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ABSTRACT: Recently, interest in the application of natural pigments to replace synthetic dyes in beverages has grown. The
present study investigates the stability of anthocyanin-rich grape and purple sweet potato (PSP) extracts to photo- and
thermostresses in ready-to-drink (RTD) beverage models including hot fill beverages with various concentrations of ascorbic
acid, a preserved beverage, and a vitamin-enriched water beverage. Thermo- and photostresses were induced at 40, 60, and 80 °C
and 250, 500, and 750 W/m2, respectively. Qualitative and quantitative data on anthocyanin content were collected by pH
differential assay and LC-MS. Increasing concentration of ascorbic acid caused more rapid degradation through thermostress, but
had a protective effect through photostress. Additionally, PSP was significantly less stable than grape extract in the vitamin-
enriched water model beverage through photostress. Furthermore, photostress caused the formation of monoacylated peonidins
from diacylated peonidins.
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■ INTRODUCTION

With increasing public awareness of the potential health issues
associated with synthetic food color additives, the food industry
has become particularly interested in replacing these additives
with natural alternatives, including fruit and vegetable
extracts.1,2 Anthocyanins are a group of natural pigments
responsible for the bright blue and red colors found in many
flowers, fruits, and vegetables. They can be classified on the
basis of the presence of hydrogen, hydroxyl, or methoxy
substituents on the aglycone (Figure 1). Naturally, anthocya-
nidins are glycosylated with sugar moieties, including but not
limited to glucoside, galactoside, sophoroside, rutinoside, and
sambubioside, attached to the aglycone at the 3 -position for
monoglycosides and the 3,5-positions for diglycosides.3

Anthocyanins may also be acylated with the presence of
moieties including phenolic acids such as ferulic, p-hydrox-
ybenzoic, and caffeic acids on their glycosides.4

In addition to serving as potential natural alternatives to the
synthetic color additives, anthocyanins have been reported to
promote disease preventative properties. Reactive oxygen
species are a concern to human health because of their ability
to promote oxidative stress, age-related dysfunction, and
damage to overall cardiovascular health.5 Additionally, research
has shown that dietary phytochemicals, including anthocyanins
found in red wines, are capable of scavenging free radicals in
vitro.6,7 For instance, anthocyanins from fruits and vegetables
including strawberries and grapes reduce the risk of neuro-
degenerative diseases by mitigating oxidative damage in cell
culture models.8,9

Although promising as health-promoting natural colors,
anthocyanins are susceptible to a diverse array of chemical
reactions and are notoriously sensitive to heat, light, and

oxygen. Thus, if anthocyanins are broadly applied in the
replacement of synthetic food color additives, their stability to
conditions of thermoprocessing, handling, and storage in the
context of specific formulations must be investigated. Many
previous studies focused on the degradation kinetics of
anthocyanins in relation to their color, but not the anthocyanin
compositions or concentrations.10,11 Other studies examined
the degradation kinetics of total monomeric anthocyanins in
juices and concentrates.12−14 However, few studies examined
the total monomeric anthocyanin content and individual
anthocyanin degradation kinetics in ready-to-drink (RTD)
model beverages. Thermostress has been the focus of many of
these studies, but there is a lack of publications concerning the
degradation kinetics of anthocyanins through photostress and
its implication on beverage shelf life. Furthermore, a significant
portion of RTD beverages are acidified and either formulated
with preservatives or thermally processed by high-temper-
ature−short-time (HTST) treatment in both hot fill hold or
aseptically filled. Fortification of RTD beverages with vitamins
and minerals has also increased and may promote the
degradation of anthocyanins. The objective of this study was
therefore to determine the stability of anthocyanins in grape
and purple sweet potato (PSP) extracts in multiple models of
RTD beverages through photo- and thermostresses.
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■ MATERIALS AND METHODS
Materials. Ascorbic acid (AA), citric acid, sodium citrate, sodium

benzoate, and potassium sorbate were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Formic acid, LC-MS grade water, acetonitrile,
potassium chloride, hydrochloric acid, and sodium acetate were
purchased from VWR (Radnor, PA, USA). Sensient Colors Inc. (St.
Louis, MO, USA) graciously donated a model vitamin-enriched water
premix powder, rubired grape, and purple sweet potato extracts. The
vitamin-enriched water premix powder contained 25 mg, 0.83 mg, 0.17
mg, 0.25 μg, 0.83 mg, 0.62 mg, and 5 μg of vitamins C, B3, B6, B12,
and B5, zinc(II), and chromium(III) in a 100 mL solution,
respectively. Authentic standards of delphinidin, malvidin, cyanidin,
petunidin, and peonidin glucosides were purchased from Chromadex
Inc. (Irvine, CA, USA).
Model Beverages. Model RTD beverages were created to mimic

typical compositions commonly used in the beverage industry. This
included a vitamin-enriched water model beverage (pH 3.60 ± 0.02), a
hot fill model beverage (pH 3.60 ± 0.02) with various AA
concentrations, and a preserved model beverage (pH 3.00 ± 0.02)
containing sodium benzoate and potassium sorbate. The vitamin-
enriched water (VEW) model was formulated with 0.025% AA and
0.044% of a model vitamin water powdered premix in deionized water.
Hot fill model beverages were formulated with 0.00, 0.01, or 0.05% AA
and also contained 1.60% citric acid and 1.00% sodium citrate in
deionized water. A preserved model beverage was formulated with
0.05% sodium benzoate, 0.01% potassium sorbate, 2% citric acid, and
0.60% sodium citrate in deionized water. Both rubired grape and PSP
extracts were dosed into the VEW model beverage to illustrate the
differences in extracts rich in acylated and nonacylated anthocyanins,
respectively. Rubired grape was added into all other model beverages
to evaluate the stability of nonacylated anthocyanins across all model
beverages. Amounts of 0.11 and 0.04% of rubired grape and PSP
extract were used throughout the experiments, respectively. Extract
concentrations were selected on the basis of matching color profiles
provided by Sensient Colors Ltd.
Photo- and Thermostresses. After each model beverage was

created, an aliquot of each solution was transferred into clear
borosilicate glass tubes, flushed with nitrogen, and hermetically sealed.
Thermostress was induced by using a Precision Scientific Thelco
(Chicago, IL, USA) water bath set at 40, 60, and 80 °C for all model
beverages. Photostress was induced by using an Atlas Material Testing
Technology LLC Suntest (Chicago, IL, USA) lightbox equipped with
a xenon lamp at 250, 500, and 750 W/m2 (equivalently 47.1, 95.1, and
143.1 klx, respectively). Vitamin-enriched water samples were retrieved
at 0, 15, 30, 60, 120, 240, and 360 min of stress, whereas all other

model beverages were retrieved at 0, 60, 120, 240, 360, 480, 600, 720,
and 1440 min.

Anthocyanin Analysis. All beverage samples were analyzed for
anthocyanin content by pH differential total monomeric anthocyanin
content and LC-MS. The pH differential technique was used as
described by Giusti et al.,15 with minor volume modifications to fit a
96-well plate reader. Very briefly, 60 μL of each solution was
transferred into two separate wells containing 0.24 mL of either 0.025
M potassium chloride buffer (pH 1.00) or 0.4 M sodium acetate buffer
(pH 4.50). After incubation at room temperature for 15 min, their
absorptions were recorded at 510 and 700 nm using a Molecular
Devices Spectra Max 100 (Sunnyvale, CA, USA). Total monomeric
anthocyanins were calculated on the basis of cyanidin 3-glucoside
equivalents.

Prior to all LC-MS analyses, samples were prepared by solid phase
extraction. Waters Oasis HLB 1 cm3 cartridges (Milford, MA, USA)
were prepared by sequentially rinsing with methanol and water. Model
beverage samples were loaded onto each cartridge and rinsed with 2%
formic acid in water. Anthocyanins were eluted with 2% formic acid in
methanol. Samples were dried in a Labconco RapidVap (Kansis City,
MO, USA) and solubilized in 200 μL of 95:5 mobile phases A and B.

Samples were injected in a Waters 2695 separations module
equipped with a Waters Xterra reverse phase C18 3.5 μm 2.1 × 100
mm column in a heated chamber set at 35 °C. A linear biphasic
gradient with a flow rate of 0.30 mL/min with mobile phase A, 2%
formic acid in MS grade water, and mobile phase B, 0.1% formic acid
in acetonitrile. At 0, 10, 30, and 31 min, the solvent composition was
95, 90, 75, and 95% mobile phase A. Directly tandem to the column,
the flow was split so that half of it went to a Waters 2996 photodiode
array detector and half to a Waters Micromass ZQ mass spectrometer.
Positive mode electrospray ionization was used with capillary, cone,
and extractor voltages set to 2500, 50, and 3 V, respectively. Source
and desolvation temperatures were set to 150 and 300 °C, respectively.
Nitrogen gas cone and desolvation flow rates were set to 25 and 250
L/h, respectively. Single ion responses were set to m/z 303.8, 331.7,
287.5, 317.7, and 301.7 to detect delphinidin, malvidin, cyanidin,
petunidin, and peonidin, respectively.

Acylated anthocyanins were identified and analyzed by a LC-time-
of-flight (TOF) MS. Samples were injected into a Hewlett-Packard
series 1100 LC system (Palo Alto, CA, USA) connected to a Waters
LCT Premier. The LC-MS method, column, and MS conditions were
identical to what was previously described for the Waters 2695
separations module. However, the cone voltages varied from 30, 50,
and 70 V to fragment acylated anthocyanins and aid in identification.

Kinetic Models. Previous studies have shown that anthocyanins
typically follow first-order kinetics and Arrhenius behavior through

Figure 1. Structures of anthocyanin backbones (left) and common acylated moieties (right) found in PSP extract. “GLY” (positions 3 and 5) and
“ACYL” represent glycosides and acylated moieties, respectively.
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thermostress.12−14,16 Reaction rate constants for both total monomeric
and individual anthocyanins were calculated by creating a plot of the
natural log of anthocyanin concentration at a given time (C) divided
by the initial anthocyanin concentration (C0) as a function of
treatment time (Figures 3 and 4). Furthermore, activation energies
(Ea) for thermotreatments were calculated by solving for −Ea/R via a
linear plot of the natural log of each degradation rate versus inverse
temperature.
Experimental Design and Statistical Analysis. The study was

split into four different experiments, two focused on the degradation
rates of total monomeric anthocyanins and the others focused on the
degradation rates of individual anthocyanins. Within each set
experiments, they were further segregated by their exposure to either
thermo- or photostress. Correlations between photo- and thermostress
groups would be particularly difficult to interpret given that their
degradation mechanisms are different. The total monomeric
anthocyanin degradation rate experiments followed a 3 × 5 factorial
design, where three intensity levels of thermo/phototreatment were
selected for all five model beverages. Similarly, individual anthocyanin
degradation rate experiments followed a 3 × 5 × 5 design, where five
individual anthocyanidin glucosides are additional variables. Degrada-
tion rate constants are expressed as the mean ± the standard error of
the mean. Group differences within each experiment were determined
by analysis of variance and Tukey’s test (α = 0.05) using Statistical
Analysis Systems 9.2 (SAS Institute, Cary, NC, USA). Each model
beverage was run as triplicates for each of the photo- and
thermoconditions.

■ RESULTS AND DISCUSSION
Anthocyanin Profiles. Qualitative and quantitative antho-

cyanin profiles of grape and PSP extracts were noticeably
different. Total monomeric anthocyanin concentrations were
26.44 and 15.64 cyanidin 3-O-glucoside equivalents g/L in
grape and PSP extracts, respectively. Chromatograms for both
grape and PSP corresponding to each aglycone m/z were
analyzed (Figure 2). Grape extract primarily consisted of

nonacylated 3-O-glucosides of delphinidin, malvidin, cyanidin,
petunidin, and peonidin. In contrast, PSP extract primarily
contained mono- and diacylated 3-sophoroside-5-glucosides of
peonidin and cyanidins (Table 1).
Impact of Thermostress on Grape Anthocyanin

Degradation Rates. The total monomeric anthocyanin
degradation rates for model beverages containing grape extract

at 80 °C were significantly greater that of either 40 or 60 °C
treatment (Table 2). For example, the degradation rates were
3.38 × 10−4, 4.84 × 10−4, and 1.00 × 10−3 min−1 at 40, 60, and
80 °C when incubated in the 500 ppm AA hot fill model
beverage, respectively. As previously mentioned, anthocyanin
degradation typically follows first-order kinetics and Arrhenius
behavior, which is likely to be responsible for this observation.
Kechinski et al. previously reported that total monomeric
anthocyanin content in blueberry juice had very similar
degradation rates of 6.40 × 10−5, 4.57 × 10−4, and 2.25 ×
10−3 min−1 at 40, 60, and 80 °C, respectively.13 Furthermore,
the increase in thermotreatment resulted in similar significant
differences for all anthocyanidin 3-O-glucosides in the grape
extract (Table 3). Delphinidin, malvidin, petunidin, peonidin,
and cyanidin 3-O-glucosides are predominant anthocyanin
species in the grape extract. Thus, the degradation rates for
both total monomeric anthocyanins and anthocyanidin 3-O-
glucosides are likely to follow similar significant differences
across thermotreatments.
Interestingly, negative values for degradation rates were

calculated for individual anthocyanins in the 0 ppm AA hot fill
and preserved model beverages (Table 3). Although this may
imply that these anthocyanidin 3-O-glucosides are increasing in
concentration, this is highly unlikely given the conditions of

Figure 2. Normalized extracted ion chromatograms for grape and PSP
extracts. Peaks labeled A−D correspond to 3,5-diglucosides, 3-O-
glucosides, unidentified anthocyanins, and acylated anthocyanins,
respectively, of each of the indicated aglycone chromatograms.

Table 1. Major Anthocyanin Species Present in Grape and
PSP Extractsa

Grape Extract

compound
rel concn

(%)
parent ion
(m/z)

fragment
(m/z)

malvidin 3-O-glucoside 25.8 493 331
peonidin 3-O-glucoside 9.8 463 301
delphinidin 3,5-
diglucoside

3.1 627 303

delphinidin 3-O-glucoside 2.2 465 303
petunidin 3,5-diglucoside 3.5 641 317
petunidin 3-O-glucoside 1.7 479 317
cyanidin 3,5-diglucoside 8.9 611 287
cyanidin 3-O-glucoside 17.1 449 287

PSP Extract

tentative identification
rel concn

(%)

parent
ion

(m/z)
fragment
(m/z)

peonidin-3-dicaffeoylsophoroside-5-
glucoside

12.1 1111 949, 463, 301

peonidin-3-caffeoyl-p-
hydroxybenzoylsophoroside-5-
glucoside

18.5 1069 907, 787, 625,
463, 301

peonidin-3-
caffeoylferuloylsophoroside-5-
glucoside

14.5 1125 963, 463, 301

peonidin-3-caffeoylsophoroside-5-
glucoside

6.3 949 787, 463, 301

peonidin-3-p-
hydroxybenzoylsophoroside-5-
glucoside

3.7 907 301

peonidin-3-feruloylsophoroside-5-
glucoside

2.5 963 301

total acylated cyanidin-3-
sophoroside-5-glucosides

34.5 611, 449, 287

aRelative concentrations (rel concn) are represented as moles of
anthocyanin/total anthocyanin moles in each extract. Identities of
glucosides in grape extracts were confirmed by analytical standards and
mass spectroscopy. Tentative identifications were based on previous
studies on PSP acylated anthocyanins, parent ions, and fragment
ions.4,30.
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these experiments. Negative degradation rates were only
observed in the most stable model beverages coupled with
the mildest thermotreatment, suggesting only minimal changes
to anthocyanin content. Furthermore, negative values were only
obtained when the absolute value of the mean was less than the
standard error of the mean (Table 3). This is likely due to the
inability of the LC-MS analysis of individual anthocyanins to

distinguish the extremely low degradation from analytical noise.
However, because the pH differential method measures total
monomeric anthocyanins, it was more capable of assessing
broad changes in the degradation of total anthocyanins
throughout the thermotreatment.

Impact of Model Beverages on Anthocyanin Degra-
dation Rates through Thermostress. Increasing concen-

Table 2. Total Monomeric Anthocyanin Degradation Rates and Activation Energies under Thermostressa

model beverage 40 °C (min−1) °60 C (min−1) 80 °C (min−1) Ea (kJ/mol)

0 ppm AA hot fill 1.36 × 10−5 ± 4.8 × 10−5 1A 1.71 × 10−4 ± 3.3 × 10−5 2A 9.43 × 10−4 ± 1.2 × 10−5 3A 60.48 ± 3.3 AB

100 ppm AA hot fill 3.34 × 10−4 ± 3.9 × 10−5 1B 3.32 × 10−4 ± 6.9 × 10−5 1AB 9.69 × 10−4 ± 2.3 × 10−5 2A 24.20 ± 2.8 C

500 ppm AA hot fill 3.38 × 10−4 ± 2.0 × 10−5 1B 4.84 × 10−4 ± 6.5 × 10−5 1B 1.00 × 10−3 ± 2.0 × 10−5 2A 24.78 ± 1.8 C

VEW (grape) 3.02 × 10−4 ± 1.1 × 10−5 1B 5.02 × 10−4 ± 2.9 × 10−5 1B 1.88 × 10−3 ± 6.1 × 10−5 2B 41.60 ± 0.2 BC

preserved model 2.41 × 10−5 ± 2.4 × 10−5 1A 1.59 × 10−4 ± 2.2 × 10−5 1A 1.10 × 10−3 ± 8.6 × 10−5 2A 80.07 ± 8.6 A

aAscorbic acid and vitamin-enriched water are abbreviated AA and VEW, respectively. VEW (PSP) total monomeric anthocyanin degradation rates
are not shown because of their deviation from first-order kinetics. All model beverages contained grape extract. VEW model beverage (pH 3.60 ±
0.02) contained 0.025% AA and 0.044% vitamin water powdered premix. All hot-filled model beverages (pH 3.60 ± 0.02) contained 0.60% citric acid
and 1.00% sodium citrate, with various concentrations of AA indicated in the table. Preserved model beverage (pH 3.00 ± 0.02) contained 0.05%
sodium benzoate, 0.01% potassium sorbate, 2% citric acid, and 0.60% sodium citrate. Different bold superscript numbers indicate significant
differences (P < 0.05) between temperatures within each model beverage. Different bold superscript letters indicate significant differences (P < 0.05)
between model beverages within each temperature or activation energy.

Table 3. Grape Anthocyanin Degradation Rates and Activation Energies under Thermostressa

40 °C (min−1) 60 °C (min−1) 80 °C (min−1) Ea (kJ/mol)

0 ppm AA Hot Fill
delphinidin 3-O-glucoside 2.18 × 10−4 ± 2.3 × 10−4 1Aα 8.82 × 10−4 ± 8.3 × 10−5 1Aα 1.89 × 10−3 ± 1.0 × 10−4 2Aα 30.29 ± 1.1 Aα

malvidin 3-O-glucoside −4.50 × 10−5 ± 1.0 × 10−4 1Aα 1.87 × 10−4 ± 6.6 × 10−5 1Aα 1.51 × 10−3 ± 6.4 × 10−5 2Aα 67.52 ± 0.6 Bα

petunidin 3-O-glucoside −1.65 × 10−5 ± 7.4 × 10−5 1Aα 2.21 × 10−4 ± 5.2 × 10−5 1Aα 1.42 × 10−3 ± 3.9 × 10−4 2Aα 65.77 ± 6.7 Bα

peonidin 3-O-glucoside −3.67 × 10−5 ± 1.1 × 10−4 1Aα 1.93 × 10−4 ± 4.7 × 10−5 1Aα 1.31 × 10−3 ± 3.7 × 10−5 2Aα 59.97 ± 0.4 Bα

cyanidin 3-O-glucoside 1.65 × 10−5 ± 3.6 × 10−5 1Aα 3.36 × 10−4 ± 9.1 × 10−6 1Aα 1.64 × 10−3 ± 5.3 × 10−5 2Aα 75.71 ± 0.7 Bα

100 ppm AA Hot Fill
delphinidin 3-O-glucoside 3.04 × 10−4 ± 1.6 × 10−4 1Aα 6.49 × 10−4 ± 2.7 × 10−5 1Aα 1.54 × 10−3 ± 1.9 × 10−4 2Aα 43.12 ± 11.7 Aα

malvidin 3-O-glucoside 3.51 × 10−4 ± 6.9 × 10−6 1Aαβ 2.74 × 10−4 ± 2.1 × 10−5 1Aα 1.31 × 10−3 ± 1.4 × 10−4 2Aα 29.19 ± 3.0 Aβ

petunidin 3-O-glucoside 3.51 × 10−4 ± 9.7 × 10−5 1Aαβ 2.99 × 10−4 ± 1.1 × 10−5 1Aα 1.53 × 10−3 ± 1.7 × 10−4 2Aα 34.12 ± 4.1 Aβ

peonidin 3-O-glucoside 3.13 × 10−4 ± 8.4 × 10−5 1Aαβ 1.68 × 10−4 ± 9.4 × 10−6 1Aα 1.11 × 10−3 ± 2.2 × 10−4 2Aα 28.58 ± 1.9 Aβ

cyanidin 3-O-glucoside 3.61 × 10−4 ± 2.1 × 10−5 1Aαβ 3.81 × 10−4 ± 1.3 × 10−6 1Aα 1.47 × 10−3 ± 1.6 × 10−4 2Aα 31.49 ± 3.9 Aβ

500 ppm AA Hot Fill
delphinidin 3-O-glucoside 6.83 × 10−4 ± 1.5 × 10−5 1Aα 1.11 × 10−3 ± 5.8 × 10−5 1Aα 1.70 × 10−3 ± 4.9 × 10−5 2Aα 20.93 ± 1.2 Aα

malvidin 3-O-glucoside 5.16 × 10−4 ± 4.9 × 10−5 1Aαβ 7.44 × 10−4 ± 1.1 × 10−4 1Aαβ 1.23 × 10−3 ± 1.3 × 10−4 2Aα 19.89 ± 0.4 Aβ

petunidin 3-O-glucoside 5.96 × 10−4 ± 2.9 × 10−5 1Aαβ 8.92 × 10−4 ± 9.4 × 10−5 1Aαβ 1.69 × 10−3 ± 6.0 × 10−5 2Aα 23.81 ± 1.8 Aβ

peonidin 3-O-glucoside 5.42 × 10−4 ± 5.1 × 10−5 1Aαβ 7.94 × 10−4 ± 9.2 × 10−5 1Aαβ 1.40 × 10−3 ± 3.9 × 10−5 2Aα 21.84 ± 2.7 Aβ

cyanidin 3-O-glucoside 6.64 × 10−4 ± 1.2 × 10−5 1Aβ 9.57 × 10−4 ± 7.9 × 10−5 1Aβ 1.62 × 10−3 ± 4.6 × 10−5 2Aα 20.43 ± 1.0 Aβ

Vitamin-Enriched Water
delphinidin 3-O-glucoside 5.04 × 10−4 ± 5.7 × 10−4 1Aα 1.36 × 10−3 ± 3.8 × 10−4 1Aα 4.57 × 10−3 ± 2.9 × 10−4 2Aβ 29.91 ± 1.2 Aα

malvidin 3-O-glucoside 7.70 × 10−4 ± 2.3 × 10−4 1Aβ 1.06 × 10−3 ± 8.9 × 10−5 1Aβ 3.21 × 10−3 ± 7.1 × 10−5 2Aβ 34.09 ± 6.9 Aβ

petunidin 3-O-glucoside 1.03 × 10−3 ± 1.8 × 10−4 1Aβ 1.28 × 10−3 ± 1.4 × 10−5 1Aβ 4.01 × 10−3 ± 1.8 × 10−4 2Aβ 31.15 ± 3.0 Aβ

peonidin 3-O-glucoside 7.87 × 10−4 ± 2.3 × 10−4 1Aβ 1.14 × 10−3 ± 5.4 × 10−5 1Aβ 3.81 × 10−3 ± 1.6 × 10−4 2Aβ 37.34 ± 6.2 Aβ

cyanidin 3-O-glucoside 1.08 × 10−3 ± 5.7 × 10−5 1Aδ 1.30 × 10−3 ± 4.0 × 10−5 1Aβ 4.55 × 10−3 ± 5.5 × 10−5 2Aβ 26.89 ± 0.7 Aβ

Preserved Model
delphinidin 3-O-glucoside −1.48 × 10−5 ± 7.8 × 10−5 1Aα 1.57 × 10−4 ± 8.1 × 10−6 1Aα 2.25 × 10−3 ± 1.2 × 10−4 2Aα 75.39 ± 1.3 Aβ

malvidin 3-O-glucoside −5.35 × 10−5 ± 8.4 × 10−5 1Aα 7.67 × 10−5 ± 1.8 × 10−5 1Aα 9.37 × 10−4 ± 3.1 × 10−6 2Aα 66.37 ± 0.1 Aα

petunidin 3-O-glucoside −1.69 × 10−5 ± 9.8 × 10−5 1Aα 1.53 × 10−4 ± 2.4 × 10−5 1Aα 1.35 × 10−3 ± 6.6 × 10−5 2Aα 58.09 ± 1.3 Aα

peonidin 3-O-glucoside −5.16 × 10−5 ± 9.1 × 10−5 1Aα 8.23 × 10−5 ± 2.1 × 10−5 1Aδ 9.16 × 10−4 ± 8.2 × 10−5 2Aα 60.88 ± 2.0 Aα

cyanidin 3-O-glucoside −1.76 × 10−5 ± 6.0 × 10−5 1Aα 8.03 × 10−5 ± 4.6 × 10−5 1Aα 1.03 × 10−3 ± 7.2 × 10−5 2Aδ 65.18 ± 0.9 Aα

aVEW model beverage (pH 3.60 ± 0.02) contained 0.025% ascorbic acid (AA) and 0.044% vitamin water powdered premix. All hot filled model
beverages (pH 3.60 ± 0.02) contained 0.60% citric acid and 1.00% sodium citrate, with various concentrations of AA indicated in the table. Preserved
model beverage (pH 3.00 ± 0.02) contained 0.05% sodium benzoate, 0.01% potassium sorbate, 2% citric acid, and 0.60% sodium citrate. Different
bold superscript numbers indicate significant differences (P < 0.05) between temperatures within each model beverage and anthocyanin. Different
bold superscript Roman letters indicate significant differences (P < 0.05) between anthocyanins within each temperature and model beverage.
Different bold superscript Greek letters indicate significant differences (P < 0.05) between model beverages within each temperature and
anthocyanin.
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trations of AA had various impacts on total monomeric
anthocyanin degradation rates (Table 2). At 40 °C, degradation
rates significantly increased from 1.36 × 10−5 to 3.34 × 10−4

min−1 with the addition of 100 ppm AA. However, the further
addition of 400 ppm AA caused no significant increase in the
degradation rate. At 60 °C there was only a significant increase
in degradation rates between 0 and 500 ppm AA and no
significant difference at 80 °C for any of the three hot fill model
beverages. Like anthocyanins, AA is vulnerable to high
temperatures and may rapidly degrade in the model
beverages.17 Thus, the specific effect of AA on anthocyanin
degradation may diminish at elevated temperatures. Therefore,
AA caused significant differences in anthocyanin degradation
rates only at low temperatures, and its effect became more
negligible at higher temperatures. Previous studies have shown
that the addition of AA reduces anthocyanin stability at lower
temperatures. For instance, Calvi and Francis found that the
addition of AA to model beverages increased the rates of
degradation at 37.7, 23.8, and 1.1 °C.18 However, unlike the
present study, they did not investigate the diminishing effect of
AA on anthocyanin degradation at elevated temperatures
including 60 and 80 °C. Many beverages are exposed to high
temperatures during processing; thus, the interaction between
temperature, AA concentration, and anthocyanin degradation
must be considered in beverage production.
Varying AA concentrations between hot fill model beverages

did not significantly increase most anthocyanidin 3-O-glucoside
degradation rates at a given temperature (Table 3). The only
exception was cyanidin 3-O-glucoside, for which the degrada-
tion rate significantly increased from 1.65 × 10−5 to 6.64 × 10−4

min−1 and from 3.36 × 10−4 to 9.57 × 10−4 min−1 with the
addition of 500 ppm AA at 40 and 60 °C, respectively.
Cyanidin 3-O-glucoside is particularly sensitive to AA relative to
the other anthocyanidin 3-O-glucosides present in the grape
extract. Therefore, the significant increase in total monomeric
anthocyanin degradation rates discussed previously may have
been predominantly driven by cyanidin 3-O-glucoside. Talcott
et al. examined the effect of the addition of 800 ppm AA on red
muscadine grape anthocyanin 3,5-diglucosides through pasteu-
rization (95 °C for 15 min).19 In contrast to our findings,
anthocyanidins had a significant impact on anthocyanidin 3,5-
diglucoside stability. For instance, significant differences were
observed for cyanidin, pelargonin, peonidin, and malvidin 3,5-
diglucosides, but not for delphinidin and petunidin 3,5-
diglucoside. It is likely that 800 ppm AA was concentrated
enough to significantly affect most anthocyanin degradation
rates, whereas 500 ppm was enough to cause only particularly
sensitive anthocyanins to significantly reduce stability.
There was no significant difference in total monomeric

degradation rates between the VEW and the 500 ppm AA
model beverages at 40 and 60 °C. However, the VEW had a
significantly greater degradation rate at 80 °C (Table 2).
Similarly, degradation rates for all anthocyanidin 3-O-glucosides
were significantly greater in the VEW than the 500 ppm AA
model beverage at 80 °C (Table 3). It is likely that the increase
in degradation rates is caused by the presence of metal ions and
B vitamins in the VEW premix. Zinc(II) and chromium(III),
which are present in the VEW model beverage, may act as
oxidizing agents and may have contributed to anthocyanin
oxidation, leading to more rapid degradation. B vitamins are
typically thermally stable, and their interactions with
anthocyanins have yet to be explored individually. Complex
model beverages and juices contain many different compounds,

and anthocyanin degradation rates are particularly difficult to
compare between studies. Thus, further research is required to
determine the impact of the food ingredients on anthocyanin
degradation.

Arrhenius Behavior and Activation Energies. The
exponential increase in degradation rates with elevated
temperatures is typical of Arrhenius behavior and has been
reported in several other studies.12−14,16 Activation energies for
the degradation of total monomeric anthocyanins were
calculated for each solution (Table 2). The 0 ppm AA and
preserved model beverages had the greatest activation energies
at 60.48 and 80.07 kJ/mol, respectively, indicating that they are
the most resilient to thermostress. Dybry et al. investigated
grape skin anthocyanin stability in a pH 3.0 buffer and
calculated an activation energy of 58 kJ/mol.20 This is in
agreement with the activation energy of the 0 ppm AA hot fill
model beverage (pH 3.6) used in this study. Furthermore, the
addition of at least 100 ppm AA significantly reduced the
activation energy to 24.20 kJ/mol. However, an additional 400
ppm did not significantly alter the activation energy. Therefore,
AA concentrations of at least 100 ppm in a beverage will
significantly reduce the anthocyanin degradation activation
energy and thus change the response of the degradation rates
between temperatures. Additional studies are required to
investigate the change in activation energies with the addition
of AA at concentrations lower than 100 ppm. Multiple
mechanisms for degradative reactions between ascorbic acid
and anthocyanins have been hypothesized. One mechanism
involved the formation of reactive oxygen species, such as
peroxide, from the oxidation of ascorbic acid and their
subsequent reaction with anthocyanins.21,22 Another proposed
mechanism involves a condensation reaction between ascorbic
acid and anthocyanins.23 Although products of individual
anthocyanin−ascorbic acid condensation were not observed in
the present study, it is important to highlight that the analytical
conditions applied were likely not optimized for these analyses.
Therefore, it remains unclear which reactions may predominate
in the model beverages and conditions investigated in the
present study. Additional studies into the specific mechanisms
are therefore warranted.
Typically, activation energies of the anthocyanins were not

significantly different in each model beverage (Table 3). A
study by Attoe and Von Elbe found no significant difference
between the activation energies of cyanidin and peonidin 3-
arabinosides and 3-galatosides in a pH 2.5 buffer during dark
conditions.24 However, in the present study, delphinidin 3-O-
glucoside in the 0 ppm AA hot fill model was the only
exception and had a significantly lower activation energy of
30.29 kJ/mol in comparison with all other anthocyanins,
indicating that it is the most sensitive to temperature changes.
Additionally, delphinidin 3-O-glucoside had no significant
change in activation energy with the addition of ascorbic acid
or vitamin premix. However, in the preserved base, delphinidin
3-O-glucoside activation energy significantly increased to 75.39
kJ/mol, highlighting the stability of the preserved base.
Activation energies of malvidin, petunidin, peonidin, and
cyanidin 3-O-glucosides significantly decreased with the
addition of 100 ppm AA, but not with an additional 400
ppm AA. For instance, in the 0, 100, and 500 ppm AA bases,
cyanidin 3-O-glucoside had activation energies of 75.71, 31.49,
and 20.43 kJ/mol, respectively. These observations agree with
the significant differences in total monomeric anthocyanin
degradation activation energies and provide further evidence for
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the impact of AA on anthocyanin stability through thermo-
stress.
Grape and Purple Sweet Potato Anthocyanins under

Thermostress. Total monomeric anthocyanin degradation
rates of PSP and grape extracts under thermostress could not
be compared. It has been well documented that the total
monomeric anthocyanin degradation of grape extract follows
first-order kinetics. However, extracts containing relatively high
concentrations of acylated anthocyanins, such as PSP, do not fit
a first-order degradation model through short-term thermo-
treatments (Figure 3).20,25 Correlation coefficients for PSP

extract in the VEW model were 0.24, 0.06, and 0.14 at 40, 60,
and 80 °C, respectively. Our results agree with previous short-
term thermostability studies on acylated anthocyanin-rich
extracts. For example, degradation rates for red cabbage extract
in a soft drink system could be measured only after 6 h at 80
°C.20 However, it is generally accepted that acylated

anthocyanins are more stable than nonacylated anthocyanins
through thermostress because of the protection of the flavylium
cation through intramolecular copigmentation interactions.26

Impact of Model Beverages on Anthocyanin Degra-
dation Rates through Photostress. With the exception of
the preserved model beverage, high intensities of photostress
yielded greater total monomeric anthocyanin degradation rates
(Table 4). The decreased pH of the preserved base is likely to
be responsible, in part, for this observation. The stability of
anthocyanins has previously been shown to increase with
decreasing pH.27 Between 250 and 500 W/m2 treatments,
degradation rates significantly increased from 6.26 × 10−4 to
2.73 × 10−3 and from 6.76 × 10−4 to 1.58 × 10−3 min−1 in 0
and 100 ppm AA model beverages, respectively. Additionally,
total monomeric anthocyanin degradation rates significantly
increased in the 500 ppm AA and VEW model beverages from
6.16 × 10−4 to 1.54 × 10−3 min−1 and from 6.45 × 10−4 to 1.85
× 10−3 min−1 at 250 and 750 W/m2, respectively. Furthermore,
most anthocyanidin 3-O-glucosides followed the same sig-
nificant differences as the total monomeric anthocyanin
degradation rates, providing further evidence of their similar
susceptibilities to photostress (Table 5).
At 250 W/m2, the total monomeric anthocyanin degradation

rates in any of the model beverage bases were not significantly
different. This may be attributed to the relatively low
magnitude of photostress and treatment time. Significant
differences may be observed at lower light intensities at
extended incubation times; however, that was not investigated
in the present study. In contrast, at 500 and 750 W/m2, the
addition of at least 100 ppm AA significantly decreased the total
monomeric anthocyanin degradation rates (Table 4). For
example, the addition of 100 ppm AA caused the degradation
rate to significantly decrease from 2.73 × 10−3 to 1.58 × 10−3

min−1 during the 500 W/m2 photostress treatment. Similarly,
anthocyanidin 3-O-glucosides in the 0 ppm AA model beverage
had significantly greater degradation rates than those in the 100
and 500 ppm AA bases at 500 and 750 W/m2, but not 250 W/
m2 (Table 5). In contrast to thermostress, increased
concentrations of AA protected anthocyanins from photostress.
Typically, the presence of AA has been associated with the
rapid degradation of anthocyanins in beverage systems. Our
results clearly demonstrate that AA can have various effects
depending on whether thermo- or photostresses are the major
concern.

Grape and Purple Sweet Potato Anthocyanins under
Photostress. In contrast to thermotreatments, the total

Figure 3. Total monomeric anthocyanin first-order kinetic plots for
PSP (top) and grape (bottom) in VEW model beverages during
thermotreatment. Black, dark gray, and light gray squares correspond
to 40, 60, and 80 °C treatments, respectively. “C” and “C0” are the
total monomeric anthocyanin concentrations at a given time and the
initial time, respectively.

Table 4. Total Monomeric Anthocyanin Degradation Rates and Activation Energies under Photostressa

model beverage 250 W/m2 (min−1) 500 W/m2 (min−1) 750 W/m2 (min−1)

0 ppm AA hot fill 6.26 × 10−4 ± 8.6 × 10−5 1A 2.73 × 10−3 ± 9.7 × 10−5 2A 3.59 × 10−3 ± 2.1 × 10−4 3A

100 ppm AA hot fill 6.76 × 10−4 ± 2.7 × 10−5 1A 1.58 × 10−3 ± 1.5 × 10−4 2BC 1.45 × 10−3 ± 1.1 × 10−4 2BC

500 ppm AA hot fill 6.16 × 10−4 ± 4.9 × 10−5 1A 1.16 × 10−3 ± 1.0 × 10−4 12BD 1.54 × 10−3 ± 1.4 × 10−4 2BC

VEW (grape) 6.45 × 10−4 ± 7.7 × 10−5 1A 1.00 × 10−3 ± 2.2 × 10−5 1BD 1.85 × 10−3 ± 1.0 × 10−4 2BD

VEW (PSP) 1.29 × 10−3 ± 3.3 × 10−5 1B 2.02 × 10−3 ± 2.6 × 10−5 2C 2.40 × 10−3 ± 1.9 × 10−4 2AD

preserved model 7.33 × 10−4 ± 1.2 × 10−4 1A 9.20 × 10−4 ± 5.4 × 10−5 1D 1.16 × 10−3 ± 8.2 × 10−5 1C

aPurple sweet potato extract, ascorbic acid, and vitamin-enriched water are abbreviated PSP, AA, and VEW, respectively. VEW contained either PSP
or grape extract, whereas all other model beverages contained grape extract. VEW model beverage (pH 3.60 ± 0.02) contained 0.025% AA and
0.044% vitamin water powdered premix. All hot filled model beverages (pH 3.60 ± 0.02) contained 0.60% citric acid and 1.00% sodium citrate, with
various concentrations of AA indicated in the table. Preserved model beverage (pH 3.00 ± 0.02) contained 0.05% sodium benzoate, 0.01% potassium
sorbate, 2% citric acid, and 0.60% sodium citrate. Different bold superscript numbers indicate significant differences (P < 0.05) between light
intensity within each model beverage. Different bold superscript letters indicate significant differences (P < 0.05) between model beverages within
each light intensity.
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monomeric anthocyanin degradation rates of PSP and grape
under photostress both followed first-order kinetics in the VEW
model beverage (Figure 4). Correlation coefficients for PSP
extract in the VEW model were 0.74, 0.90, and 0.93 for 250,
500, and 750 W/m2 treatments, respectively. At 250 and 500
W/m2, total monomeric anthocyanin degradation occurred
significantly more rapidly with PSP than with grape (Table 4).
Previous studies report that acylated anthocyanins are more
stable than nonacylated anthocyanins.20,28 For example,
Hayashi et al. examined the impact of 8.8 W/m2 (254 nm)
on 19 anthocyanin-rich extracts in a pH 3.16 buffer for 18 h.28

Furthermore, they analyzed samples on the basis of their
absorbance at 525 nm, which is a measurement of the color of
anthocyanins and may not necessarily be proportional to
anthocyanin content, particularly with acylated anthocyanins,
which undergo intramolecular copigmentation interactions. In
the present study we used much greater light intensities at a
range of wavelengths and different solutions and analyzed the
degradation of anthocyanins not on the basis of the color but
rather on the basis of the total monomeric anthocyanin
concentration and individual anthocyanins by LC-MS.
Our LC-MS analysis indicated that several pigments were

increasing in concentration when exposed to photostress but

not thermostress. Morais et al. previously reported the
formation of new pigments after anthocyanin-rich grape
extracts were exposed to photostress; however, the anthocya-
nins and the formed pigments were not identified.29 Three
acylated peondins with elution times between 20.4 and 22.5
min were decreasing in concentration, whereas three others
with elution times between 23.3 and 25.0 min were increasing
in concentration (Figure 5). These peonidins were tentatively
identified on the basis of parent ions and α-cleavage
fragmentations from TOF experiments.4,30 For example,
peonidin-3-dicaffeoylsophoroside-5-glucoside was identified on
the basis of a parent ion of 1111 and fragments ions m/z 949,
463, and 301 corresponding to the removal of caffeic acid and/
or glycosides (Table 1). The degraded compounds were
identified as diacylated peonidins, specifically peonidin-3-
dicaffeoylsophoroside-5-glucoside, peonidin-3-caffeoyl-p-hy-
droxybenzoylsophoroside-5-glucoside, and peonidin-3-caffeoyl-
feruloylsophoroside-5-glucoside. The three forming com-
pounds were tentatively identified as monoacylated peonidins,
specifically peonidin-3-caffeoylsophoroside-5-glucoside, peoni-
din-3-p-hydroxybenzoylsophoroside-5-glucoside, and peonidin-
3-feruloylsophoroside-5-glucoside. Thus, it is likely that the
photostress induced the removal of caffeic acid from the

Table 5. Grape Anthocyanin Degradation Rates under Photostressa

250 W/m2 (min−1) 500 W/m2 (min−1) 750 W/m2 (min−1)

0 ppm AA Hot Fill
delphinidin 3-O-glucoside 1.51 × 10−3 ± 2.3 × 10−4 1Aα 9.12 × 10−3 ± 1.2 × 10−3 2Aα 1.02 × 10−2 ± 2.1 × 10−3 2Aα

malvidin 3-O-glucoside 5.68 × 10−4 ± 3.2 × 10−5 1Aα 5.92 × 10−3 ± 3.6 × 10−4 2Aα 5.56 × 10−3 ± 1.2 × 10−4 2ABα

petunidin 3-O-glucoside 8.76 × 10−4 ± 6.0 × 10−5 1Aα 6.10 × 10−3 ± 1.9 × 10−4 2Aα 7.86 × 10−3 ± 5.4 × 10−4 2ABα

peonidin 3-O-glucoside 4.89 × 10−4 ± 6.8 × 10−6 1Aα 4.40 × 10−3 ± 1.5 × 10−5 2Aα 3.10 × 10−3 ± 4.1 × 10−4 2Bα

cyanidin 3-O-glucoside 1.15 × 10−3 ± 1.3 × 10−4 1Aαβ 7.41 × 10−3 ± 6.7 × 10−4 2Aα 6.76 × 10−3 ± 1.5 × 10−4 2ABα

100 ppm AA Hot Fill
delphinidin 3-O-glucoside 5.40 × 10−4 ± 6.5 × 10−5 1Aα 2.00 × 10−3 ± 3.2 × 10−4 2Aβ 1.89 × 10−3 ± 3.7 × 10−4 2Aβ

malvidin 3-O-glucoside 3.78 × 10−4 ± 2.4 × 10−5 1Aα 1.34 × 10−3 ± 1.1 × 10−4 2Aβ 1.01 × 10−3 ± 2.4 × 10−4 2Aβ

petunidin 3-O-glucoside 5.05 × 10−4 ± 4.6 × 10−5 1Aα 7.99 × 10−4 ± 6.0 × 10−5 1Aβ 1.63 × 10−3 ± 3.1 × 10−4 2Aβδ

peonidin 3-O-glucoside 3.03 × 10−4 ± 2.5 × 10−5 1Aα 1.30 × 10−3 ± 1.6 × 10−4 2Aβ 1.24 × 10−3 ± 3.0 × 10−4 2Aβδ

cyanidin 3-O-glucoside 7.75 × 10−4 ± 4.5 × 10−5 1Aα 2.16 × 10−3 ± 8.0 × 10−5 2Aβδ 2.20 × 10−3 ± 1.1 × 10−4 2Aβε

500 ppm AA Hot Fill
delphinidin 3-O-glucoside 1.00 × 10−3 ± 7.5 × 10−5 1Aα 1.51 × 10−3 ± 2.6 × 10−4 1ABβ 1.66 × 10−3 ± 1.9 × 10−4 1ABβ

malvidin 3-O-glucoside 5.64 × 10−4 ± 5.5 × 10−5 1Aα 6.57 × 10−4 ± 2.2 × 10−4 1Aβ 1.15 × 10−3 ± 7.6 × 10−5 2Aβ

petunidin 3-O-glucoside 8.07 × 10−4 ± 4.9 × 10−5 1Aα 1.13 × 10−3 ± 1.4 × 10−4 1ABβ 1.71 × 10−3 ± 1.2 × 10−4 1ABβδ

peonidin 3-O-glucoside 5.69 × 10−4 ± 2.7 × 10−5 1Aα 7.28 × 10−4 ± 1.3 × 10−4 1ABβ 1.41 × 10−3 ± 1.1 × 10−4 2ABβδ

cyanidin 3-O-glucoside 1.29 × 10−3 ± 2.3 × 10−5 1Aαβ 1.74 × 10−3 ± 1.2 × 10−4 1Bβ 2.46 × 10−3 ± 1.1 × 10−4 1Bβ

Vitamin-Enriched Water
delphinidin 3-O-glucoside 1.36 × 10−3 ± 7.2 × 10−4 1Aα 2.26 × 10−3 ± 5.1 × 10−4 1Aβ 3.45 × 10−3 ± 5.6 × 10−4 1ABβ

malvidin 3-O-glucoside 4.12 × 10−4 ± 2.4 × 10−4 1Aα 6.71 × 10−4 ± 2.3 × 10−4 1Aβ 1.48 × 10−3 ± 2.9 × 10−4 2Aβ

petunidin 3-O-glucoside 1.27 × 10−3 ± 3.1 × 10−4 1Aα 1.72 × 10−3 ± 2.5 × 10−4 1Aβ 2.81 × 10−3 ± 2.5 × 10−4 2ABβ

peonidin 3-O-glucoside 1.05 × 10−3 ± 4.6 × 10−4 1Aα 1.08 × 10−3 ± 1.5 × 10−4 1Aβ 1.92 × 10−3 ± 3.0 × 10−4 1ABαβ

cyanidin 3-O-glucoside 2.50 × 10−3 ± 1.8 × 10−4 1Aβ 3.44 × 10−3 ± 1.1 × 10−4 1Aδ 4.83 × 10−3 ± 8.7 × 10−5 2Bδ

Preserved Model
delphinidin 3-O-glucoside 1.21 × 10−3 ± 1.6 × 10−4 1Aα 9.12 × 10−4 ± 7.1 × 10−5 1Aβ 1.01 × 10−3 ± 1.2 × 10−4 1Aβ

malvidin 3-O-glucoside 7.64 × 10−4 ± 1.0 × 10−4 1ABα 3.19 × 10−4 ± 4.5 × 10−5 1ABβ 3.33 × 10−4 ± 2.1 × 10−5 1Bβ

petunidin 3-O-glucoside 1.16 × 10−3 ± 1.2 × 10−4 1ABα 7.15 × 10−4 ± 6.3 × 10−5 1ABβ 7.27 × 10−4 ± 2.0 × 10−5 1ABδ

peonidin 3-O-glucoside 5.80 × 10−4 ± 7.1 × 10−5 1Bα 2.52 × 10−4 ± 1.1 × 10−5 1Bβ 3.01 × 10−4 ± 3.7 × 10−5 1Bδ

cyanidin 3-O-glucoside 9.55 × 10−4 ± 6.2 × 10−5 1ABα 8.83 × 10−4 ± 2.3 × 10−5 1Aβ 1.03 × 10−3 ± 6.3 × 10−5 1Aε

aVEW model beverage (pH 3.60 ± 0.02) contained 0.025% ascorbic acid (AA) and 0.044% vitamin water powdered premix. All hot filled model
beverages (pH 3.60 ± 0.02) contained 0.60% citric acid and 1.00% sodium citrate, with various concentrations of AA indicated in the table. Preserved
model beverage (pH 3.00 ± 0.02) contained 0.05% sodium benzoate, 0.01% potassium sorbate, 2% citric acid, and 0.60% sodium citrate. Different
bold superscript numbers indicate significant differences (P < 0.05) between light intensities within each model beverage and anthocyanin. Different
bold superscript Roman letters indicate significant differences (P < 0.05) between anthocyanins within each light intensities and model beverage.
Different bold superscript Greek letters indicate significant differences (P < 0.05) between model beverages within each light intensities and
anthocyanin.
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diacylated peonidins to yield the monoacylated peonidins.
However, the concentration of peonidin-3-sophoroside-5-
glucoside did not increase, indicating that monoacylated
peonidins do not undergo a similar degradation mechanism.
Furthermore, only one isomer of peonidin-3-caffeoylsophoro-
side-5-glucoside (m/z 949) was detected, indicating that the
photodegradative mechanism of peonidin-3-dicaffeoylsophoro-
side-5-glucoside involved the removal of caffeic acid from a
specific position. Matsufuji et al. demonstrated that red radish

extract containing seven diacylated pelargonidins will form
seven new unidentified pigments when exposed to light and
hypothesized that they were isomers.31 However, they obtained
only UV−vis spectra and not mass spectra; thus, they were
unable to test their hypothesis. From our findings, it is possible
that some or all of these new pigments were monoacylated
derivatives of the original seven diacylated pelargonidins.
However, unlike our findings, Matsufuji et al. also detected
several of these new pigments through thermotreatments.
Although this research is a step toward comprehending the
chemistry of acylated anthocyanins, more research is required
to fully understand the mechanisms involved.
In conclusion, the present study demonstrates the degrada-

tion kinetics of anthocyanins in the models of common RTD
beverage formats through thermo- and photostress. Greater
intensities of either stress resulted in increased degradation
rates of both total monomeric anthocyanins and individual
anthocyanidin 3-O-glucosides. Additionally, AA increased the
degradation rates through thermostress but decreased degra-
dation rates through photostress. Finally, photostress resulted
in the removal of a caffeic acid moiety from diacylated
peonidins to form monoacylated analogues. These findings are
likely to contribute to the development of strategies for the
formulation of anthocyanins and anthocyanin-rich ingredients
in RTD beverages.
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