve and frozen until
analysis. Before spectral collection or chemical analysis, samples
were thawed at room temperature overnight and centrifuged at
3248g for 5 min (7366 Hermle centrifuge (Wehingen, Germany)).
A total number of 391 fermenting samples were collected over the
two vintages. In order to extend the prediction ability of the
models, 178 finished wine samples that represented a wide range
of cultivars (15) and vintages (2005e2016), as well as some
blends, were also collected, analysed and included in the
calibrations.

2.4. Extraction of phenolic compounds from grapes

The extraction of phenolic compounds from grape berries was
performed following the protocols reported by Iland et al. (2000)
and Bindon et al. (2014). For the homogenate method (Iland et al.,
2000), a sub-sample of 50 berries was randomly selected and
homogenized for 2 min using an Ultra-Turrax T25 high speed
homogenizer (Janke & Kunkel GmbH & Co., Germany). Homoge-
nates were frozen until analysis. Prior to analysis samples were
allowed to thaw overnight. The extraction using the simulating
wine-like conditions reported by Bindon et al. (2014) was per-
formed as follows: 50 g of fresh grapes placed in a re-sealable
zipper bag were gently crushed by hand. Crushed grape berries
and juice were transferred to 250 mL dark glass bottles covered
with foil. 15 mL of extraction solvent (40% ethanol (v/v), 10 g/L
tartaric acid adjusted to pH 3.4) was added to each sample. The
addition was made in order to extract in approximately 15%
ethanol. After the addition of nitrogen inert gas, the bottles’ caps
were sealed with paraffin film. The extraction took place for 40 h
at 30 �C in a platform shaker. After the extraction step the samples
were filtered through a kitchen sieve and the volume of extract
recovered and analysed. Samples from both protocols were
extracted in duplicate. Before analysis extracts were centrifuged at
3248g for 5 min in a 7366 Hermle centrifuge (Wehingen,
Germany).
2.5. Spectrophotometric analysis of phenolic compounds

The high throughput format of the methyl cellulose precipitable
tannin assay (MCP) reported by Mercurio, Dambergs, Herderich,
and Smith (2007) from the original Sarneckis et al. (2006)
method was used to estimate the total tannin content. The
method uses the ability of the polymer to bind and precipitate
tannins from solution. The tannin content is then calculated by
comparing a control sample and a tannin precipitated sample.
Initially, a methylcellulose (0.04% w/v; 1500 cP viscosity at 2%) and
a saturated ammonium sulphate solution were prepared according
to instructions (Mercurio et al., 2007). The treatment sample was
prepared by adding 600 mL of MCP solution to 50 mL of wine, in a
2 mL microfuge tube. After 2e3 min, 400 mL of saturated ammo-
nium sulphate solution and 950 mL distilled water were added. In
the control samples the MCP solution was substituted by 600 mL
distilled water. After 10 min both samples were centrifuged at
9279g for 5 min in an Eppendorf 5415D centrifuge (Hamburg,
Germany). The absorbance was measured at 280 nm and the dif-
ference between the control and the treated samples was con-
verted to epicatechin equivalents (mg/L) times the dilution factor
(40). The MCP tannins assay was slightly modified for the grape
extracts using the homogenate extraction protocol (Iland et al.,
2000). In this case 200 mL of homogenate extract were used
instead of 50 mL (as specified in the original protocol) and the water
volume was adjusted accordingly (1100 mL) leading to a dilution
factor of 10. The total tannin content in the grape extracts was
calculated as follows:

Tannin (mg/g) ¼ Tannin extract (mg/L) x Volume extract (L) /
Weight homogenate (g) (1)

Total anthocyanins were quantified with the method reported
by Iland et al. (2000). Briefly, 100 mL of wine were diluted in 5 mL of
hydrochloric acid 1 M. After dilution samples were kept in the dark
for an hour, following the specification by Bindon et al. (2014). The
absorbance at 520 nm was then recorded using a Multiskan GO
Microplate Spectrophotometer (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). The anthocyanin content was calculated as
malvidin-3-glucoside equivalents using the molar extinction coef-
ficient (ε ¼ 28.000 L/cm*mol) and the molecular weight
(MW ¼ 529 g/mol) of this compound times the dilution factor
(DF ¼ 51 for wines and wine-like extraction method and 20 for
homogenate method). The calculations for wines (eq. (2)) and
grapes (eq. (3)) were performed as follows:

Anthocyanins (mg/L) ¼ A520 nm x MW x DF / ε x L (2)
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Anthocyanins ðmg=gÞ¼A520nm�DF� finalextract ðmLÞ�1000
500�100�homogenateweight ðgÞ

(3)

All the absorbance values are referenced to the standard 1 cm
pathlength (L). The Iland et al. (2000) methodology also allows for
the calculation of the total phenolics index, which is calculated
after recording the absorbance at 280 nm times the dilution factor
as specified above. The protocol reported by Glories (1984) was
used to determine the colour density. The absorbances at 420 nm,
520 nm and 620 nm were recorded after 50 mL of sample were
pipetted into a UV-Visible Nunc F96 MicroWell plate (Nunc, Lan-
genselbold, Germany). The colour density was obtained as the sum
of the absorbance values of the three wavelengths referenced to
10 mm standard path length.

2.6. HPLC analysis of phenolic compounds

The method reported by Peng, Iland, Oberholster, Sefton, &
Waters (2002) with some modification was used to quantify the
phenolic compounds. The instrument used was an Agilent Tech-
nologies 1260 Infinity series (Agilent, Waldbronn, Germany) HPLC
system with a PLRP-S polymeric reversed phased column (3 mm
particle size, 100 Å pore size, 150 mm � 4.6 mm) at 35 �C. The
gradient conditions were as follows: 0 min (5% solvent B), 73 (25%
solvent B), 78 (50% solvent B), 86 (50% solvent B), 90 (5% solvent B).
Acetonitrile and phosphoric acid in water at 1.5% were used as
solvent A and B, respectively. The injection volume was 20 mL with
an elution flow rate of 1 mL/min. A 15 min re-equilibration time
between samples was established. The detection of the phenolic
compositionwas donewith a photodiode array detector. Gallic acid,
monomeric and polymeric flavan-3-ols were detected at 280 nm.
Phenolic acids and flavonols were identified at 320 nm and 360 nm,
respectively. Finally, anthocyanins and polymeric pigments were
detected at 520 nm. Calibration curves were built for gallic acid,
catechin, caffeic acid, p-coumaric acid, quercetin-3-glucoside,
quercetin and malvidin-3-glucoside. These calibration equations
were used to quantify those compounds whose standards are not
available. A chromatogram with peak identification and phenolic
compounds identified can be observed in Supporting information
S1.

2.7. UV-visible spectroscopy

Fermenting samples and wines were incubated for 1 h in the
dark at room temperature after being diluted 51 times with HCl
1 M. Samples were scanned without temperature equilibration in a
Multiskan GO Microplate Spectrophotometer (Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA) at 2 nm intervals over the wave-
length range from 200 nm to 700 nm, with 1MHCl as the reference
blank.

2.8. Development and validation of the prediction models

Data analysis and model performance were evaluated using the
PLS toolbox 8.2.1 available in MATLAB software version R2016b
(Mathworks Inc., Natik, MA). The cross validation procedure was
used to determine the optimal number of latent variables using the
venetian blinds option with 10 data splits (10% of the data was left
out for model calibration). The SIMPLS algorithm was used for the
partial least squares regression. Forward interval variable selection
(iPLS) was also investigated with the aim of discarding variables
that might not be relevant for model building. A sequential and
exhaustive search for individual or combinations of the best
predictive variables was performed. Variable selection was used if
the models were improved in terms of root mean square error of
cross-validation (RMSECV). After the model optimization step the
dataset was divided into calibration and validation sub sets using
the Kennard-Stone (Kennard& Stone, 2016) and the onionmethods
at 50/50 and 66/33 calibration/validation ratios.

The percentage of variation explained by the model in the
training (R2cal) and validation set (R2val), the fit of the observations
to the model in both calibration (root mean standard error of cross
validation (RMSECV)) and validation (root mean square error of
prediction (RMSEP)) and the residual predictive deviation (RPD) in
validation were reported. RMSECV provides the potential error of
future predictions while RMSEP indicates the real error when
predicting new samples and are expressed in the same units as the
reference values. RPD values are provided in order to standardize
the prediction accuracy (Fragoso et al., 2011). RPD is calculated as
the standard deviation of the population divided by the root mean
square error in prediction. High RPD values will be provided by
large standard deviation and small prediction error. The higher the
RPD the greater the ability of the model to accurately predict new
samples.

Additionally, a slope and intercept test was evaluated to inves-
tigate any systematic error between predicted and reference data.
The Deming approach (Linnet, 1993) was performed, consisting of a
combined analysis on slope and intercept of the regression lines.
The null hypothesis (Ho) corresponds to slope values equal to 1 and
intercepts not different from 0 between predicted vs reference data
at 95% confidence levels. The test measures differences between
predicted and observed values to indicate if the differences are only
due to random noise (Ho). This non-parametric regression
approach is suitable for quantifications affected by non-negligible
experimental error (Linnet, 1993). The predicted levels of
phenolic compounds in the validation set were used to conduct the
test. The test also does not impose that one of the methods is
chosen as reference (UV-Vis spectroscopy or reference methods).
Inter-class correlation coefficients (ICC) and standard “typical” er-
ror of measurement (SEM) were also calculated. ICC is a measure-
ment of the consistency of the predicted values (reliability) (Weir,
2005) and ranges from 0 (non-reliable) to 1 (perfect reliability) at
95% confidence intervals. Moreover, an absolute measurement of
reliability, in the same units as those reported by the reference
methods, was provided by the standard error of measurement. It
quantifies the precision of individual measurements i.e. the amount
of error that can be assigned to the measurement error.

Finally, limit of detection (LOD) and limit of quantification (LOQ)
of the PLS prediction models were also reported. LOD is considered
to be a good estimator of the quality of a PLS models as it includes
the concepts of the sensitivity and precision of an analytical mea-
surement (Allegrini & Olivieri, 2014). The determination takes into
account the latest IUPAC official recommendations and instead of a
single value, an interval of LOD values is obtained (Allegrini &
Olivieri, 2014). With this approach a characteristic LOD interval of
the PLS regression model is provided. The LOQ was calculated as
three times the LOD. The recommendations given by Olivieri (2015)
and Williams, Dardenne, and Flinn (2017) were taken into account
when reporting calibration results.

3. Results

3.1. Reference data

Basic statistics for the HPLC quantified phenolic compounds and
for the four spectrophotometric parameters are reported in Table 1.
The coefficient of variation (CV) explain the variability observed in
the range of values for a specific phenolic compound. Coefficients



Table 1
Summary statistics of phenolic compounds and spectrophotometric measured parameters for the fermenting samples and wines.

Concentration (mg/L) N Average Stdev Min Max CV

Gallic acid 568 23,05 15 0,04 88,37 67
Catechin 566 35,31 19 0,98 186,31 54
B1 566 26,47 13 0,83 113,81 50
Polymeric phenols 569 753,05 426 52,72 2113,46 57
GRP 567 4,66 3,4 0,25 24,91 72
Caftaric acid 568 41,56 31 0,25 140,59 75
Caffeic acid 566 5,29 3,5 0,32 29,29 67
Coutaric acid 568 16,62 9,2 0,42 43,22 56
p-Coumaric acid 566 2,34 2,6 0,26 18,80 110
Quercetin-3-glucoside 568 46,26 35 0,27 155,09 75
Quercetin 561 6,99 5,4 0,45 32,78 77
Kaempherol 541 1,05 0,93 0,26 5,05 89
Delphinidin-3-glucoside 541 9,30 10,6 0,34 50,61 114
Cyanidin-3-glucoside 267 0,73 0,16 0,32 1,35 22
Petunidin-3-glucoside 546 13,11 11 0,45 46,26 86
Peonidin-3-glucoside 541 7,11 4,9 0,37 22,54 69
Malvidin-3-glucoside 563 104,88 75 0,56 288,71 72
Delphinidin-3-acetylglucoside 496 4,49 5,4 0,36 50,84 120
Cyanidin-3-acetylglucoside 337 2,81 1,3 0,47 7,58 46
Petunidin-3-acetylglucoside 521 4,31 3,8 0,30 15,48 88
Peonidin-3-acetylglucoside 544 4,85 3,7 0,36 12,72 76
Malvidin-3-acetylglucoside 560 34,31 28 0,59 108,59 80
Delphinidin-3-coumarylglucoside 427 2,04 1,4 0,30 5,95 67
Petunidin-3-coumarylglucoside 508 3,46 2,4 0,40 9,72 69
Peonidin-3-coumarylglucoside 544 3,93 3,7 0,29 15,66 94
Malvidin-3-coumarylglucoside 562 14,95 12 0,48 51,12 80
Polymeric pigments 566 31,63 20 1,90 119,74 62
Total phenols HPLC 569 1197.52 487 102.52 2510.85 41

MCP tannins 569 1456,87 808 56,85 3802,20 56
Anthocyanins 569 434,19 193 20,48 883,23 45
TPI 569 50,21 16 5,15 102,80 32
CD 569 17,65 7,4 2,28 56,97 42

N: number of samples; Stdev: standard deviation; Min: minimum; max: maximum; CV: coefficient of variation.
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higher than 30% were always observed (with the exception of
cyanidin-3-gluoside), which was interpreted as indicative of suffi-
cient variability in the sample set for developing PLS calibration
models (Aleixandre-Tudo et al., 2015). The concentrations reported
here may be of interest as this is the most comprehensive survey of
the range of the phenolic content in South African red wines.
However, the data presented need to be considered indicative as
the samples came from very diverse conditions such as different
origin, cultivar, climate, ripening or winemaking conditions.
3.2. Correlation between spectrophotometric and HPLC determined
phenolic levels

Interesting correlations were found between some spectro-
photometric parameters and HPLC quantified phenolic compounds
(Fig. 1). A strong positive correlation of 0.83 was observed between
the MCP tannins assay values and polymeric phenols. The poly-
meric phenol peak is thought to be composed mainly of proan-
thocyanindins, but its use as an estimation of the total tannin
content is currently not always accepted, as other polymeric phe-
nols may also be included in the non-resolved elution peak
(Kennedy & Waterhouse, 2000). Additionally, a strong positive
correlation (0.81) was also observed for the TPI and the total HPLC
quantified phenolics. Despite the limitations and simplicity of the
TPI index this correlation indicated the value of this routine
parameter to estimate the total phenolic content of wine.
3.3. Extraction of phenolic compounds during fermentation

Phenolic extraction takes place during the fermentation process
while the solid parts of the berries are in contact with themust. The
phenolic levels found in the 13 fermentations included in the study
during approximately 25 days were averaged. Logarithmic re-
gressions were fitted for the spectrophotometric parameters as
well as for the HPLC quantified main phenolic families and can be
observed in Fig. 2. The flavanols and proanthocyanidins group in-
cludes the compounds catechin, the polymer B1 and the polymeric
phenols peak. Phenolic acids included the compounds quantified at
320 nm plus gallic acid, while flavonols include the compounds
quantified at 360 nm. The anthocyanins group includes the gluco-
sidated, acylated, p-cumaroylated anthocyanins and the polymeric
pigments. Lastly, all the quantified compounds were added
together to calculate the total phenolic content of a samples.

High coefficients of correlation (R2 > 0.80) were always
observed between the measured compounds and the fitted loga-
rithmic equation during the fermentation process. The highest
coefficients were observed for TPI, MCP tannins (spectrophotom-
eter determinations) and the flavan-3-ols and proanthocyanidins
and phenolic acids groups (HPLC quantified phenolics) (R2 > 0.9). In
addition to the good logarithmic correlations coefficients found, the
extraction curves of colour density and the anthocyanin measure-
ments showed a maximum around 15 days (more or less at
pressing) with a subsequent steady decrease, which is in accor-
dance to the results found in the literature (Rib�ereau-Gayon,
Glories, Maujean, & Dubourdieu, 2006) (Fig. 2).
3.4. UV-Vis spectroscopy prediction models for fermenting samples
and wines

The statistics obtained from the different calibrations investi-
gated in this study are shown in Table 2. Before model calibration
the data was screened for outliers. Outliers are defined as samples



Fig. 1. Correlation between spectrophotometric and HPLC phenolic levels.
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with abnormal spectral features or measured concentrations.
Possible sources of error can be found during sampling, sample
preparation, laboratory and/or analytical practices. Hotelling T2 and
leverage were also considered for outlier identification. Overall the
number of outliers identified in the process of model calibration
corresponded to 3.44% of the sample set. The number of samples
included in the calibrations and the range of predicted concentra-
tions, rank, calibration and validation statistics, bias, slope, SI test,
ICC and SEM as well as LODmin-max and LOQmin-max are shown.

Spectral properties in the UV-VIS region of samples during
fermentation and finished wines were collected in the
200e700 nm region are reported in supporting information S2. The
main dominant features of the UV-VIS spectra corresponded to an
absorption band at 280 nm, which corresponds to hydrox-
ybenzoates, stilbenes, flavan-3-ols and to the UV absorption of the
anthocyanins; 370 nm linked to the flavonols group and finally to a
band around 520e540 nm that corresponds to the absorption part
of the anthocyanins (Hong & Wrolstad, 1990). During the first days
of the fermentation the most prominent change was observed at
520e540 nm with an increased absorption intensity, which can be
ascribed to the anthocyanin extraction from grape skins into the
wine. The same trend was observed for the absorption features at
280 nm and 370 nm, which were ascribed to the extraction of
phenolic compounds that occurred during the red winemaking
process. Moreover, towards the end of the fermentation and
through aging the biggest changes were found as a decrease in the
visible absorption band of the anthocyanins, together with the
associated decrease of the UV absorption intensity of these com-
pounds. This fact has been ascribed in the literature to different
phenomena such as, polymeric pigment formation, oxidation,
reabsorption in the skin and yeast cell wall and/or precipitation
with tartaric salts, among others (Cozzolino, Parker, & Dambergs,



Fig. 2. Fermentation extraction curves with logarithmic equations and correlation coefficients. Average values and standard deviation of 13 fermentations.
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Table 2
Summary statistics for the UV-VIS calibration and validation models built for the investigated phenolic measurements in fermenting samples and wines.

N Range Rank R2cal RMSECV R2val RMSEP RPD Bias Cal/Val Slope SI test ICC SEM LODmin-max LOQmin-max

Gallic acid 569 0.045e61.68 7 0.82 6.9 0.85 6 2.6 0.17 50/50 0.84 Ho rejected 0.92 4.3 1.3e1.4 3.9e4.09
Catechin 551 7.55e81.16 14 0.58 10 0.79 8 2.1 �1.18 66/33 0.89 Ho rejected 0.87 5.6 0.51e0.54 1.5e1.6
B1 540 0.83e51.8 14 0.75 6.4 0.75 5.7 2 0.26 66/33 0.82 Ho rejected 0.86 4.01 0.37e0.38 1.1e1.2
Polymeric phenols 551 71.55e2004.8 10 0.85 159 0.91 127 3.3 �6.52 50/50 0.93 Ho rejected 0.95 90 11e11 33e33
GRP 522 0.58e9.39 12 0.54 1.8 0.22 1.7 1.1 �0.02 66/33 0.25 Ho rejected 0.39 1.2 0.02e0.03 0.07e0.08
Caftaric acid 569 0.54e140.59 7 0.91 9.5 0.97 6.8 5.08 1.09 50/50 0.99 Ho rejected 0.98 4.5 0.09e0.1 0.28e0.3
Caffeic acid 515 0.48e9.28 12 0.64 1.7 0.73 1.6 1.9 �0.7 66/33 0.81 Ho rejected 0.82 1.1 0.18e0.2 0.55e0.59
Coutaric acid 543 0.66e38.92 5 0.83 3.5 0.9 3.2 2.9 �1 66/33 0.93 Ho rejected 0.93 2.2 0.1e0.1 0.29e0.29
p-Coumaric acid 550 0.26e11.29 8 0.56 1.4 0.7 1.3 1.8 �0.03 66/33 0.83 Ho rejected 0.8 0.91 0.01e0.02 0.04e0.05
Quercetin-3-glucoside 552 0.87e154.26 11 0.96 7.5 0.97 6.1 5.3 �2.17 50/50 0.99 Ho rejected 0.98 4.2 4.04e4.2 12e13
Quercetin 531 0.45e22.69 11 0.84 2.2 0.91 1.3 3.3 �0.31 50/50 0.87 Ho accepted 0.96 0.92 0.6e0.64 1.8e1.9
Kaempherol 510 0.3e5.05 8 0.77 0.45 0.89 0.31 2.8 �0.07 50/50 0.92 Ho rejected 0.93 0.21 0.09e0.1 0.26e0.3
Delphinidin-3-glucoside 540 0.84e50.61 10 0.8 5.01 0.87 4 2.8 0.39 66/33 0.88 Ho rejected 0.93 2.8 0.26e0.28 0.77e0.84
Cyanidin-3-glucoside 243 0.42e1 11 0.57 0.1 0.55 0.086 1.5 0.008 66/33 0.72 Ho rejected 0.71 0.06 0.02e0.03 0.06e0.09
Petunidin-3-glucoside 530 0.78e46.26 11 0.84 4.7 0.88 4.04 2.8 �1.51 66/33 0.94 Ho rejected 0.93 2.8 0.32e0.35 0.97e1.04
Peonidin-3-glucoside 527 0.37e22.23 5 0.59 2.9 0.81 2.3 2.1 0.22 66/33 0.91 Ho rejected 0.86 1.6 0.17e0.17 0.51e0.52
Malvidin-3-glucoside 524 4.3e288.71 11 0.84 28 0.88 26 2.7 2.71 66/33 0.83 Ho rejected 0.92 17 2.6e2.8 7.9e8.3
Delphinidin-3-acetylglucoside 460 0.41e16.13 8 0.85 1.7 0.88 1.4 2.9 0.045 66/33 0.89 Ho rejected 0.93 1 0.11e0.11 0.32e0.34
Cyanidin-3-acetylglucoside 310 0.52e544 6 0.79 0.54 0.79 0.49 2.1 0.13 66/33 0.8 Ho accepted 0.87 0.34 0.07e0.07 0.2e0.21
Petunidin-3-acetylglucoside 512 0.52e15.48 7 0.82 1.6 0.89 1.4 2.8 �0.23 50/50 0.95 Ho rejected 0.92 0.99 0.11e0.11 0.32e0.34
Peonidin-3-acetylglucoside 534 0.62e12.73 15 0.89 1.4 0.87 1.4 2.7 �0.16 66/33 0.89 Ho accepted 0.93 0.97 0.12e0.14 0.36e0.41
Malvidin-3-acetylglucoside 542 0.73e108.59 8 0.84 11 0.93 8.4 3.4 �0.49 66/33 0.91 Ho rejected 0.95 5.9 0.86e0.89 2.6e2.7
Delphinidin-3-coumarylglucoside 419 0.43e5.76 9 0.85 0.58 0.85 0.51 2.6 �0.09 50/50 0.87 Ho rejected 0.91 0.36 0.05e0.05 0.15e0.16
Petunidin-3-coumarylglucoside 505 0.47e8.98 13 0.86 1 0.84 0.92 2.5 �0.028 66/33 0.88 Ho accepted 0.92 0.65 0.09e0.1 0.26e0.3
Peonidin-3-coumarylglucoside 512 0.29e14.05 9 0.8 1.8 0.78 1.7 2.1 0.25 66/33 0.91 Ho rejected 0.88 1.2 0.1e0.1 0.29e0.31
Malvidin-3-coumarylglucoside 546 0.64e50.33 9 0.8 5.3 0.88 4.2 2.7 �0.18 66/33 0.9 Ho rejected 0.92 2.8 0.69e0.73 2.08e2.2
Polymeric pigments 531 1.97e83.1 14 0.81 7.9 0.86 5.8 2.6 �0.46 66/33 0.84 Ho rejected 0.92 4.04 0.48e0.52 1.4e1.6

MCP tannins 569 95.49e3101.55 6 0.92 239 0.93 209 3.7 �25.27 50/50 0.95 Ho rejected 0.96 148 188e191 563e574
Anthocyanins 569 40e883.23 4 0.99 15 0.99 14 13 0.58 50/50 0.99 Ho rejected 0.99 9.5 21e22 64e65
TPI 541 5.75e87.41 4 0.99 2.1 0.99 1.6 8.2 0.04 50/50 1 Ho accepted 0.99 1.2 2.2e3.3 6.6e6.9
CD 552 3.4e39.47 7 0.85 2.8 0.87 2.6 2.6 0.04 50/50 0.91 Ho rejected 0.91 1.8 3.05e3.3 9.2e10.1

N: number of samples; R2cal: coefficient of correlation in calibration; RMSECV: root mean standard error in cross validation; R2val: coefficient of correlation in validation; RPD:
residual predictive deviation; Cal/Val: calibration/validation ratio; SI test: slope and intercept test; ICC: interclass correlation coefficients; SEM: standard error of measure-
ment; LODmin-max: maximum and minimum limit of detection; LOQmin-max: maximum and minimum limit of quantification.
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2006; He et al., 2012b, 2012a; Sanna et al., 2014).
On a general basis, the loading analysis of the first latent variable

(explaining around ormore than 90% of the variance) presented the
same features as the UV-Visible spectra of the samples. The reason
might be due to the fact that the UV-Visible spectra of the wines is
dominated to a large extent by phenolic compounds, while the
most abundant components in the sample matrices do not show
strong spectral features in this specific region of the electromag-
netic spectrum.

As can be observed in Table 3, prediction models with RPD
values higher than 2.5 were obtained for the majority of the com-
pounds and parameters under study. Calibrations with RPD's
higher than 2.5 can be used for phenolic prediction purposes, as
reported by several authors (Aleixandre-Tudo et al., 2015;
Table 3
Summary statistics of grape phenolic parameters using the homogenate and the
wine like extraction protocols.

N Average Stdev min max CV

HOMOGENATE
MCP (mg/g) 260 3.14 0.71 1.07 5.49 23
Anthocyanins (mg/g) 260 1.11 0.40 0.18 2.73 36
TPI 260 12.80 2.6 4.84 22.91 20
CD 260 10.92 3.8 2.32 25.43 35
WINE LIKE
MCP (mg/g) 260 1.12 0.46 0.11 2.74 41
Anthocyanins (mg/g) 260 0.36 0.17 0.05 1.00 47
TPI 260 42.78 15 15.03 107.30 35
CD 260 30.33 17 3.83 89.31 56

N: number of samples; Stdev: standard deviation; Min: minimum; max: maximum;
CV: coefficient of variation.
Cozzolino et al., 2004; Dambergs et al., 2012). Additionally, pre-
diction models with RPD 1.5e2.5 may be used for screening pur-
poses. As is evident from the results in Table 3, two thirds of the
compounds and parameters investigated could be accurately
quantified using the UV-VIS spectra information. The best models
were obtained for polymeric phenols, caftaric acid, quercetin-3-
glucoside, quercetin, malvidin-3-acetylglucoside, MCP tannins,
anthocyanins and TPI with RPD values higher than 3. MCP tannins
models with similar accuracy, built only with a limited number of
wavelengths in the UV region were also reported by other authors
(Aleixandre-Tudo et al., 2015; Dambergs et al., 2012). The calibra-
tion for polymeric pigments also showed an RPD higher than 2.5. A
strong correlation between these compounds and the SO2 resistant
pigments parameter obtained from the modified Somers method
(Mercurio et al., 2007) has been reported in the literature
(Aleixandre-Tudo et al., 2017). The compounds catechin, peonidin-
3-glucoside, cyanidin-3-acetylglucoside and peonidin-3-
cumaryglucoside showed models with RPD values higher than
two and might be thus also considered for sample screening.
Moreover, approximately one third of the calibrations were exter-
nally validated with calibration/validation ratios at 50/50, which in
most cases coincided with the models that showed the highest
acfcuracy. Keeping the calibration/validation ratio as similar as
possible is an indication of model robustness as calibrations have
been tested against a larger number of samples. However, calibra-
tion/validation ratios of 66/33 are widely accepted and are not
considered detrimental in model evaluation (Williams et al., 2017).
On the other hand, the slope values smaller than 1, for somemodels
(Tables 2 and 4), may be an indication of non-linearity at higher
concentrations. However, the ranges of phenolic levels reported in
this study were accurately modelled using a linear regression



Table 4
Summary statistics for the UV-VIS calibration and validation models built for the investigated phenolic parameters in grape samples (homogenate and wine-like extraction).

N Range Rank R2cal RMSECV R2val RMSEP RPD Bias Cal/Val Slope SI test ICC SEM LODmin-max LOQmin-max

HOMOGENATE
MCP tannins (mg/g) 259 2.17e4.96 7 0.91 0.27 0.85 0.22 2.6 �0.01 66/33 0.86 Ho rejected 0.9 0.19 0.41e0.44 1.2e1.3
Anthocyanins (mg/g) 259 0.28e1.69 2 0.99 0.04 0.98 0.034 7.3 0.001 50/50 0.99 Ho accepted 0.98 0.034 0.04e0.04 0.12e0.12
TPI 260 8.83e17.52 4 0.99 0.17 0.99 0.17 10.6 0.03 50/50 0.99 Ho rejected 0.99 0.12 0.58e0.6 1.8e1.8
CD 260 2.37e17.68 2 0.93 1.2 0.94 0.72 3.8 �0.002 50/50 0.95 Ho accepted 0.96 0.48 2.2e2.2 6.6e6.6
WINE-LIKE
MCP tannins (mg/g) 258 0.19e2.74 4 0.94 0.11 0.94 0.12 3.9 0.004 50/50 0.97 Ho accepted 0.93 0.13 0.14e0.15 0.43e0.46
Anthocyanins (mg/g) 260 0.09e1 3 0.98 0.02 0.98 0.03 6.1 �0.001 50/50 1.01 Ho rejected 0.99 0.022 0.01e0.01 0.02e0.03
TPI 260 18.63e107.3 3 0.99 0.32 0.99 0.42 39 0.04 50/50 1 Ho accepted 1 0.3 1.9e2.08 5.6e6.2
CD 251 7.69e88.25 8 0.74 8.5 0.87 6.2 2.7 1.11 50/50 0.91 Ho rejected 0.93 4.3 5.2e6 16e18

N: number of samples; R2cal: coefficient of correlation in calibration; RMSECV: root mean standard error in cross validation; R2val: coefficient of correlation in validation; RPD:
residual predictive deviation; Cal/Val: calibration/validation ratio; SI test: slope and intercept test; ICC: interclass correlation coefficients; SEM: standard error of measure-
ment; LODmin-max: maximum and minimum limit of detection; LOQmin-max: maximum and minimum limit of quantification.
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procedure, as can be observed throughout the different statistics
reported.

The null hypothesis (Ho) was rejected inmost of the cases as can
be observed in Table 3, indicating slopes different from 1 and in-
tercepts not containing 0 at 95% confidence interval. Only the
compounds quercetin, cyanidin-3-acetylglucoside and peonidin-3-
acetylglucoside, petunidin-3-coumarylglucoside and the param-
eter total phenolic index confirmed the null hypothesis (Ho
accepted). The results showed a systematic error between the
values predicted with the calibrations and the reference data,
however the joint slope and intercept test (SI) test does not provide
information about the magnitude of the error. It is possible that
large differences between the observed vs. predicted values existed
despite the null hypothesis still being confirmed. With the aim of
investigating the reliability of the predictions ICC and SEM were
also investigated. Twenty-two out of 31 calibrations presented ICC
values higher than 0.9 indicating that a high proportion of the
differences are part of the observed vs. predicted values. Another
group of compounds showed ICC >0.85 including catechin, B1,
peonidin-3-glucoside, cyanidin-3-acetylglucoside (Ho accepted)
and peonidin-3-coumarylglucoside. SEM values, which provide the
amount of error that can be assigned to the measurement error,
were found to be at all cases lower than RMSEP.

The limit of detection (LOD) of a PLS models is a good indication
of the accuracy of a calibration and provides the lowest quantity of
a substance that can be distinguished from the absence of that
substance (Allegrini & Olivieri, 2014). The calculation of the LOD
requires the estimation of the optimum number of latent variables
in the cross validated model as well as the uncertainty in both
signal and calibration concentrations. The uncertainty in the UV-
VIS signal was calculated as 0.007 AU and obtained by measuring
the UV-VIS spectra (200e700 nm) of the same wine samples eight
times. The uncertainties in the reference methods were obtained in
a similar manner with the sample analysed eight times for HPLC
phenolic compounds as well as for the other reported parameters.
For the HPLC phenolics those compounds whose standards were
available were used as references for the determination of the
uncertainty in calibration (e.g. the uncertainty of catechinwas used
for B1 and polymeric phenols LODs determination). Standard de-
viation values in percentage of 1.74%, 0.17%, 0.44%, 0.74%, 2.6% were
obtained for gallic acid, caftaric acid, catechin, malvidin-3-
glucoside and quercetin-3-glucoside, respectively. Moreover, the
uncertainty of the phenolic parameters was as follow: 3.88%, 1.5%,
1.3%, 5.1% for MCP tannins, anthocyanins, TPI and CD, respectively.
The calculation of the uncertainty for MCP tannins was slightly
different as two sets of eight replicates of the same samples were
analysed. The uncertainty was calculated as the average of the two
sets. This was done with the aim of maintaining the procedure
followed for the determination of the MCP tannin content. As the
MCP protocol requires 10 min of waiting time plus 5 min of
centrifugation a new set of eight samples is started while waiting.
By doing this the analytical time is substantially reduced and a large
number of samples can thus be analysed.

The majority of the calibrations showed LOD ranges lower than
the lowest concentration predicted by the calibrations (Table 3).
Only for gallic acid, quercetin-3-glucoside, quercetin, malvidin-3-
acetylglucoside, malvidin-3-coumarylglucoside and MCP tannins
the lowest predicted concentration was below the LODmin-max
values. When investigating the LOQ almost half of the calibrations
showed LOQ ranges lower than the lowest predicted concentration.
The results observed here have thus to be taken into consideration
especially during the very early stages of fermentation when the
predicted values can be found below the LOQ or LOD ranges.
3.5. UV-Vis spectroscopy prediction models for grape extracts

Predictionmodels for MCP tannins (mg/g), anthocyanins (mg/g),
TPI and CD were constructed for a set of 130 grape samples span-
ning a wide range of cultivars, origins and levels of phenolic com-
pounds. Two extraction protocols, namely homogenate (Iland et al.,
2000) and wine-like (Bindon et al., 2014) methods, were investi-
gated and a summary of statistics is reported in Table 3. Spectral
features collected with both extraction methods are represented in
supporting information S3 and S4. Wine-like MCP tannins and
anthocyanin values were in accordance to those reported by Bindon
et al. (2014) for Australian Cabernet Sauvignon and Shiraz samples.
The minimum levels reported in this study were lower because of
the inclusion of cultivars such as Cinsault or Red Muscadel that are
generally characterized as low phenolic containing cultivars. The
phenolic levels observed here for the homogenate extraction were
also in accordance to those reported elsewhere (Bindon et al.,
2014). Such a large set of data is presented here for the first time
and can thus be a good indication of the levels of phenolic com-
pounds in South African red wine cultivars. In addition to this, a
large range of concentrations and high coefficients of variation
were observed for the investigated parameters and for both
extraction procedures (Table 3).

The ranges of predicted concentrations, calibration and valida-
tion statistics, SI test, ICC and SEM and LOD and LOQ values are
reported in Table 4. Table 4 shows accurate models (RPD > 2.5) for
MCP tannins (mg/g), anthocyanins (mg/g), TPI and CD parameters
for grape extracts obtained with the homogenate method. Cali-
bration/validation ratios were kept at 50/50, except for the MCP
tannin model. With regards to the null hypothesis, it was accepted
for the anthocyanins and CD calibrations showing thus these
models increased robustness, as the slope is equal to 1 and the
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intercept is placed at 0, with 95% confidence intervals. Moreover,
ICC values were always equal or higher than 0.9 with also low SEM
values reported. Additionally, LOD ranges were also below the
lowest predicted value. However, when LOQ was investigated the
CDmodel showed a range (LOQmin-max ¼ 6.6e6.64) higher than the
lowest predicted concentration indicating lower precision of the CD
model. For the other three parameters LOQ was also lower than the
lowest predicted concentration. Accurate prediction models were
also observed for the wine like extracted grape phenolics (Table 4).
In this case ratios were always kept at 50/50 calibration/validation.
Contrarily towhat was observed previously the null hypothesis was
confirmed (Ho accepted) for the MCP tannins and TPI models with
ICC values equal or higher than 0.93 with also appropriate mea-
surement errors. Moreover, LODs were always lower than the
lowest predicted sample. On the other hand, LOQswere higher than
the lowest predicted concentration for the MCP tannins and CD
models fact that was not observed for the anthocyanins and TPI
models.

4. Discussion

This research study has demonstrated that UV-Vis spectroscopy
is also a valid alternative for the phenolic profiling of samples
during the fermentation and in finishedwines. In combinationwith
the main phenolic parameters (namely, tannins, anthocyanins, TPI
and CD) a detailed phenolic profiling of the samples during the
winemaking process could thus be achieved by using the infor-
mation contained in the UV-Vis spectra of the samples. Currently,
only advanced chromatographic methods, such as HPLC, are nor-
mally required. Accurate RPD values were obtained for the majority
of the calibrations. A detailed anthocyanin characterization
together with prediction of the main phenolic acids and flavonols is
now feasible, using only UV-Visible spectroscopy.

The investigation of models to predict some phenolic parame-
ters for grape samples, with the use of two different extraction
protocols were also found to be successful. Thewine-like extraction
method, which is a longer procedure, provides a better estimation
of the phenolic levels that will be later found in wine (specifically
for tannins) (Bindon et al., 2014). The homogenate extraction is also
a valid alternative and a widely used method being these the main
reason of its inclusion in this study.

Additionally, the models have been tested to a large extent with
the inclusion of other statistical estimators, aiming to provide
further understanding on the accuracy and robustness of the pre-
diction calibrations. From the SI test results, the null hypothesis was
in most cases rejected which indicated the slope being different
from 1 (the calibrations might provide larger errors towards the
extremes) and intercepts not place at 0 (possibly leading to a sys-
tematic over- or under-estimation) at 95% confidence intervals. For
every comparison (observed vs predicted) a further investigation
into the nature of the error was achieved by evaluating the Bland
and Altman plots (data not shown). The plot provides an overview
of the validation residuals against the average observed/predicted.
The nature of the systematic error if any can thus be identified. The
validation samples generally appeared scattered throughout the
plot indicating absence of a specific type of error for the calibrations
under study. However, ICC showed values almost always higher
than 0.9 with low SEM indicating reliability in the predictions.
Moreover, LOD and LOQ of the PLS calibrations of phenolic com-
pounds in grapes, fermenting samples and wines are reported here
for the first time. The calculation of these two estimators indicated
that in most cases LODs and LOQs were lower than the lowest
predicted concentration. However, for some other calibrations
attention should be paid during the first days of the fermentation or
in lower phenolic containing grape and wine samples as the levels
of some phenolic compounds and parameters are above the LOD or
the LOQ ranges provided. This is for example the case for the MCP
tannins levels and CD. Looking at Fig. 2 and Table 2 the MCP tannin
predictions are only higher than the LOQ after more or less three
days from the beginning of the fermentation (approximately at
600 mg/L). On the contrary anthocyanins and TPI levels can be
predicted from day 0. With regards to colour density only pre-
dictions obtained after three days (CD ¼ 10) of the fermentation
start will be above the LOQ. The higher uncertainty observed for the
MCP tannins and CD reference methods seems to play a role on the
LOD and LOQ values for these calibrations. The calculation of the
LOD and LOQ parameters includes the vector of PLS regression
coefficients, the calibration concentrations, the rank and the un-
certainties in both signal (UV-Visible spectroscopy) and reference
methods. Model performance as well as accuracy in spectral
collection and reference data generation are thus taken into ac-
count. The LOD and LOQ parameters are therefore a measurements
of the overall accuracy of a PLS models (all the components of a PLS
calibration are included) providing therefore an important alter-
native estimator to evaluate the quality of a PLS calibration.

The implementation of process control in wine production is
currently demanding new analytical strategies. The incorporation
of process analytical technologies (PAT) during the winemaking
production chain will ensure the required quality standards.
Analytical technologies include a variety of resources that provide a
better understanding of product properties. Early identification of
product quality deviations is one of the main benefits of the in-
clusion of PAT into the production process (Rathore, Bhushan, &
Hadpe, 2011). Phenolic compounds are key components in red
wine production as they contribute to a large extent to the organ-
oleptic properties of the final product. The possibility of obtaining
information related to phenolic compounds during the fermenta-
tion and aging processes of red wines in a fast, simple and accurate
manner becomes therefore essential.

The use of spectroscopy with chemometrics appears as a po-
tential technique to provide the phenolic information. Infrared
spectroscopy has been reported as a technique suitable for this
purpose, with a potential extension to on-line and in-line process
control and monitoring (Aleixandre-Tudo et al., 2017; Dambergs
et al., 2015; Daniel, 2015; Ricci et al., 2013). However, the acquisi-
tion of infrared instruments is not always possible for medium and
small size wineries with limited resources. UV-Vis spectroscopy,
which is a more affordable technology, could thus be an alternative.
Spectra acquisition in UV-Vis spectroscopy, requires a samples
preparation step where the samples need to be diluted with hy-
drochloric acid to avoid saturation of the detector (Dambergs et al.,
2012). This additional step limits the use of this technique to on-
line applications but the economic benefits might justify its selec-
tion. Moreover, recent advances in instrumentation development
may provide in the near future UV-Vis spectrophotometers with
detectors capable to handle saturation conditions. Finally, as the
UV-Vis detectors often provide different responses, additional
effort should be made in terms of instrument to instrument cali-
brations transfer. When samples are intended for prediction in a
new instrument a calibration transfer method should be consid-
ered. The application of slope and bias correction, among other
calibration transfer methods, has been proposed (Dambergs et al.,
2012) and may thus be considered.

5. Conclusions

The results observed in this research study found UV-Visible
spectroscopy as a suitable technique for phenolic monitoring dur-
ing the fermentation process as well as in finished wines. Addi-
tionally, calibrations for some of the most common phenolic
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parameters were also obtained for grape phenolic extracts,
following two different extraction protocols. The inclusion of SI test
and LOD and LOQ calculations extended on the evaluation of model
performance, in terms of robustness and accuracy. UV-Vis tech-
nology can thus be considered a valid option for process control and
monitoring of the phenolic behaviour and evolution throughout
the winemaking process.
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