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a b s t r a c t 

The typical phenolic profile in grapes is characterized by its complexity both in terms of number of di- 

verse chemical structures and their variation during ripening. Besides, the specific phenolic composition 

of grapes directly influences the presence of those components in the resulting wine. In this contribution, 

a new method based on the application of comprehensive two-dimensional liquid chromatography cou- 

pled to a diode array detector and tandem mass spectrometry has been developed to obtain the typical 

phenolic profile of Malbec grapes cultivated in Brazil. Moreover, the method has been demonstrated to 

be useful to study how the phenolic composition in grapes evolved during a 10-week ripening period. 

Main detected compounds in grapes and in the wine derived from them were anthocyanins, although 

a good number of polymeric flavan-3-ols were also tentatively identified, among other compounds. Re- 

sults show how the amount of anthocyanins present in grapes was increased during ripening up to 5–6 

weeks and then decreased towards week 9. The two-dimensional approach applied was demonstrated to 

be useful for the characterization of the complex phenolic profile of these samples, involving more than 

40 different structures and has the potential to be further applied to the study of this important fraction 

is different grapes and wines systematically. 

© 2023 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Phenolic compounds are a group of natural bioactive molecules 

ound mainly in vegetables and fruits, including grapes and their 

y-products such as wine [1] . They are produced in grapes in re- 

ponse to environmental stress, like predation, attack by microor- 

anisms, UV light levels and water deficit. Their composition and 

ontent in wine is greatly influenced by grape variety and maturity 

tage, technological practices to which grapes are exposed, type of 

east and bacteria used in the alcoholic and malolactic fermenta- 
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ion, respectively, and contact with solid parts of the grape during 

aceration [2–4] . 

Polyphenols are essential in the quality of wine, especially red 

nes, contributing to sensory properties (color, flavor, astringency 

nd bitterness). Besides, they have been described to have antioxi- 

ant, anti-inflammatory, cardioprotective and anti-hypertensive ac- 

ivity and positive effects on human microbiota composition and 

unctionality. Thus, different previously presented studies have 

een focused on the determination of these compounds [ 3 , 5 , 6 ]. 

They are characterized by having an enormous structural vari- 

bility, ranging from simple phenolic molecules to highly polymer- 

zed compounds, and are mostly found in conjugated forms with 

ono- and polysaccharides, that can be linked to different posi- 

ions within the polyphenolic structure. This usually makes the 

rofiling of these compounds a laborious task [ 3 , 7 ]. The analyti-

al approach most-frequently adopted to identify these bioactive 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ompounds is liquid chromatography (LC). Nevertheless, if the 

olyphenolic content of the analyzed sample is very complex, the 

ypically used one-dimensional LC (1D-LC) might not be sufficient 

or obtaining enough resolution [ 8 , 9 ]. On this matter, the utiliza-

ion of multidimensional approaches, such as comprehensive two- 

imensional liquid chromatography (LC × LC), considerably en- 

ances the separation potential since it takes advantage of the 

ombination of two independent separation mechanisms to ef- 

ectively boost the available resolving power as well as to pro- 

uce a powerful increase on peak capacity [10] . One of the key 

eatures of this technique is that the whole sample is analyzed 

hrough two separation mechanisms (dimensions). Consequently, 

ompounds that are not resolved in a single separation may be 

urther separated using a second separation. Due to the excel- 

ent resolving power provided, LC × LC has been demonstrated 

s a really useful tool for different purposes in food analysis [11–

3] . As grapes and wines are considered very complex samples in 

erms of polyphenols composition, different works have explored 

he possibility of using different LC × LC coupling for their analy- 

is, including for the identification of polyphenols in wines [ 14 , 15 ],

rapes [16] , grape juices [17] and winemaking by-products, such as 

eeds [18] or grapevine canes [19] . Among the different couplings 

f separations mechanisms that can be combined, the use of hy- 

rophilic interaction chromatography (HILIC) and reversed phase 

RP) conditions in the first ( 1 D) and second ( 2 D) dimensions, re- 

pectively, has shown an excellent potential for polyphenols analy- 

is [ 20 , 21 ]. This coupling is characterized by a high degree of or-

hogonality, as separations in the two dimensions are based on 

on-correlated mechanisms. However, important issues make its 

pplication challenging, mainly the solvent strength mismatch pro- 

uced between the solvents used as mobile phases in the 1 D and 

hose used in the 2 D [22] . In this regard, different modulation 

rocedures have been proposed to limit this problem and im- 

rove the peak shapes and resolution in the 2 D separations. Among 

hem, the use of focusing modulation or the use of a dilution 

tep of the 1 D effluent before being injected in the 2 D have been 

hown as good strategies to reduce the solvent incompatibility 

ffect [ 22 , 23 ]. 

In this context, the aim of this article is to develop a new 

C × LC method that combines a HILIC separation in the 1 D with 

 RP-based separation in the 2 D coupled to diode array detec- 

or (DAD) and tandem mass spectrometry (MS/MS) to characterize 

he anthocyanin profile of Malbec grapes with different degrees of 

ipeness and the phenolic profile of wine produced from them to 

tudy the composition and evolution of polyphenols during grape 

aturation as well as the final composition after winemaking. To 

he best of our knowledge, this is the first report in which a ded-

cated LC × LC method is applied to study the evolution of sec- 

ndary metabolites over time in foods. 

. Materials and methods 

.1. Samples and chemicals 

Grape ( Vitis vinifera L.) samples from the variety Malbec were 

ollected from a vineyard from Garanhuns (Pernambuco, Brazil) 

etween December 2021 and February 2022. This cultivar was cho- 

en because it stood out in terms of aptitude and productivity 

n this region. Grape samples were collected weekly (during 10 

eeks) from the phenological stage number 35 of the vine (be- 

inning of ripening; berries beginning to color and softening) [24] , 

otalizing 10 samples: W1, W2, W3, W4, W5, W6, W7, W8, W9 and 

10. 

The wine was produced with grapes harvested at W9, as this 

s the usual practice adopted by wineries in this Brazilian re- 

ion. The red wine was prepared in the Oenology Laboratory of 
2 
mbrapa Semiárido in the city of Petrolina, Pernambuco. Potas- 

ium metabisulfite, commercial yeast Saccharomyces cereviseae var. 

ayanus Maurivin PDM (0.20 – 0.30 g L - 1 ), Gesferm® ammonium 

hosphate fermentation activator (around 0.20 g L - 1 ) and Everzym 

olor® pectinolytic enzyme (0.01 - 0.03 g L - 1 ) were used as oeno- 

ogical adjuvants. After destemming and crushing the grapes, al- 

oholic fermentation and solid-liquid maceration were carried out 

t 24 ± 2 °C. Subsequently, spontaneous malolactic fermentation 

as performed at 17 ± 1 °C, until the complete transformation 

f malic acid into lactic acid, evidenced by paper chromatogra- 

hy (around 30 days), and cold tartaric stabilization (0 °C) for ten 

ays, and with the addition of 0.4 g L - 1 of Stabigum® (E414 Gum 

rabic + E353 metatartaric acid). Bottling was carried out in dark 

ottles of 750 mL, with prior correction of the free sulfur dioxide 

ontent to 50 mg L - 1 . The bottles were stored for 30 days in a hor-

zontal position in a wine cellar at 16 ± 1 °C and humidity around 

0% for the aging of the wine in the bottle. 

HPLC grade methanol, acetic and formic acid were purchased 

rom VWR Chemicals (France). Acetonitrile (LC grade) was supplied 

y Carlo Erba Reagents (France). Water employed was Milli-Q grade 

btained from a Millipore system (Billerica, MA). 

.2. Extraction of phenolic compounds from grape and wine 

The phenolic compounds were extracted according to a previ- 

usly published method [25] , with some modifications. Grape sam- 

les were lyophilized (Liotop® L101, Vitória, Brazil) at -58 ± 2 °C 

nd 6.7 ± 1 Pa for around 96 h to obtain samples with mois- 

ure of 1.5 ± 0.2%. The extraction of phenolic compounds from the 

yophilized samples W1-W10 (0.5 g in 50 mL falcon tubes) was 

erformed using 5 mL of a methanol:water solution (8:2, v/v ) acid- 

fied with 0.35% formic acid, vortexing for 3 min followed by cen- 

rifugation (30 0 0 rpm, 4 °C, 5 min) on a Rotina 380R centrifuge 

Hettich, Tuttlingen, Germany). The described procedure was re- 

eated 5 times. Supernatants were pooled and evaporated with ni- 

rogen. The sample was reconstituted with 1 mL of methanol. The 

xtracts were then filtered through a nylon syringe filter (0.45 μm) 

nd placed in 3 mL HPLC vials. Extraction procedure was per- 

ormed in triplicate. The phenolic compound extraction from wine 

as carried out by using 5 mL of the sample and 5 mL of a

ethanol:water solution (8:2, v/v ) acidified with 0.35% formic acid. 

he mixture was vortexed for 3 min and evaporated with nitrogen. 

he sample was reconstituted with 1 mL of methanol. Extraction 

rocedure was performed in triplicate. 

.3. LC × LC analyses 

.3.1. Instrumentation 

LC × LC instrumentation consisted of an Agilent 1200 se- 

ies liquid chromatograph (Agilent Technologies, Santa Clara, CA) 

quipped with an autosampler. Additionally, a LC pump (Agi- 

ent 1290 Infinity) was coupled to perform the second dimension 

 

2 D) separation. 1 D and 

2 D were connected by an electronically- 

ontrolled two-position ten-port switching valve (Rheodyne, Rohn- 

rt Park, CA, USA) acting as a modulator equipped with two iden- 

ical 50 μL or 100 μL injection loops. Modulation time of the 

witching valve was 1 min or 1.5 min as indicated below. For the 

ntroduction of the make-up flow when necessary, an additional 

gilent 1200 series pump controlled using a 1200 Instant Pilot (Ag- 

lent) was employed. A diode array detector (DAD) was coupled af- 

er the second dimension in order to register every 2 D analysis. 

ignals at 280, 254 and 550 nm were monitored and UV–Vis spec- 

ra from 190 to 550 nm were registered using a sampling rate of 

0 Hz. Besides, an Agilent 6320 ion trap mass spectrometer (MS) 

quipped with an electrospray interface working under positive 
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onization mode was coupled in series using the following con- 

itions: dry temperature, 350 °C; dry gas flow rate, 12 L min 

- 1 ; 

ebulization pressure, 345 Pa; mass range, m/z 90–1200 Da; ultra 

can mode (26,0 0 0 m/z /s). Auto MS(n) was performed for acquir- 

ng tandem MS/MS spectra. The flow eluting from the 2 D column 

as split before entering MS instrument to ca. 0.7 mL min 

- 1 . The 

C data were elaborated and visualized using LC Image software 

version 1.0, Zoex Corp., Houston, TX). For method optimization, 

ifferent columns were tested in the 1 D and in the 2 D. The used 

olumns, as their main characteristics are included in Table S1. 

.3.2. LC × LC separation conditions 

The final LC × LC separation conditions were obtained after op- 

imization, as described below, involving the following conditions: 

i) 1 D separation: ZIC 

–HILIC column (150 × 1 mm, 3.5 μm, Merck, 

Darmstadt, Germany) eluted using acetonitrile (A) and 10 mM 

ammonium acetate, pH 5 (B) at 25 μL min 

- 1 applying the fol- 

lowing gradient: 0 min, 5% B; 20 min, 25% B; 30 min, 30% B; 

45 min, 35% B; 50 min, 40% B; 80 min, 55% B; 85 min, 5% B;

100 min, 5% B. In all cases, the injection volume was 10 μL. 

ii) 2 D separation: C18 column (Ascentis Express C18, 50 × 4.6 mm, 

2.7 μm, Supelco, Bellefonte, CA) eluted using water (0.1% formic 

acid, A) and acetonitrile (B) at 3.0 mL min 

- 1 with the follow- 

ing 1.5 min repetitive gradients: 0 min, 5% B; 0.3 min, 5% B; 

0.8 min, 30% B; 0.9 min, 40% B; 1 min, 90% B; 1.2 min, 90%

B; 1.21 min, 5% B. This gradient was repeated during the whole 

LC × LC analysis time. To match the duration of each 

2 D separa- 

tion, the modulation time set for the switching valve actuation 

was 1.5 min. 

Moreover, an additional make-up flow was introduced to reduce 

he relative solvent strength at the exit of the 1 D using a T-piece 

t a flow rate of 75 μL min 

- 1 . The make-up flow was composed

f water. When the make-up flow was employed, the final separa- 

ion conditions used in the 2 D involved the same column and mo- 

ile phases as above stated, although the elution conditions were 

djusted as follows: 0 min, 5% B; 0.1 min, 15% B; 0.3 min, 20%

; 0.8 min, 35% B; 0.81 min, 5% B; using a flow rate of 2.5 mL

in 

- 1 . This gradient was repeated during the whole LC × LC anal- 

sis time. To match the duration of each 

2 D separation, the modu- 

ation time set for the switching valve actuation was 1.0 min. Be- 

ides, the sampling loops employed under this set-up had an inner 

olume of 100 μL. 

Other columns tested in both dimensions are described in 

ection 3 . 

.3.3. Theory, peak capacity, orthogonality 

To estimate the main figures-of-merit of the developed 2DLC 

pproaches, different calculations were carried out, specifically to 

rovide values or peak capacity and orthogonality. 

Peak capacity ( n c ) was calculated for each dimension starting 

rom the basic equation shown below (1): 

 c = 1 + 

t G 
w̄ 

(1) 

here t G is the gradient time and w is the average peak width. 

or both dimensions, the average peak width was obtained from 

o less than 10 representative peaks selected along the analyses. 

eak broadening factor <β> has been proposed to correct 1 D peak 

apacity in LC × LC systems, so that the potential deleterious effect 

f undersampling of the 1 D effluent is considered. This parameter 

as calculated as follows: 

 n c, corrected = 

1 n c √ 

1 + 0 . 21 

(
t S 

1 σ

)2 
(2) 
3 
here t s is the sampling time and 

1 σ is the average width of 1 D 

eaks as standard deviation in time units before modulation. With 

his information, the overall LC × LC peak capacity was calculated 

s follows: 

 D n c, theoretical = 

1 n c × 2 n c (3) 

This eq. (3) simply follows the so-called product rule. To have a 

ore realistic value, and to correct possible effects from modula- 

ion and undersampling, practical peak capacity was calculated as 

ollows ( eq. (4) ): 

 D n c, practical = 

1 n c × 2 n c √ 

1 + 3 . 35 ×
(

2 t c ×1 n c 
1 t G 

)2 
(4) 

here 2 t c is the 2 D separation time cycle (equal to the modulation 

ime). It has to be noted, that this calculation already considers 

 β〉 . 
To estimate the orthogonality ( A 0 ) degree of the system, the ap- 

roach based on asterisk equations was followed [26] . Briefly, this 

ethod considers the spread of peaks along the four imaginary 

ines crossing the 2D space forming an asterisk. More practical de- 

ails can be found elsewhere [ 19 , 26 ]. 

.4. Conventional one-dimensional LC 

Conventional one-dimensional LC analyses of the grape and 

ine samples were performed using an Agilent 1200 series liquid 

hromatograph (Agilent Technologies, Santa Clara, CA) equipped 

ith an autosampler. The method used was based on a previously 

eported [27] , with some modifications. Briefly, a C18 column (col- 

mn (150 × 2.1, 3 μm, Phenomenex, Germany) was employed. The 

obiles phases employed consisted of water (0.1% formic acid, sol- 

ent A) and acetonitrile (0.1% formic acid, solvent B), eluted at 

.2 mL min 

−1 using the following gradient: 0 min, 5% B; 5 min, 

5% B; 30 min, 50% B; 35 min, 65% B; 38 min, 100% B. The detec-

ion was performed using a DAD, recording the signals at 280, 490 

nd 550 nm and the injection volume was 10 μL. 

. Results and discussion 

.1. Optimization of separation 

Under 1DLC conditions, the separation of phenolic compounds 

s commonly performed in reversed phase mode using C18 

olumns [27] . In order to evaluate the potential of conventional 

DLC and the eventual need for LC × LC for the separation of 

hese complex samples, both, the wine and a grape sample (W9) 

ere analyzed using a conventional C18 column. As can be ob- 

erved in Fig. S1, the complexity of the phenolic compounds pat- 

ern present in the samples did not allow obtaining a complete 

eparation of the compounds. Both chromatograms were charac- 

erized by the presence of large humps containing many coeluted 

ompounds without baseline separation. This fact clearly pointed 

o the need for LC x LC separations. 

In this context, an online comprehensive 2DLC method, as or- 

hogonal as possible was targeted for the analysis of the grape and 

ine samples included in the present study. The final aim was 

o find the analytical conditions allowing a proper separation of 

he phenolic fraction present in these complex samples. Red grape 

nd wine phenols are believed to be composed of a heterogeneous 

ixture of phenolic acids, flavan-3-ols, flavonols and anthocyanins 

28] . For this reason, to obtain the complete phenolic profile of 

hese samples, analytical methods with sufficient resolving power 

re needed, as previously demonstrated. In this regard, the use of 

C × LC combining the use of a HILIC-based separation in the 1 D 
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Fig. 1. 2D plots (280 nm) obtained for the polyphenolic profiling of a grape sample 

(W10) under the optimized HILIC × RP conditions using direct transfer between di- 

mensions (A) and after the introduction of a dilution step (B). Separation conditions 

as explained in the text. 
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s

s
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ogether with a C18 column in the 2 D has already been shown 

o provide appropriate levels of separation power and it is char- 

cterized by a high degree of orthogonality [ 21 , 20 ]. Consequently, 

his combination was the one selected for the characterization of 

rapes and wine polyphenols in the present research. 

Initially, the optimization of the separation conditions in each 

imension was carried out individually. To do that, a selected 

rape sample (harvested at week 10, W10) was used as model 

ample and injected using conventional one-dimensional LC em- 

lating the conditions that should be employed later on in the 

DLC method. Table S1 shows the columns screened for the 1 D 

eparation. The aim of this screening was to test the capabilities 

f different stationary phases for the separation of the polyphe- 

ols, including diol, ZIC 

–HILIC, and silica particles. For each col- 

mn, a separate optimization was performed. Fig. S2 shows the 

hromatograms obtained after optimization for each tested col- 

mn. As can be observed, the best results were obtained using 

he ZIC 

–HILIC column as it provided the best compromise between 

ample distribution (number of separated peaks and wide of those) 

nd analysis time. The other tested columns also provided separa- 

ions that could be suitable for the LC × LC method, as the sam- 

le was widely distributed, although at the expense of significantly 

onger analysis times. Besides, the sample was just separated in 2–

 big humps, increasing the chance for coelutions in the final 2DLC 

ethod. These separations using diol and silica stationary phases 

ould not be further improved, even after thorough optimization. 

onsequently, the ZIC 

–HILC column was selected for the LC × LC 

nalyses. 

An important aspect considered is that the minimum possi- 

le flow rate providing a good distribution along the separation 

pace for a given reasonable analysis time was considered opti- 

um. For the 2 D, and based on our previous experience, two sta- 

ionary phases (C18 and PFP) were tested, both packed inside a 

hort column and in the form of partially porous particles. The use 

f this type of particles allows a good resolution with lower back- 

ressures produced. For the optimization, a total analysis time of 

.5 min was established as target time to allow the separation and 

e-conditioning of the column using very high flow rates ( > 2.0 mL 

in 

- 1 ). In Fig. S3, a comparison of the performance of the two 

ested columns under optimum separation conditions is shown. As 

an be observed, the C18 column provided an increased separa- 

ion power with respect to the PFP column, showing a significantly 

igher number of separated peaks. In this latter case, an increase 

n the flow rate employed with the aim to decrease the total anal- 

sis time did not improve the separation of the two big humps 

btained. 

Although the conditions shown in Fig. S3 are not actually pro- 

uced under a 2DLC analysis, bearing in mind that here the whole 

ample is being injected, the obtained separations provide a clear 

dea of the potential of the column to be applied to the studied 

amples. In spite of this, it is common that further optimization 

r gradient tweaks are needed once the system is run in LC × LC 

ode. 

Once the individual conditions were selected for each dimen- 

ion, the HILIC × RP method was implemented. To do that, the 

ame grape sample used during optimization (W10) was injected 

nto the system. The modulation time employed in the switching 

alve was 1.5 min and it was equipped with two identical 50 μL 

ampling loops. Taking into consideration the optimum flow rate 

etermined in the 1 D (25 μL min 

- 1 ), each transfer filled 75% of the

otal volume available in the loops, assuring that loss of sample 

as not produced. The separation obtained after coupling and mi- 

or adjusting of the 2 D gradient profile is shown in Fig. 1 A. As

t can be observed, although the separation of a good number of 

omponents was obtained, very intense peaks were eluted grouped 
4 
t the beginning of the 2 D separations (ca. t R = 10 s). For this rea-

on, it was decided that further modification of the 2 D gradients 

hould be necessary to have a better utilization of the available 2D 

eparation space. 

Different gradients and modifications of the composition of the 

obile phases were studied. A summary of the findings observed 

s illustrated in Fig. S4. However, none of the tested approaches 

llowed a significant improvement in the separation of this area. 

he elution of a high number of components at the beginning of 

he 2 D separations was most likely due to the solvent strength 

ismatch that typically occurs between HILIC and RP separations. 
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Table 1 

Peak capacity and orthogonality values calculated for the separations correspond- 

ing to a grape sample (W10) under optimum LC × LC conditions. 

Without 

make-up flow 

With 

make-up flow 

1 D w (min) 2.34 1.51 
1 n c 27 40 

<β> 2.19 2.19 
1 n c corr. 17 26 

2 D w (s) 1.41 1.41 
2 n c 65 43 

LC x LC Modulation time (min) 1.5 1 
2 Vinj (loop volume) (μL) 50 100 

Z 1 0.62 0.77 

Z 2 0.97 0.89 

Z - 0.80 0.83 

Z + 0.82 0.96 

A 0 (%) 63 74 
2D n c theoretical 1095 1106 
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he problem could be minimized to some extent thanks to the 

act that only 75% of the sampling loop volume was used to store 

nd transfer the 1 D effluent, being the rest filled with 

2 D mo- 

ile phase. In any case, as this solution was clearly insufficient, 

he introduction of a dilution step using an appropriate make-up 

ow was studied. In this case, an additional pump was used to re- 

uce the overall solvent strength of each fraction transferred. The 

sed make-up flow was composed of water. As the aim of the 

se of this approach is to reduce the fraction solvent strength, 

ater is considered the most-favorable case for the subsequent 

P separation in the 2 D. Moreover, based on previous findings, a 

:1 make-up solvent-to-fraction ratio was considered appropriate. 

s the 1 D flow rate employed was 25 mL min 

- 1 , the make-up flow

as introduced at 75 mL min 

- 1 . Consequently, the sampling loops 

nstalled in the modulator were changed to an increased inner vol- 

me of 100 μL. By using this approach, not only the separation in 

he 2 D improved significantly, but also it was possible to carry out 

 re-optimization of the gradient employed to reduce to total 2 D 

nalysis time to 1.0 min, which improves the undersampling effect 

f the 1 D separation. After implementation of the 1.0 min repeti- 

ive gradients into the HILIC × RP protocol, the obtained 2D sepa- 

ation was significantly improved, as illustrated in Fig. 1 B. As it can 

e inferred from the comparison established in Fig. 1 , the addition 

f the make-up flow was demonstrated to enhance the retention in 

he 2 D, avoiding the early elution and partial coelution of a great 

art of the transferred components (as shown in Fig. 1 A). 

The improvement achieved in terms of resolution and better 

se of the available separation space are translated into higher 

eak capacity values and orthogonality values when the make-up 

ow is employed, as can be seen in Table 1 (1106 Vs 1095). How-

ver, this is a good example of the limitations often encountered 

hen using peak capacity as an estimation of the performance of 

he method. As can be observed, the theoretical peak capacity (not 

onsidering any correction in terms of degree of orthogonality) 

btained for the optimum set-up (with make-up flow) was only 

arginally better than the peak capacity obtained without make- 

p flow. However, it is clearly visible from Fig. 1 that this latter 

et-up produced a significantly worse use of the available 2D space 

 Fig. 1 A) as a result of the elution problems above commented. 

evertheless, the higher gradient time available when make-up 

ow was not employed (modulation time 1.5 min) compared to 

he optimum set-up (modulation time 1.0 min) as well as the fact 

hat a lot of peaks coeluted in a narrow band around 

2 t R = 10 s

aused that the 2 n c value was higher under non-optimum condi- 

ions ( Table 1 ). Overall, these results demonstrate how, although 

eak capacity may be a useful parameter to compare the perfor- 

ance of 2DLC methods, these values should not be considered 
5 
lone when describing the figures-of-merit of the analytical ap- 

roach, as they can led to a clear misjudgment. 

.2. Characterization of the polyphenolic fraction of grapes and wine 

Once the HILIC × RP method was optimized, it was applied to 

he analysis of 10 grape samples of different maturation degree 

week 1 to week 10), as well as to the analysis of the wine pre-

ared from the samples harvested at week 9. Thanks to the ap- 

lication of this novel method, the evolution of the polyphenols 

resent in the samples during grape maturation could be followed, 

s well as their transformation as a result of the winemaking pro- 

edure. To assign the separated compounds, the information pro- 

ided by the DAD as well as the MS and MS/MS characteristic frag- 

entation patterns was used, and compared to the values found in 

he literature. 

Table 2 summarizes the information collected for each peak, as 

ell as the tentative identification reached for the wine sample. 

esides, Fig. 2 shows the 2D contour plot obtained for the pheno- 

ic profile present in the wine. As it can be observed at first sight 

omparing Figs. 2 and 1 B, the overall phenolic composition in the 

ine was significantly more complex than the one present in the 

rape samples. 

Most of the detected phenolic compounds belonged to antho- 

yanins. As it can be observed in the 2D plot shown in Fig. 2 , the

eparation obtained was clearly formed by two groups of com- 

onents. The first one, eluting earlier from the 1 D was mainly 

omposed of the anthocyanins, whereas the second group, elut- 

ng from 30 min comprised other phenolic compounds. Among an- 

hocyanins, malvidin derivatives were the most abundant. Different 

alvidin-hexoside derivatives were detected thanks to their char- 

cteristic molecular [M] + ions at m/z 493.7 that provided a spe- 

ific product ion at m/z 331 corresponding to the aglycone, af- 

er the neutral loss of the sugar moiety ([M-162] + ). Fig. 2 also 

hows the typical MS and MS/MS spectra for this kind of com- 

ounds (peak 10). The same fragmentation pattern was observed 

or malvidin-coumarylhexoside and malvidin-acetylhexoside. Apart 

rom malvidin, other anthocyanins corresponding to delphinidin- 

exoside (peaks 17 and 40) and to peonidin-6-coumaroylhexoside 

peak 22) were also tentatively assigned, thanks to the detection of 

heir typical molecular ions and the appearance of fragments com- 

atible with their corresponding aglycones upon fragmentation. 

The polyphenolic composition was also composed of vitisin A 

nd p-coumaroyl vitisin A (peaks 29 and 25, respectively), with 

olecular ions at m/z 561.2 and 707.4, respectively. In these cases, 

he occurrence of fragment ions at m/z 399 ([M-162] + and ([M- 

62-146] + , respectively) allowed the peaks’ assignment, in agree- 

ent with those fragments reported in the literature [29] . The re- 

aining tentatively identified compounds were flavan-3-ols. The 

D separation allowed grouping this family of compounds in the 

edium-last part of the analysis. In this group, diverse procyanidin 

imers and trimers were detected. As can be observed in Table 2 , 

he fragment ions detected matched the expected fragmentation 

attern for both dimers ( m/z 579) and trimers ( m/z 867). Specif- 

cally, two peaks corresponding to procyanidin dimers were de- 

ected (peaks 23 and 32), and assigned thanks to the detection of 

heir molecular ions as [M + H] + together with fragment ions at m/z 

27 and 409 generated thorough a retro Diels-Alder fission and its 

oss of water, respectively [30] , as well as a fragment correspond- 

ng to the flavan-3-ol monomer ( m/z 291). In turn, peaks 33, 34 

nd 38 presented a [M + H] + ion at m/z 867.1. The fragmentation 

attern obtained was compatible with that of procyanidin trimers. 

n fact, fragment ions at m/z 715 were present, as a result of a 

etro Diels-Alder fission of the heterocyclic ring, as well as oth- 

rs at m/z 579 resulting from the quinone methide cleavage of the 

nterflavonoid bond ( Fig. 2 ) [30] . 
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Table 2 

Identification parameters of phenolic compounds determined by LC x LC-DAD-MS/MS using the optimized HILIC × RP method. 

Peak Total t R (min) t R 
2 D (s) λ abs [M + H] + /M 

+ Main fragments Proposed identification 

1 6.13 7.60 280, 530 495.3 332 NI 

2 6.41 24.55 276, 526 493.7 331 Malvidin-O-hexoside 

3 6.56 35.55 286, 530 535.7 331 Malvidin-O-acetylhexoside 

4 6.63 38.20 290, 530 581.6 547, 419, 401, 331, 

293, 251 

NI 

5 6.73 43.95 284, 530 639.6 331 Malvidin-O- p-coumaroylhexoside 

6 6.84 50.30 286, 530s 611.3 287 Cyanidin-O-dihexoside 

7 8.13 8.05 276, 528 493.5 331 Malvidin-O-hexoside 

8 8.26 15.75 272 535.1 Malvidin-O-acetylhexoside 

9 8.39 23.50 280, 526 493.4 331 Malvidin-O-hexoside 

10 8.41 24.65 280, 526 493.4 331 Malvidin-O-hexoside 

11 8.44 26.40 282, 528 493.4 331 Malvidin-O-hexoside 

12 8.53 31.50 292 535.1 331 Malvidin-O-acetylhexoside 

13 8.60 35.85 298, 268 535.9 331 Malvidin-O-acetylhexoside 

14 8.63 38.10 290 

15 8.73 43.90 284, 525 638.6 331 Malvidin-O-p-coumaroylhexoside 

16 8.79 47.45 262 

17 10.15 8.70 272, 524 465.7 303 Delphinidin 3-hexoside 

18 10.38 22.80 282, 300 s, 324 493.6 331 Malvidin-O-hexoside 

19 10.60 36.05 260 536.1 

595.8 

331 

332 

Malvidin-O-acetylhexoside 

Malvidin dipentoside 

20 10.70 41.85 284, 526 640.8 331 Malvidin-O-p-coumaroylhexoside 

21 12.60 36.10 260, 356 493.2 

535.6 

331 

331 

Malvidin-O-hexoside 

Malvidin-O-acetylhexoside 

22 29.50 30.15 275, 325s 609.6 447, 301 Peonidin-6-coumaroylhexoside 

23 33.33 20.05 278 579.3 427, 409, 291 Procyanidin dimer 

24 35.52 31.25 280, 310s 501 371, 259 NI 

25 38.65 38.80 304, 514 707.4 399 p-Coumaroyl vitisin A 

26 44.13 8.05 280, 328 s, 530 365.5 203, 275, 347 NI 

27 42.32 19.70 300 s, 328 595.5 577, 443, 427, 291, 

247 

(Epi)gallocathechin-( epi )catechin 

28 42.33 20.25 280, 310 475.3 456, 311 NI 

29 42.40 24.20 274, 506 561.2 399 Vitisin A 

30 42.51 31.05 280 797.1 365, 617 NI 

31 43.59 35.20 280, 305s 562.1 

603.5 

399 

399 

NI 

Malvidin-3-(6-acetyl)glucoside-pyruvic acid 

32 44.34 20.10 280 579.2 427, 409, 291 Procyanidin dimer 

33 44.38 22.70 276 867.1 579, 577, 409, 715 Procyanidin trimer 

34 45.46 27.80 867.1 697, 579, 577,425 Procyanidin trimer 

35 50.32 19.45 278 138.8 - p-Hydroxybenzoic acid 

36 50.49 29.25 280 493.8 331 Malvidin-O-hexoside 

37 52.27 16.45 280 680.1 497, 467, 305 NI 

38 52.38 22.60 278 867.2 579, 449, 409 Procyanidin trimer 

39 56.35 21.00 275 428.7 409, 247, 229 NI 

40 56.41 24.75 280 465.3 303 Delphinidin-hexoside 

∗NI, not identified; s, spectral shoulder. 
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Although simple monomeric flavan-3-ols were not detected in 

his sample, a derivative with m/z 595.5 and characteristic frag- 

ent ions at m/z 577, 433, 427 and 290 was detected, correspond- 

ng to ( epi )gallocatechin-( epi )catechin dimer (peak 27). A single 

henolic acid, p-hydroxybenzoic acid (peak 35) was also tentatively 

dentified. Other compounds were also detected and are summa- 

ized in Table 2 , although an identification could not be reached. 

.3. Evolution of grape polyphenols during ripening 

In this work, besides the optimization of a HILIC × RP method 

or the characterization of the phenolic profile of grapes and wine, 

he use of the enhanced separation power achieved by this new 

ethod was used as a direct application in a food quality strategy 

onsisted of the study of grape anthocyanidins evolution along the 

ost-harvest ripening stages. The phenolic profile clearly evolved 

ith the advancement of the degree of ripeness of the grapes 

W1 to W10), as shown in the 2D plots of Fig. S5. As above

entioned, anthocyanins were the main compounds detected in 

rape and wine samples. This fact can be seen in Fig. 3 , which

hows the DAD 2D plots of the sample W9 acquired at 280 nm 

common wavelength for phenolic compounds) and 520 nm (spe- 
6 
ific wavelength for anthocyanins). Thanks to the specificity of 

20 nm for the detection of anthocyanins, it is possible to distin- 

uish the anthocyanins from the rest of the phenolic compounds. 

n this way, it is clear that the anthocyanins were grouped in 

he first 20 min of the analysis with a much higher intensity 

han the rest of the separated phenolic compounds. For this rea- 

on, the evolution of the main anthocyanins was evaluated dur- 

ng the ripening of the grapes using the peak volume obtained 

n DAD. 

The identification of the selected anthocyanins can be observed 

n Table S2, whereas the assignment of each peak is shown in 

ig. S5. Fig. 4 graphically shows the evolution of the individ- 

al anthocyanins and the behavior of each of them along the 10 

eeks. Interestingly, most of the anthocyanins showed a similar 

rend; their initial content is low (especially at W1 and W2) and 

hen grows to a maximum at W5-W6, followed by a decrease 

f these compounds from week 7 and stabilization in weeks 9 

nd 10. These results agree with the outcomes reported by Blanc- 

uaert et al . [31] who showed a maximum anthocyanin concen- 

ration at the berries state which corresponds to the period be- 

ween the veraison and the maturation of the fruit which can last 

ve to eight weeks depending on the variety and climatological 
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Fig. 2. Two-dimensional HILIC × RP plot (280 nm) corresponding to the Malbec wine sample analyzed under optimum conditions with the addition of make-up flow during 

the modulation. For peak identification, see Table 2 . For detailed separation conditions, see text. 

Fig. 3. 2D plots at 280 nm and 520 nm obtained under the optimum HILIC × RP separation conditions for the grape sample W9 with the addition of make-up flow during 

the modulation. Separation conditions as in Fig. 2 . 
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onditions. This period characterized by the maximum concentra- 

ion of anthocyanins in grapes also matches the higher concentra- 

ion of sugars in the berry, known as sugar ripeness and in conse- 

uence, phenolic ripeness. This fact is due to sugars may regulate 

he synthesis pathways of these phenolic compounds [31] . 

The reduction of the anthocyanidin content after the seventh 

eek of ripeness may be related to degradation reactions of an- 

hocyanins in advanced stages that occur due to the exposure of 

rapes to high temperatures, as observed in tropical viticulture 

egions [32] . Therefore, considering the high anthocyanin content 
7 
nd its relationship with the higher sugar content in the grapes, 

he elaboration of wines from grapes harvested in week 6 might 

e advantageous for the wine quality, since the higher concentra- 

ion of anthocyanins is related to greater color intensity, as well 

s greater color stability during wine storage. Moreover, sugar con- 

ent is related to the quality of the fermentation, although other 

arameters related to fruit ripeness may strongly impact on the 

election of the harvest time like the presence and concentration 

f tannins or aroma compounds like acetate esters, aldehydes or 

lcohols [33] . 
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Fig. 4. Concentration trend of the main anthocyanins found during grape ripening over a period of 10 weeks (W1-W10). IDs of each graph (A-J) correspond to the identified 

compounds represented in Fig. S5 and Table S2. 

8
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. Conclusions 

The optimization of a new HILIC × RP method coupled to DAD 

nd MS detectors has allowed obtaining the phenolic profiles of 

ifferent grape sam ples involving diverse ripeness degree as well 

s of the wine derived from them. Different stationary and mo- 

ile phases and gradients have been tested in both dimensions, 

nd diverse modulation procedures have been evaluated. Moreover, 

he final analytical conditions after final columns combination se- 

ection were also re-optimized and fine-tuned. The new method 

rovided with a resolving power significantly enhanced compared 

o conventional one-dimensional approaches. Thanks to the com- 

ination of both used detectors, a good number of characteristic 

nthocyanins and flavan-3-ols have been tentatively identified in 

he wine. Most of the detected anthocyanins were composed of 

alvidin derivatives, being this aglycone the most abundant com- 

ound in the wine sample. Moreover, the method was useful to 

cquire the specific trends followed by selected polyphenols dur- 

ng grape ripening along 10 weeks. Results showed that antho- 

yanins tend to accumulate during the first 5–6 studied weeks, and 

hen their concentration decrease towards weeks 9–10 of ripening. 

hese findings helped define the ideal period for harvesting Malbec 

rapes grown in a tropical viticulture region in order to take ad- 

antage of the greater potential of anthocyanins that impart color 

o wines. 

Overall, this methodology further demonstrates how the appli- 

ation of LC × LC can be a valuable tool for the analysis of very 

omplex food samples in spite of the obvious higher complexity 

ompared to one-dimensional methods. 
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