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Red cabbage (RC) represents a source of anthocyanins acylated with hydroxycinnamic acids (HCA) that are
described to enhance their stability. Nevertheless, data about their thermal degradation are still controversial.
Our aim was to comprehensively analyse the degradation kinetics of individual RC anthocyanins in a model
aqueous extract treated at 40 °C x 30 days to simulate severe but realistic storage conditions. Free anthocyanins
and radical-scavenging capacity showed different kinetics. The results confirm the high stability of RC antho-
cyanins (t1,2: 16.4-18.4 days), although HPLC analyses of each molecule displayed distinct kinetics with t;/3
from 12.6 to 35.1 days. In particular, the sinapoyl acylation negatively affected the stability of the anthocyanins,
while the forms monoacylated with glycosyl p-coumaric and ferulic acids exhibited higher stability. In conclu-

HPLC sion, our results indicate that acylation is not a prerogative of stability, as this is instead more dependent on
specific acylation patterns and the glycosylation of HCA.

1. Introduction

Anthocyanins (ACNs) are extensively studied plant phenolic com-
pounds belonging to flavonoids subgroup. The structure of ACNs, based
on the flavylium cation, is responsible for the intense red colour of a
number of fruits, such as berries, and vegetables like black carrot, purple
corn and potato. This characteristic, together with their high solubility
in water, makes this class of molecules important natural pigments
applicable to different food products (Giusti & Wrolstad, 2003).
Anthocyanidins represent the basic aglycon structure of ACNs and
consist of an aromatic ring (A) linked to a heterocyclic oxygen-bearing
ring (C), which is bonded to a third aromatic ring (B). The type of
sugar moiety involved in the glycosylation of anthocyanidins to give
ACNs, together with the different distribution of ~-OH and ~OCHg in the
resulting structure, influence the maximum absorption wavelength
(Giusti & Wrolstad, 2003; Castaneda-Ovando, Pacheco-Hernandez,
Paez-Hernandez, Rodriguez, & Galan-Vidal, 2009) and chemical sta-
bility of ACNs (Sadilova, Stintzing, & Carle, 2006).

Red cabbage (Brassica oleracea L. var Capitata f. rubra, RC) is a largely

consumed vegetable rich in several nutrients and bioactive molecules
such as vitamins, glucosinolates and phenolic compounds, where ACNs
constitute the most abundant fraction (Drozdowska, Leszczynska, Kor-
onowicz, Piasna-Slupecka, & Dziadek, 2020). These are almost entirely
represented by C3- and Cs-glycosylated cyanidins, most of which are
acylated with hydroxycinnamic acids (HCAs: sinapic, ferulic, p-
hydroxybenzoic and caffeic acid) to the Cs-glycoside moiety (Ghar-
eaghajlou, Hallaj-Nezhadi, & Ghasempour, 2021). RC acylated ACNs
(AACNs) are known to possess higher stability than ACNs from other
sources (Dyrby, Westergaard, & Stapelfeldt, 2001), especially towards
basic pH (Moloney, Robbins, Collins, Kondo, Yoshida, & Dangles, 2018;
Fenger, Moloney, Robbins, Collins, & Dangles, 2019). This is due to the
n-stacking interaction that they can establish between the aromatic acyl
groups with the pyrilum group of AACNs, a phenomenon also known as
intramolecular co-pigmentation, which reduces the nucleophilic attack
of water and the subsequent formation of a pseudobase or a chalcone.
Since 80-85 % of ACNs are mono- or diacylated (Fang, Lin, Qu, Liang, &
Wang, 2019), RC represents one of the best sources of food colourants.
However, data about ACNs thermal stability are controversial. For
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instance, Wiczkowski et al. (2015) showed that stewing of RC led to a
higher degradation of AACNs compared to the non-acylated forms. In
addition, depending on the process, the authors suggested that a partial
deacylation of mono- and diacylated AACNs could occur. On the con-
trary, a study by Steingass et al. (2023) has recently shown that RC
AACNSs exhibit high thermal stability when heated in aqueous model
solutions at 80 °C for 5 h.

Although RC ACNs have been extensively studied, and the stability of
some of them has been proved at neutral pH, a comprehensive study of
the thermal degradation kinetics of the single RC ACNs has not been
pursued so far. Thus, similarly to what has been described in other
studies for other types of juices and beverages (Sanchez, Baeza, &
Chirife, 2015; de Beer et al., 2018; Katz, Nagar, Okun, & Shpigelman,
2020), it was decided to carry out a study aimed at assessing the stability
of anthocyanins in a RC aqueous extract under “accelerated” shelf-life
testing, thus simulating the worst but realistic storage conditions this
could be subjected to but over a shorter period of time.

2. Materials and method
2.1. Materials

Ethanol, hydrochloric acid, ABTS, TPTZ, sodium acetate trihydrate,
iron(III) chloride hexahydrate, Trolox, gallic acid, Folin-Ciocalteu re-
agent, sodium carbonate, potassium persulfate, and other chemicals
were purchased from Merck (Darmstadt, Germany). Methanol, aceto-
nitrile and formic acid were of HPLC grade and obtained from Exacta +
Optech Labcenter SpA (Modena, Italy). Kuromanin chloride (cyanidin-3-
glucoside, Cy3G) was purchased from Extrasynthese (Genay, France).
Fresh red cabbage (Brassica oleracea L. var. Capitata f. rubra) was ob-
tained from local supermarkets (Verona, Italy).

2.2. RC extract (RCE) preparation

The whole cabbage head was used for the experiments. It was
chopped into pieces of approximately 1 cm and finely ground with a
Braun (Kronberg im Taunus, Germany) Multiquick MQ30 electric
blender to obtain a homogeneous sample. ACNs extraction was per-
formed following a previously reported procedure (Zanoni, Primiterra,
Angeli, & Zoccatelli, 2020). 150 g of homogenised material was mixed
with 300 ml of deionised water and adjusted to pH 3.3 with formic acid.
This value resembles that of many beverages, such as fruit juices and soft
drinks. Samples were extracted for 1 h at room temperature under
continuous shaking; the extract was centrifuged at 16,000 g for 30 min,
and the supernatant was filtered through Whatman filter paper and
stored at —20 °C, until further experiments.

2.3. Thermal treatment kinetics study

Thirty tubes containing 30 ml each of RCE were enriched with 0.01
% (w/v) sodium azide to avoid microbial growth and placed in an oven
(Memmert, Schwabach, Germany) at 40 °C for 30 days. Samples were
collected every three days (10 samplings) and subsequently analysed.
The pH of the samples was also monitored. The Oth-order and the 1st-
order reaction rate constants (k) were estimated by fitting experi-
mental data with the equations:

0"order : C, = Co—k x t (@)

from where the half-life (t;,2) was calculated according to:

iy = C0/2k 2)
1" —order : In(C,/Cy) = —kt 3)

from where t; 5 was calculated according to:
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where t and k represent the days after storage and rate constant (days™!)
respectively, while Cy represents the initial concentration of the target
molecules, and C; the concentration at time t.

2.4. Differential pH assay

The concentration of total free ACNs was determined using the pH-
differential method described by Lee et al. (2005) with some modifica-
tions. Two dilutions of RCE were prepared using HCl (pH = 1.0) and
NaOH (pH = 4.5) separately, and absorbance of samples was measured
at a wavelength of 520 and 700 nm using a Jasco V730 spectropho-
tometer (Jasco Europe Srl, Lecco, Italy). The ACNs concentration was
quantified with the following equation (1):

)

. . mg A x MW x DF x 103
Anthocyanin concentration (T) = 1

where A = (As20 — A700)pu=1.0 — (As20 — A700)pH=4.5, MW is the mo-
lecular weight of cyanidin 3-glucoside (449.2 g mol 1), DF is the dilu-
tion factor, [ is the optical path (1 cm), and ¢ is the molar extinction
coefficient of cy3G (26900 Lmol '-em™1) (Chandrasekhar, Madhu-
sudhan, & Raghavarao, 2012).

2.5. HPLC-DAD-MS analysis

RC extract was analysed by HPLC-DAD using an Extrema LC-4000
system (Jasco Europe, Italy) equipped with a C-18 silica Zorbax
Eclipse Plus column (i.d. 4.6 x 250 mm, 5 pm particle size, Agilent
Technologies, Palo Alto, CA, USA). The mobile phases were as follows:
(A) 5 % formic acid (pH 3.2) and (B) acetonitrile, and the analyses were
carried out applying the following multistep gradient: from 5 % B to
20.5 % B in 72 min, to 100 % B in 3 min followed by a 3 min plateau, to
5% B in 1 min and an 11 min plateau. The total time of analysis was 90
min, flow rate 0.75 ml/min.

ACNs identification was performed using an HP 1260L liquid chro-
matography equipped with a DAD detector (Agilent Technologies, Palo
Alto, CA, USA) and an API (Atmospheric Pressure Ionisation) interface/
ESI (ElectroSpray lonization) using the same column and conditions
described for HPLC-DAD analysis. MS operating conditions were as
follows: Ny flow of 10.5 L/min; gas temperature of 350 °C; capillary
voltage of 3500 V; nebuliser pressure of 1811 Torr. The acquisition of
the spectra was performed in positive ionisation, with a fragmentation
energy of 150 eV. Tentative identification was carried out by compari-
son of retention times, UV-Vis and mass spectra of analytical standards,
when available. In the other cases, attribution was achieved by
comparing mass spectra and elution order with the ones reported else-
where (Wiczkowski, Szawara-Nowak, & Topolska, 2013; Mizgier,
Kucharska, Sokol-Letowska, Kolniak-Ostek, Kidon, & Fecka, 2016; Fang
et al., 2019; Izzo, Rodriguez-Carrasco, Pacifico, Castaldo, Narvaez, &
Ritieni, 2020; Steingass et al., 2023). The content of the main ACNs was
calculated by HPLC-DAD and expressed as relative area percentage. All
the analyses were performed in triplicate.

2.6. Total phenolic content (Folin-Ciocalteau)

The total polyphenols content (TPC) was determined by the Folin-
Ciocalteu method, as described before (Zanoni et al., 2020). Briefly,
150 pl of Folin-Ciocalteau reagent (previously diluted at 1:15 with
water) was added to 5 pl of each sample and incubated for 3 min.
Finally, 40 pl of 20 % (w/v) sodium carbonate solution was added and
left to react for 30 min in the dark. The absorbance was measured at 750
nm with a Tecan Infinite 200 Pro microplate reader (Tecan Trading AG,
Maénnedorf, Switzerland). Water was used as blank and gallic acid (GA)
served as a standard. Results were expressed as mg/1 of GA equivalents.
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2.7. Radical-scavenging capacity (ABTS)

The radical-scavenging capacity of RCE was evaluated by the ABTS
method, as described by Bellumori et al. (2021). A methanolic 7.4 mM
ABTS and a 2.46 mM potassium persulfate aqueous solution were mixed
in a 1:1 ratio and allowed to stand for 12 h at room temperature in the
dark. This working solution was diluted with methanol to reach an
absorbance of 0.75 + 0.02 at 734 nm. A new solution was prepared for
each assay. Twenty pl of each sample was placed in microplate wells,
and 200 pl of the working solution was added. The decrease in absor-
bance was monitored at 734 nm using a Tecan Infinite 200 Pro micro-
plate reader (Tecan Trading AG, Méannedorf, Switzerland). Results were
expressed as percentage of inhibition, calculated with the following
equation:

Ah[k - A,x

blk

% inibition = e 100 6)
where Apx and Ay are the absorbances of the blank and the samples,
respectively.

2.8. Ferric reduction antioxidant power (FRAP)

Ferric reducing antioxidant power assay was performed according to
the method described by Benzie and Strain (1996). The working reagent
was prepared by mixing 300 mM acetate buffer (pH 3.6), 10 mM TPTZ
dissolved in 40 mM HCI, and 20 mM FeCl3-6H50 solution in 10:1:1 ratio.
Ten pl of each sample was mixed with 188 ml of working reagent and 1
ml of water. The mixture was incubated at 37 °C for 10 min, and the
absorbance was measured at 593 nm using a microplate reader Tecan
Infinite 200 Pro. Water was used as blank, Trolox served as a standard,
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and the results were expressed as mM of TE (Trolox Equivalents).

2.9. Statistical analysis

All analyses were performed in triplicate, and results were expressed
as mean values + standard error of the mean. Regression analysis was
performed using the SigmaPlot software (Systat Software Inc., ver. 12.5,
Palo Alto, CA, USA). Differences were considered significant at p < 0.05.

3. Results and discussion

3.1. Effects of thermal treatment on total free ACNs, radical-scavenging
capacity and ferric-reducing powder

RC extract was analysed through different assays to quantify the free
ACNs and TPC content and to evaluate the antioxidant capacity in terms
of scavenging capacity of the ABTS radical and reducing power of a
ferric complex (FRAP assay). Since Folin-Ciocalteu reacts with ~-OH
residues responsible for the radical-scavenging capacity of phenolic
compounds, TPC is frequently used in combination with these assays.
Collected data are summarised in Table 1.

Samples of this extract were incubated at 40 °C to simulate a severe
controlled storage temperature condition and collected every 3 days for
a total of 30 days of treatment. The conditions adopted for the this shelf-
life test were chosen on the basis of other studies conducted on similar
matrices, such as plant juices (Sanchez et al., 2015) in which thermal
degradation of ACNs was accelerated increasing temperature up to
37-40 °C. This range realistically represents the worst storage condi-
tions that food products may encounter. Fig. 1 illustrates the variation in
the content of ACNs (A), total polyphenols (B), radical-scavenging
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Fig. 1. Time-dependent degradation of ACNs (A), TPC (B), ABTS (C), and FRAP (D). Inset: log-transformed data.
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capacity (C), and ferric-reducing power (D) during the thermal treat-
ment experiment described above. More specifically, Fig. 1A shows a
decrease of ACNs, leading to 33 % of the starting value after 30 days. As
shown by the R? value in Table 1, the observed data trend appears to
follow an apparent 1st-order degradation kinetics as already observed
(Dyrby et al., 2001). This is supported by the linear fitting of the log-
transformed data (Fig. 1A, inset).

These results are in agreement with the literature data since it is
known that ACNs degradation under isothermal heating follows 1st
order kinetics (Patras, Brunton, O’Donnell, & Tiwari, 2010). The half-
life (t,2) of RC ACNs was calculated to be included between 16.4 and
18.4 days (95 % confidence level). This value is higher than those of
several ACNs-rich juices obtained from different sources (Sanchez et al.,
2015), even though experimental conditions might slightly differ, e.g. in
terms of starting concentration and pH.

The time-dependent analysis of TPC, ABTS and FRAP data led to
different results compared to total free ACNs. In particular, the data
obtained by these three assays did not show a clear-cut exponential
pattern. The data showed oscillations around an apparent linear - i.e.
Oth-order degradation trend. It is tempting to speculate that these os-
cillations are due to the presence, in the extracts, of different molecules
that may take part in the same colourimetric reactions at different times.
For example, some degradation products that accumulate at the initial
stages of the experiment might acquire scavenging potential that could
be exerted again at later times with different rates, as already observed
(Chen, Du, Li, & Li, 2020).

3.2. Free ACNs quali-quantitative profile

The chromatographic profile at 520 nm of the extract is reported in
Fig. 2. The profile at 320 nm, showing the separation of HCAs is pro-
vided as Supplementary material (see Fig. S1). These are mostly sinapic
acid derivatives. All the ACNs, the object of study, were previously
identified in other studies. The relative abundance of these ACNs was
similar to what Fang et al. (2019) previously described, indicating the
monoacylated and di-glycosylated forms as the predominant. In fact, in
the present work, the three monoacylated ACNs Cy3(p-coum)diG5G,
Cy3(sin)diG5G and Cy3(fer)diG5G (peaks 9 and 10) together account
for almost 50 % of the total free ACNs. On the other side, in the study by
Wiczkowskiet al. (2013), non-acylated forms were indicated as the most
representative. As already stated by other authors (Strauch et al., 2019),
these discrepancies in the ACNs patterns may be explained by other
factors such as genotype, maturation and cultivation conditions.

3.3. Kinetics of degradation of RC ACNs

The HPLC-DAD analyses of the RCE samples collected during the
storage allowed for quantifying the concentration of the thirteen most
abundant ACNs (black-labelled in Fig. 2) and outlining their degradation
kinetics (Fig. 3). As expected, for all the ACNs loss seems to follow a 1st
order kinetic (R2 >0.990, p <10’4). However, their rate showed marked
differences, with a t; /2 ranging from a minimum of 12.6 to a maximum
of 35.1 days. The non-acylated Cy3diG5G, representing 17 % of free
ACNs, was characterised by a t; 2 between 18.21 and 19.70 days (95 %
confidence interval). According to some authors (Giusti & Wrolstad,
2003; Steingass et al., 2023), this ACN form was supposed to be the most

Table 1
Initial free ACNs content and antioxidant capacity of RCE and regression data.

Oth-order 1st-order p
to R? R? <0.05
Free anthocyanins 251 + 3 mg/L CyGE - 0.974 <0.05
TPC 507 + 2 mg/L GAE 0.643 - <0.05
ABTS 66 + 2 % inhibition 0.891 - <0.05
FRAP 8.2+ 0.2mMTE 0.326 - <0.05
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unstable due to the lack of acyl groups that could protect the pyrilum
group from the nucleophile attack of water. Nonetheless, as a matter of
fact, some AACNs showed lower stability, as observed in previous
studies (Sadilova, Carle, & Stintzing, 2007; Wiczkowski et al., 2015):
ACNs possessing the lowest stability were those conjugated to sinapic
acid, with the diacylated Cy3(sin)(sin)diG5G being the most unstable
(t1/2 of 12.6-13.0 days). With respect to the other di-glycosylated and
diacylated ACNs, Cy3(p-coum)(sin)diG5G and Cy3(fer)(sin)diG5G,
which represent the two predominant ones, showed significantly higher
half-life times (21.1-22.7 days and 20.2-22.8 days, respectively). The
most stable ACNs were the monoacylated Cy3(G-fer)diG5G and Cy3(G-
p-coum)diG5G, showing half-lives beyond 32 days, while the sinapoy-
lated homologue, i.e. Cy3(G-sin)diG5G (peak #6), displayed, also in this
case, lower stability (24.4-27.6 days). These ACNs are characterised by
having a hexose unit bound to the p-hydroxyl group (highlighted in red
in Fig. 2) of the HCA constituting the C3-glycosylation moiety as recently
indicated by Steingass et al. (2023), while earlier observations
mentioned generic tri-glycosylated forms (Wiczkowski et al., 2013,
2015; Fang et al., 2019). Among the diacylated and glycosyl-HCA-
bearing AACNs, Cy(G)(p-coum)(sin)diG5G was more stable than Cy(G)
(fer)(sin)diG5G (25.9-30.2 days Vs 22.6-25.8 days). The degree of
stability of AACNs in the extracts may be explained by considering the
type of glycosylation and acylation moieties. In particular, the half-life
seems to be inversely associated with the antioxidant capacity of the
different HCAs. These phenolic compounds are characterised by a strong
antioxidant capacity that decreases following the order sinapic acid
>ferulic acid > p-coumaric acid (Mizgier et al., 2016). As a confirma-
tion, the results of Wiczkowski et al.(2013) highlighted the stronger
reactivity of RC AACNs conjugated with sinapic acid when tested by
different assays to quantify antioxidant capacity. The reactivity of
sinapoyl residue could explain why Cy3(G-p-coum)diG5G, and Cy3(p-
coum)(sin)diG5G, showed similar half-life, despite these two molecules
are characterized by different susceptibility to water addition, with Cy3
(p-coum)(sin)diG5G much less susceptible. The discrepancy from the
data we obtained could be again explained considering the higher ten-
dency of sinapoyl acyl to oxidation. In addition, the results of Table 2
suggest that also the glycosylation pattern might affect the stability of
the ACNs. In particular, the diglycosylated ACNs were less stable than
their homologues characterised by a glycosyl-HCA. Indeed, Cy3(p-
coum)diG5G displayed a definitely lower t;,, than Cy3(G-p-coum)
diG5G, and Cy3(p-coum)(sin)diG5G and Cy(fer)(sin)diG5G (t;» of
21.1-22.7 and 20.2-22.8 days, respectively) showed to be less stable
than Cy(G)(p-coum)(sin)diG5G and Cy(G)(fer)(sin)diG5G (t;,2:
25.9-30.2 and 22.6-25.8 days, respectively). Unfortunately, the co-
elution of Cy3(sin)diG5G and Cy3(fer)diG5G in peak #10 did not
allow us to formally compare the stability of these AACNs with the
glycosyl-HCA-bearing homologues eluting in peaks #5 and #6. Still, the
t1,2 of peak #10 was lower, which agrees with the previous findings. It is
noteworthy that Cy3(sin)diG5G is present in both peaks #2 and #10,
which are characterized by different stability. This is probably due to a
different position of sinapoyl acylation in Cy3(sin)diG5G structure that
affects its susceptibility to oxidation, as already described (Denish et al.,
2021).

The presence of a hexose bound to the ~OH group of the HCA, as
mentioned before, could help explain the higher stability of these ACNs.
In this view, the glycosylation would limit the abstraction of H atoms,
thus partially protecting the HCAs from oxidation and explaining why
these ACNs are characterised by greater t;,5. Nevertheless, Cy3(sin)
diG5G and Cy3(G-sin)diG5G seem not to follow this trend since the
former exhibited slightly higher stability (t;/2: 19.4-22.6 days vs.
14.3-15.7 days).

Wiczkowski et al.(2015) suggested that the deacylation of ACNs
might have occurred during the stewing and the storage of red cabbage
leaves upon fermentation since the authors observed an increase in the
relative amount of the non-acylated Cy3diG5G during processing and
storage. In our hands, no evident deacylation phenomena have occurred
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Fig. 3. Time-dependent degradation plots of the single ACNs measured by HPLC-DAD (520 nm).

since no fluctuations were visible in the degradation kinetics of the
thirteen plots of Fig. 3, even if we cannot exclude that such phenomena
might have taken place to small extents.

The experimental model could explain these different results: indeed,
while we first extracted ACNs from RC leaves that were later thermally
treated, the authors processed the plant material and subsequently

extracted ACNs for HPLC analyses. It is possible that the thermal treat-
ment of the tissues might have modified the extractability of the
phenolic compounds, leading to different ACNs concentrations. In
addition, the pH of these plant tissues is well above the pH of our extract
(Husted & Schjoerring, 1995), further contributing to explaining the
different observed results. Steingass et al. (2023) have recently shown
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Table 2
MS data and kinetic parameters related to the degradation of individual anthocyanins during storage at 40 °C for 30 days.
Peak  ACN name Abbreviation [M]* (m/ Relative quantity  k (days~!) x t12 (days) RZ p
2) (%) 103 *
1 Cyanidin-3-diglucoside-5-glucoside Cy3diG5G 773 16.93 4 0.03 36.6 + 0.6 [18.2; 0.998 <
19.7] 0.0001
2 Cyanidin-3-(sinapoyl)-diglucoside-5-glucoside Cy3(sin)diG5G 979 2.08 +0.01 32+1 [19.4; 0.990 <
22.6] 0.0001
3 Cyanidin-3-(glucosyl-sinapoyl)-diglucoside-5- Cy3(G-sin)diG5G 1141 1.01 £ 0.01 46 +1 [14.3; 0.997 <
glucoside 15.7] 0.0001
4 Cyanidin-3-(glucosyl-p-coumaroyl)-diglucoside-5- Cy3(G-p-coum)diG5G 1081 2.49 + 0.04 21.2+0.4 [30.2; 0999 <
glucoside 32.8] 0.0001
5 Cyanidin-3-(glucosyl-feruloyl)-diglucoside-5- Cy3(G-fer)diG5G 1111 1.10 £ 0.01 21.2+0.7 [30.4; 0.994 <
glucoside 35.1] 0.0001
6 Cyanidin-3-(glucosyl-sinapoyl)-diglucoside-5- Cy3(G-sin)diG5G 1141 1.90 £ 0.05 26.6 + 0.7 [24.4; 0995 <
glucoside 27.6] 0.0001
7 Cyanidin-3-(glucosyl)(p-coumaroyl)(sinapoyl)- Cy(G)(p-coum)(sin) 1287 1.47 £ 0.01 24.7 £ 0.8 [25.9; 0.991 <
diglucoside-5-glucoside diG5G 30.2] 0.0001
8 Cyanidin-3-(glucosyl)(feruloyl)(sinapoyl)- Cy(G)(fer)(sin)diG5G 1317 1.90 + 0.02 28.7 +£ 0.8 [22.6; 0.994 <
diglucoside-5-glucoside 25.8] 0.0001
9 Cyanidin-3-(p-coumaroyl)-diglucoside-5-glucoside Cy3(p-coum)diG5G 919 21.43 £ 0.09 33.7+0.8 [19.5; 0995 <
21.7] 0.0001
10 Cyanidin-3-(synapoil)-diglucoside-5-glucoside Cy3(sin)diG5G 979 (949) 28.87 + 0.02 44 +1 [14.9; 0.995 <
(Cyanidin-3-(feruloyl)-diglucoside-5-glucoside) (Cy3(fer)diG5G) 16.7] 0.0001
11 Cyanidin-3-(p-coumaroyl)(sinapoyl)-diglucoside-5- Cy3(p-coum)(sin) 1125 7.8+ 0.1 31.0 + 0.8 [21.1; 0.995 <
glucoside diG5G 22.7] 0.0001
12 Cyanidin-3-(p-feruloyl)(sinapoyl)-diglucoside-5- Cy3(fer)(sin)diG5G 1155 6.06 + 0.04 32.2+0.9 [20.2; 0.995 <
glucoside 22.8] 0.0001
13 Cyanidin-3-(sinapoyl)(sinapoyl)-diglucoside-5- Cy3(sin)(sin)diG5G 1185 6.4+ 0.1 5241 [12.6; 0996 <
glucoside 13.0] 0.0001
1 Cyanidin-3-glucoside-5-glucoside Cy3G5G 611
2 Cyanidin-3-(caffeoyl)-diglucoside-5-glu Cy3(caf)diG5G 935
3 Cyanidin-3-(glucosyl)(sinapoyl)(sinapoyl)- Cy3(G)(sin)(sin) 1347
diglucoside-5-glucoside diG5G
4 Cyanidin-3-(sinapoyl)-glucoside-5-glucoside Cy3(sin)G5G 817

ACNs indicated in red were identified but not quantified.

that after five hours of heat treatment of an RC water extract at 80 °C, 68
% of the initial ACNs were retained. The authors described that the non-
acylated anthocyanin was more prone to thermal degradation than the
mono- and diacylated ACNs, which displayed similar stability. The
higher temperature conditions (80 °C Vs 40 °C in our study) might
explain the discrepancies with our results. In our hands, the degradation
kinetics of ACNs seem to be more associated with specific patterns of
acylation and glycosylation rather than being dependent on the mono or
diacylation with HCAs. We can reasonably exclude that the degradation
of ACNs might have been affected by polyphenol oxidases since the pH
of the extract was out of the activity range of these enzymes, which have
been described to catalyse the oxidation of phenolic compounds above
pH 6.0 (Fujita, Binsaari, Maegawa, Tetsuka, Hayashi, & Tono, 1995). On
the contrary, ascorbic acid, a potent antioxidant that is known to
negatively affect ACNs stability, might have a role in explaining the
different results obtained by Steingass et al. (2023) and our group. RC is
very rich in ascorbic acid (Drozdowska et al., 2020), and due to its
typical instability, this might have been degraded during the heating at
80 °C while still active at 40 °C in the first days of incubation (Herbig &
Renard, 2017). In this sense, depending on the incubation temperature,
it might contribute differently to the degradation of ACNs.

In addition to the results above, no trace of aglycone or specific
deglycosylation phenomena has been observed along the treatment,
suggesting that the degradation of the AACNs might have probably
occurred via the cleavage of the core flavonoid heterocycle. Indeed, as
described previously (Sun, Bai, Zhang, Liao, & Hu, 2011) for cyanidin-3-
sophoroside, the degradation pathway is influenced by pH. In particular,
a very low pH, i.e. 1.5, would first catalyse the deglycosylation and
subsequently the fragmentation of the flavonoid to protocatechuic acid
and phloroglucinaldehyde, while at pH 3.5, very close to our conditions,
cyanidins are supposed to be first degraded to chalcones glycosides and
later deglycosylated and fragmented. We cannot confirm that chalcones
are crucial intermediates of RC ACNs degradation, not having targeted

these molecules in our analysis. What is clear is that the degradation is
accelerated when ACNs bear “unprotected” acyl residues.

4. Conclusions

This study represents the first formal analysis of the degradation
kinetics of RC anthocyanins at accelerated conditions. Our results
confirm that the thirteen analysed ACNs degrade following an apparent
1st order kinetics as described for other plant sources, even if the radical-
scavenging capacity and ferric-reducing power of the extract followed
different trends. The analysis of the kinetics revealed that although the
stability of RC ACNs was, on the whole, greater than other plant sources,
di-acylated ACNs, supposed to be more stable than the monoacylated
and non-acylated forms, showed modest stability unless characterised
by a glycosylated HCA. On the contrary, the stability seems to be
inversely dependent on the radical scavenging capacity and, more in
general, on the reactivity of the acyl group. Further studies focused on
ACNs bearing glycosyl HCAs will help elucidate their stronger stability,
considering also the possible role of other compounds like ascorbic acid
and free HCAs as a function of temperature and time.
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