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Abstract: Anthocyanins are reported to exhibit a wide variety of remedial qualities against many
human disorders, including antioxidative stress, anti-inflammatory activity, amelioration of cardiovas-
cular diseases, improvement of cognitive decline, and are touted to protect against neurodegenerative
disorders. Anthocyanins are water soluble naturally occurring polyphenols containing sugar moiety
and are found abundantly in colored fruits/berries. Various chromatographic (HPLC/HPTLC) and
spectroscopic (IR, NMR) techniques as standalone or in hyphenated forms such as LC-MS/LC-NMR
are routinely used to gauge the chemical composition and ensure the overall quality of anthocyanins
in berries, fruits, and finished products. The major emphasis of the current review is to compile
and disseminate various analytical methodologies on characterization, quantification, and chemical
profiling of the whole array of anthocyanins in berries, and fruits within the last two decades. In addi-
tion, the factors affecting the stability of anthocyanins, including pH, light exposure, solvents, metal
ions, and the presence of other substances, such as enzymes and proteins, were addressed. Several
sources of anthocyanins, including berries and fruit with their botanical identity and respective yields
of anthocyanins, were covered. In addition to chemical characterization, economically motivated
adulteration of anthocyanin-rich fruits and berries due to increasing consumer demand will also
be the subject of discussion. Finally, the health benefits and the medicinal utilities of anthocyanins
were briefly discussed. A literature search was performed using electronic databases from PubMed,
Science Direct, SciFinder, and Google Scholar, and the search was conducted covering the period
from January 2000 to November 2022.
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1. Introduction

Anthocyanins are polyphenolic plant constituents and are the most commonly occur-
ring flavonoids in many fruits, especially berries, and in several vegetables. Anthocyanins
consumption is approximately nine times higher than other nutritional flavonoids in certain
food products. Most anthocyanins are water-soluble glycosides and chemically are deriva-
tives of the 2-phenylbenzopyrylium or flavylium salts. Anthocyanins have a distinctive
ability to form flavylium cations and acquire different colors, from red to blue or violet,
depending on the pH of the medium [1]. The term anthocyanin refers to glycoside, while
anthocyanidin refers to aglycone. Approximately 23 aglycones have been identified and
characterized; however, only six are widely distributed among plants, namely cyanidin,
delphinidin, malvidin, pelargonidin, peonidin, and petunidin [1,2]. Anthocyanins are more
stable in acidic solutions (pH 1-3), where they exist as flavylium cations. These colored
constituents occur in various berries and fruits of the genera representing Prunus, Vaccinium,
Vitis, Ribes, Morus, Fragaria, Aronia, and Rubus [3]. The composition of the anthocyanin
content (the chemical profile of anthocyanin) depends on the cultivar, maturity, collection
season, geographic region, and other factors [4,5].
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Taxonomically, a fruit is defined as a berry if the outside wall of the ovary from a
single flower matures into an edible, fleshy pericarp. Drupes, fruit having a hard layer
(endocarp) surrounding the seed, are also often called berries. Many berries, drupes,
pomes (e.g., apples), and aggregate fruits (e.g., strawberries, raspberries, etc.) are rich in
anthocyanins (Figure 1). This review focuses on all types of anthocyanin-rich berries and
fruits listed in Table 1.
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Figure 1. Types of berries. (A) berry (Vaccinium myrtillus). (B) False berry (Vaccinium macrocarpon).
(C,D) Aggregate drupelets (Rubus fruticosus) and Rubus idaeus.

The therapeutic and health-promoting effects of anthocyanins are attributed to their
antioxidant and anti-inflammatory activities. Moreover, anthocyanins contribute to the alle-
viation of the severity of diabetes, obesity, and cancers via inhibition of the NF-xB mediated
inflammatory pathways. Nevertheless, substantial disparities in the effects of anthocyanins
have been observed, primarily due to the structural diversity of anthocyanins [6]. Nu-
merous studies, including in vitro, animal models, and human clinical trials, indicated
that anthocyanidins and anthocyanins possess a wide range of health-promoting and
pharmacological effects, including antioxidant, attenuation of metabolic syndromes and
cardiovascular diseases, enhancing immune system, improvement of cognitive function,
antimicrobial activities, and improving visual and neuroprotective effects. Anthocyanins
showed the ability to attenuate reactive oxygen species (ROS) and reactive nitrogen species
(RNS) in human, animal, and in vitro studies [7-9]. Findings from in vitro, animal studies,
and human trials substantiate the antioxidant effects of anthocyanins [10,11]. In addition,
anthocyanins show cytoprotective, antitumor, anti-obesity, and lipid-lowering effects. Epi-
demiological evidence indicated a direct correlation between anthocyanin intake and a
lower incidence of chronic and degenerative disorders [12].

Evidence at multiple levels substantiates the role of anthocyanins and anthocyanin-
rich fruits and vegetables in regulating several mechanistic pathways that culminate in
enhancing human health and preventing or delaying the onset of chronic medical condi-
tions. Seemingly, anthocyanins are safe, given their recently reported safety profile [13,14].
In this literature review, the major aspects of the polyphenolic natural products, antho-
cyanins, are discussed in view of the data presented in the literature. These aspects include
chemistry, and analytical approaches, including liquid chromatography coupled with mass
spectrometry (LC-MS), nuclear magnetic resonance (NMR), and high-performance thin-
layer chromatography (HPTLC), which represent the most popular techniques utilized for
qualitative and quantitative analysis of anthocyanins, in addition to infrared spectroscopy
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(IR) and capillary electrophoresis (CE). Botanical sources of anthocyanin-rich berries and
fruits, as well as adulteration of genuine berries and fruits and detection of economically
motivated adulterants, will also be covered.

Table 1. List of anthocyanin-containing berries and fruits.

No. Botanical Name Common Name Family Type

1 Aronia melanocarpa (Michx.) Elliott Black Chokeberry Rosaceae Berry

2 Euterpe oleracea Mart. Acai Palm Arecaceae Drupe

3 &‘ngzl) Eg?ﬁ::iia;)?ﬁg:f;fe ex Strawberry Rosaceae Aggregate drupelets
4 Lycium ruthenicum Murray Black Goji Berry/Wolfberry Solanaceae Drupe

5 Malus domestica (Suckow) Borkh. Apple Rosaceae Pome

6 Morus nigra L. Black Mulberry Moraceae Aggregate drupelets
7 Prunus avium (L.) L. Sweet Cherry Rosaceae Drupe

8 Prunus domestica L. Plum Rosaceae Drupe

9 Prunus persica (L.) Batsch Peach Rosaceae Drupe

10 Punica granatum L. Pomegranate Lythraceae Berry

11 Ribes nigrum L. Blackcurrant Grossulariaceae Berry

12 Rubus fruticosus Marshall Blackberry Rosaceae Aggregate drupelets
13 Rubus idaeus L. Raspberry (Red) Rosaceae Aggregate drupelets
14 Rubus occidentalis L. Raspberry (Black) Rosaceae Aggregate drupelets
15 Sambucus nigra L. Black Elderberry Viburnaceae Berry

16 Vaccinium angustifolium Aiton Lowbush Blueberry Ericaceae Berry

17 Vaccinium corymbosum L. Highbush Blueberry Ericaceae Berry

18 Vaccinium macrocarpon Aiton Large Cranberry Ericaceae False berry

19 Vaccinium oxycoccos L. Small Cranberry Ericaceae False berry

20 Vaccinium myrtillus L. Bilberry Ericaceae False berry

21 Vitis labrusca L. Concord Grapes Vitaceae Berry

22 Vitis vinifera L. Grapes Vitaceae Berry

2. Occurrence, Chemistry, and Stability of Anthocyanins

Most berries possess simple anthocyanin profiles with at least 80% of the total an-
thocyanins represented by a limited number of compounds except for blueberries, and
bilberries where more complex profiles were observed. Anthocyanins in berries are mainly
glycosides of cyanidin, delphinidin, peonidin, pelargonidin, malvidin, and petunidin. They
may be glycosylated with glucose, galactose, arabinose, or rutinose, and to a lesser extent
with xylose in chokeberry, sambubiose in elderberry, and sophorose in raspberry.

Cyanidin is the most common anthocyanidin. It is generally found as cyanidin-
3-glucoside, represented as Cy-3-glc. Cyanidin derivatives are the major anthocyanins
in black elderberry (glucoside and sambubioside), black chokeberry (galactoside, arabi-
noside, xyloside, and glucoside), blackberry (glucoside), red raspberry (sophoroside), acai
berry (rutinoside, glucoside), sweet cherry (rutinoside, glucoside), plum (rutinoside), and
red apple peel (galactose). The main anthocyanin in black raspberry is cyanidin-3-(6-p-
coumaroyl)-glucoside, represented as Cy-3-(6-p-cou)-glc [15]. Table 2 shows the occurrence
of anthocyanins in various berry and fruit varieties based on analytical methodologies.
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Table 2. Occurrence of anthocyanins in different berry and fruit varieties based on NMR and LC methods.
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Note: (Pg) pelargonidin; (Cy) cyanidin; (Dp) delphinidin; (Pt) petunidin; (Pn) Peonidin; (Mv) malvidin; (glc) glucoside; (rut) rutinoside; (gal) galactoside; (tham) rhamnoside; (soph)
sophoroside; (diglc) diglucoside; (xyl) xyloside; (gal) galactoside; (ara) arabinoside; (sam) sambubioside; (mal) malonyl; (p-cou) p-coumaroyl; (caf) caffeoyl; (fer) feruloyl; (ace) acetyl.
Anthocyanin composition is cultivar-dependent, for, e.g., two blue berry cultivars (‘/K78-16" and ‘416’) also contain 11 acetylated anthocyanins (Dp-3-O-acelglc, Dp-3-O-acegal, Cy
3-0O-aceglc, Cy-3-O-acegal, Cy-3-O-aceara, Pt-3-O-aceglc, Pt-3-O-acegal, Pn-3-O-aceglc, Pn-3-O-acegal, Mv-3-O-aceglc, Mv-3-O-acegal) and others no acylated anthocyanins. Anthocyanin
profiles of blueberries differ from those of bilberries with respect to the high proportions of Mv-3-ara (24%), Dp-3-gal (20%), and Pt-3-gal (16%) and low levels of Cy-3-glc, Pt-3-glc,
Pn-3-glc, Pn-3-ara, and Mv-3-glc. Although the anthocyanin content in berries or fruits can change and degrade with processing, harvesting time and storage, anthocyanin profile will be
unique, and its qualitative pattern is characteristic. Acylated berries anthocyanins are described in the literature as minor components only. However, they may be of great help to
identify the berry source of anthocyanins. Across the blueberry species and genotypes, malvidin and delphinidin aglycones accounted for majority of anthocyanin glycosides. Red
highlighted ones are either markers or major compounds.
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The anthocyanins, a major flavonoid group, are water-soluble vacuolar pigments
consisting of an aglycone (anthocyanidin), sugar unit/s, and in some cases, acyl group(s).
Over 600 naturally occurring anthocyanins have been reported so far varying in (1) the
number and position of hydroxyl and methoxyl groups on the basic anthocyanidin skeleton;
(2) the identity, number, and positions at which sugars are attached; and (3) the extent of
sugar acylation and identity of the acylating agent [16]. Although about 23 anthocyanidins
have been found in nature, only six of them account for ~90% of the total distribution
of those six beings: cyanidin (Cy) (50%), delphinidin (Dp) (12%), peonidin (Pn) (12%),
pelargonidin (Pg) (12%), petunidin (Pt) (7%), and malvidin (Mv) (7%). These most common
anthocyanidins occur as glycosides having different substitutions on their B-rings [17]. The
following four classes of anthocyanidin glycosides are common: 3-monosides, 3-biosides,
3,5-diglycosides, and 3,7-diglycosides. Many anthocyanins containing mono glucose unit
(3-glycosides) occur more frequently than 3,5-diglycosides. The most widespread antho-
cyanin is cyanidin 3-glucoside [17]. Glucose (glc), galactose (gal), arabinose (ara), rhamnose
(rha), and xylose (xyl) are the most common sugars that are bonded to anthocyanidins as
mono-, di-, or tri-saccharide forms. The most common acyl groups are coumaric, sinapinic,
malonic, acetic, caffeic, ferulic, succinic, oxalic, malic, and p-hydroxy benzoic acids. The
lack of commercially available anthocyanin standards has limited quantitative analyses of
many anthocyanins in various matrices. The sugar moieties mainly attach to 3-position on
the C-ring or the 5, 7-position on the A-ring. Differences in the environmental and growing
conditions of the berries and fruits, as well as the genetic factors and the harvesting season,
lead to variation in the composition of anthocyanins from one cultivar to another, and even
within the same species but from a different geographic region. For purified anthocyanins,
additional factors including drying methods of the plant raw material, extraction, and
processing contribute to variability of anthocyanin content and composition [18]. The
color and color intensity of anthocyanins are affected by the number of hydroxyl and
methoxyl groups [9] attached to these aromatic rings. Often, the number of hydroxyl or
methoxyl groups dictates the final color—the bluish shade associated with a higher number
of hydroxyl groups and the reddish shade associated with more methoxyl groups. The
sugar moieties are usually connected to the anthocyanidins through O-linkages, where
both 3-O-glycosides and 3,5-O-diglycosides are dominant, but also C-glycosylation at the
positions C7, C3/, and C5’ of the anthocyanidin molecule has been reported [19].

Stability Considerations

Anthocyanins are reported to be prone to oxidation, with light, temperature, water
content, oxygen, enzymes, co-pigments, ascorbic acid, proteins, metal ions and pH affecting
their stability [20-23]. The instability of anthocyanins’ structure under the influence of
temperature, direct sunlight, pH and solvents is a main problem in analytical investigations
of anthocyanins.

Anthocyanins may exist in at least four different pH-dependent structural isoforms,
namely, red flavylium cation, colorless hemiketals, blue quinoid bases, and pale-yellow
retro-chalcones, arising at pH 1-3, 4-5, 6-8, and 7-8, respectively [24] (Figure 2). At
more alkaline pH values, anthocyanins have consistently been shown to degrade to their
constituent phenolic acids, where delphinidin, cyanidin, and pelargonidin degrade to form
gallic acid, protocatechuic acid, and 4-hydroxybenzoic acid, respectively [25,26]. With
respect to molecular structure, some anthocyanins are more stable than others. Generally,
increased hydroxylation decreases stability, whereas increased methylation increases it.

Due to possible hydration, the anthocyanins generally begin to lose color at pH > 2.5-3.0
in an aqueous solution. To stabilize the color of anthocyanins, two mechanisms involved
are [20] complexation by metal ions using aluminum, magnesium or ferric ions and form-
ing self-assembling supramolecular complexes that incorporate colorless “co-pigment”
molecules such as flavones. This complex-mediated co-pigmentation results in blue or
purple colors [27] and [21] complexation of the flavylium cation in the absence of metal
ions by colorless co-pigment molecules such as hydroxylated benzoic and cinnamic acids,
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hydroxy-flavones and other polyphenols [27]. The basic role of co-pigments is to protect
the colored flavylium cation from nucleophilic attack by water.

R
R
N
HO Ox @ .
(le
R
R

Flavylium anion (red) Quinoid base (blue)
R
R
HO OH @
_ R
R R
Hemiketal (colorless) Retro-chalcone (pale-yellow)

Figure 2. pH-Dependent structural isoforms of anthocyanins (A /B, aromatic rings and C, hetero-
cyclic ring).

3. Preparation of Anthocyanin Samples for Analysis

Anthocyanins are unique among plant phenolics because they can be present in plant
tissues in different structural isoforms. They predominantly exist in flavylium cation form
at low pH, giving a reddish color in aqueous solutions. At higher pH, the flavylium
cation is converted into other species, some uncolored with that conversion being virtually
irreversible under certain conditions. The flavylium cation form is red and stable in a highly
acid medium. This chemical feature of anthocyanins has probably led to a worldwide
use of solvents containing mineral or organic acids for the extraction of anthocyanins. In
neutral solutions, anthocyanins exist as noncharged quinoidal forms [28,29].

Anthocyanins are commonly extracted with methanol; however, solvents such as
ethanol, acetonitrile, acetone, and water containing small amounts of hydrochloric, formic,
acetic or phosphoric acid may be used. Adding acid lowers the pH of the solution and
prevents the degradation of the non-acylated anthocyanin pigments. However, increasing
the acid may cause partial or total cleavage of the acyl moieties of the acylated anthocyanins
in some plants. There is no universal sample pretreatment method available for all kinds of
samples and sampling, sample preservation and preparation should be well considered and
documented for the rigor and reproducibility of analytical findings. However, the extraction
and analysis protocols are difficult to accomplish because of the structural diversity of
anthocyanins and their susceptibility to heat, pH, metal complexes, and co-pigmentation.

To determine the target analytes and overall quality, the composition and content
of glycosides or aglycones are essential. When dealing with plants, food products, and
biological materials, the conjugates are usually searched for, whereas in other instances, it
is necessary to carry out preliminary hydrolysis, e.g., an enzymatic or chemical (acidic or
alkaline) treatment. Intentional hydrolysis for obtaining the aglycones of some flavonoids
or deriving fatty acids to their corresponding esters is sometimes intentionally incorporated
into the extraction process. A variety of modern techniques have been developed for this
purpose, including ultrasound-assisted extraction (UAE), solid phase extraction (SPE),
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accelerated solvent extraction (ASE), countercurrent chromatography (CCC), microwave-
assisted extraction (MWE), supercritical fluid extraction (SFC), pressurized hot water
extraction, and high hydrostatic pressure extraction. The choice of an extraction method
should be based on maximizing the anthocyanin recovery with the minimum amount
of non-anthocyanin components and minimal degradation or alteration of the native
anthocyanins. Haffels et al. [30] investigated the influence of ASE and UAE using two
different solvent compositions on the anthocyanin profile of 27 samples representing
bilberries, lowbush blueberries, and American cranberries. Besides differences in total
anthocyanin content in the extracts, significant deviations (p < 0.05) in the individual
anthocyanin concentration were observed, resulting in altered yields and peak ratios. It was
revealed that the chemical profile variations induced by the extraction methods are similar
to those attributed to the geographic and climatic differences. This study showed that the
sample preparation procedures for analyzing the chemical composition of anthocyanins at
the qualitative and quantitative levels are crucial for the comparability of Vaccinium berries’
authenticity. Considering the results obtained in the current investigation, the extraction
method should also be reviewed for authenticity data.

4. Analytical Techniques including Identification and Quantification of Anthocyanins

The search for new ingredients of natural origin, including anthocyanins, and the
study of their bioactivities have been ongoing for several decades due to the growing de-
mand for natural products with beneficial health properties. Separation of anthocyanins is
challenging in many aspects. The fruits mentioned above contain a group of anthocyanins
with very similar structures. They belong to the large group of phenolic compounds, and,
however, most of these bioactive compounds degrade under exposure to high temperatures,
oxygen, and light, conditions that could decrease the nutritional value during the pro-
cessing, storage, and product distribution. In this regard, identifying methods capable of
exerting efficient quality assurance and quality control of the final products is essential for
delivering the bioactive components in an unaltered form at the intended concentrations.

There are several analytical techniques used for anthocyanin identification and char-
acterization in different matrices such as: Nuclear Magnetic Resonance (NMR), Near
Infrared or Far Infrared spectroscopy (NIR/FIR), Thin Layer Chromatography/High-
Performance Thin Layer Chromatography (TLC/HPTLC), Capillary Zone Electrophoresis
(CZE), Micellar Electro-Kinetic Chromatography (MEKC), and High-Performance Liquid
Chromatography or Ultra-High Performance Liquid Chromatography with Ultra-Violet or
Mass Spectrometry (LC-UV /Vis/MS). The cost of these methods is very high because of
the complicated equipment. Paper and/or thin-layer chromatography and UV-Vis spec-
troscopy have traditionally been used for the identification of anthocyanins. Capillary zone
electrophoresis, a hybrid of chromatography and electrophoresis, is gaining popularity
for the analysis of anthocyanins; however, liquid chromatography (LC) has become the
standard method for identification and separation in most laboratories and is used for both
preparative and quantitative analysis. LC-MS and NMR spectroscopy are possibly the
most powerful methods for the characterization and structural elucidation of anthocyanins
available. Currently, the most satisfactory method for mixture analysis is the multistep
separation, isolation, and quantification by LC- UV /Vis with peak identification using MS
and high-field NMR [31]. In Tables 3 and 4, several examples of studies employing these
techniques have been collected.

The database or search engines used were SciFinder, PubMed, Science Direct, and
Google Scholar. Search terms were related to ‘anthocyanins’ and ‘fruit/berry name” and
‘analytical method’, restrictions were applied concerning the English language, only, and
publication dates (1 January 2000-30 November 2022). Conference abstracts, letters to the
editor, conference proceedings, literature reviews, and systematic reviews were excluded.
Selection criteria included were: (1) only fruit or berry parts are used in the study, no other
plant parts (leaf, root, stem) were used, and (2) in most cases the processed food or dietary
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supplements were excluded in the analytical method sections but discussed under section
‘adulteration issues’.

4.1. Nuclear Magnetic Resonance (NMR)

Compared to chromatographic analyses, NMR is less sensitive, but it is non-destructive,
simpler, shorter in sample preparation, more reproducible, and capable of simultaneous de-
tection of many organic components and profiling a broad range of secondary metabolites
in complex mixtures. NMR techniques have been used to identify anthocyanins and study
their exact structural characteristics, and to establish their mechanisms of action, which can
lead to better applications of these compounds as functional ingredients [32].

The NMR approach was used for berries/fruits such as chokeberry, bilberry, black-
currant, apple, black raspberry, grape, blueberry, pomegranate, and mulberry. The studies
report the use of NMR spectroscopy, either 'H or '3C using correlation spectroscopies
COSY or TOCSY and HSQC in CD30D. NMR techniques coupled with chemometrics, viz.,
Principal Component Analysis (PCA), have recently been applied to metabolic profiling
and determining the geographical origin of plant materials and food sources.

Wyzgoski et al. [33] investigated black raspberry extracts with high-field 'H NMR
combined with multivariate statistical analysis to build a model using total monomeric
anthocyanin (TMA), antioxidant capacity data from ferric-reducing antioxidant power
(FRAP), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) assays. Anthocyanins, Cy 3-rut, Cy
3-xyl-rut, and Cy 3-glc, were significant contributors to the variability in assay results. De
la Cruz et al. [34] investigated four Vitis genotypes using LC-ESI-MS? and LC-NMR-Foxy
experiments. In this study, the authors identified and quantified 30 anthocyanins includ-
ing two new cis-p-coumaroyl derivatives in two Vitis species, by LC-MS and LC-NMR
experiments. V. candicans and V. doaniana showed substantial differences in their antho-
cyanin profiles. The identification of cis and trans isomers of p-coumaroyl-glucoside and
p-coumaroyl-diglucoside was based on coupling constant values in the LC-'H-NMR spec-
tra. The higher coupling constant (16 Hz) and smaller one (10 Hz) were characteristic for
trans and cis isomers, respectively. Park et al. [35] used Hierarchical Cluster Analysis (HCA)
dendrograms derived from 'H-NMR data grouped fruit samples according to species and
geographic origin, and these matched Random Amplified Polymorphic DNA (RAPD) data
of leaf samples, whereas the HCA dendrogram using flavonoid, phenolic acid, flavonol,
and anthocyanin contents did not match the RAPD data. Thus, these results suggest that
NMR-based metabolic profiling is a useful method to differentiate black raspberry fruit
species and geographical origins. Capitani et al. [36] used aqueous and organic extracts of
blueberries for untargeted NMR metabolite profiling as well as targeted NMR characteri-
zation of anthocyanins using a solid phase extraction. Five anthocyanins were identified
as Mv-3-glc, Mv-3-gal, Dp-3-glc, Dp-3-gal, and Pt-3-glc. Goulas et al. [37] developed an
NMR- based methodology for quantitative and qualitative characterization of metabolites
including anthocyanins in a single run without the involvement of separation/purification.
Diagnostic peaks for anthocyanins were located at 8.2-8.6 ppm for the H-4 proton. Hosoya
et al. [38] qualified and quantified anthocyanins by multivariate statistics on 'H-NMR
spectra in 13 kinds of berries. Each anthocyanin of cyanidin and pelargonidin glycosides
was identified in the 'H-NMR spectra using the specific signals around 8.80-9.20 ppm.
Using the 'H-NMR spectra, Principal Component Analysis (PCA) revealed that 13 kinds
of berries could be distinguished. This NMR-based molecular species method may be
applied to controlling the quality of products and the screening of unique types of berries.
Tian et al. [39] investigated the phenolic compounds of berries and the leaves of various
berry plant species. These collections of berries and leaves were separately extracted with
aqueous ethanol and analyzed using UPLC-DAD-ESI-MS, HPLC-DAD, and NMR. Full
scan NMR was performed on all extract samples in order to provide an overall profile of
the metabolites. Overall, the aromatic region (all compounds with a benzene ring) was
richer in berries than in leaves and signals at 6.9-7.1 ppm was typical for proton NMR at
C6 and C8 of flavonoids and proanthocyanidins.
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Zieliiska et al. [40] evaluated the anthocyanin composition of chokeberry showing
the presence of the structure of cyanidin galactoside and cyanidin arabinoside during the
second stage of fruit ripening using NMR spectroscopy (1-D and 2-D) and HPLC-DAD. The
'H-NMR spectrum showed distinct signals in the aromatic region at 6.5-9.0 ppm which
did not appear in the spectra recorded for the green fruit extracts (first growth stage).
Turbitt et al. [41] implemented 'H-NMR-based chemometrics for cranberry supplements
and whole cranberry powder to characterize variations in total proanthocyanidins and
anthocyanins. Hasanpour et al. [42] investigated and compared the metabolite profiles
of pomegranate ecotypes grown in eight geographical origins of Iran using 1D 'H-NMR
spectroscopy associated with additional 2D NMR techniques. Delphinidin, cyanidin, and
pelargonidin 3,5-diglucosides were identified. Multivariate statistical analyses, PCA, and
Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-DA) combined with NMR
were applied to reveal differences and ecotypic diversity among eight geographical origins
of Iran. Li et al. [43] explored the effect of drying conditions on mulberries at four drying
temperatures: 40, 50, 60, and 70 °C. Low Field NMR (LF-NMR) and Magnetic Resonance
Imaging (MRI) detected the water state and distribution during the drying process. The
total anthocyanin content was highest when the mulberries were dried at 50 °C and
lowest at 70 °C. Notably, higher correlations between LF-NMR parameters and quality
properties were found by Partial Least Squares Regression (PLSR), with the analysis results
being credible.

4.2. Infrared Spectroscopy (IR)

IR is a nondestructive method and could be beneficial in reducing the analysis time
and labor costs and avoiding solvents while providing reliable and robust information on
the anthocyanin composition. Near Infrared (NIR) spectroscopy has increased in acceptance
having a primary potential advantage of using intact samples without sample preparation.
Though the predominant methods of analysis of anthocyanins and anthocyanin-rich berries
and fruits are based on LC-MS, HPLC, and 'HNMR techniques, the literature showed that
a few methods of analysis employed Fourier Transform IR (FTIR), with NIR spectroscopy
being the most popularly used technique. Other applications included IR-assisted freeze
drying to keep the quality of anthocyanin-rich berries and maintain the nutritional quality
of these fruits [44], and use of both the visible (Vis) and near infrared (NIR) (400-2500 nm)
spectra to investigate the effect of homogenization and storage on different characteristics
of red grapes, particularly the color and anthocyanin content. Other applications included
utilization of Far-infrared Radiation heating assisted Pulsed Vacuum Drying (FIR-PVD) as
an efficient drying method for blueberries. The objective of this method was to efficiently
dry blueberries while maintaining the original color and stability of their anthocyanin
content [45]. In another study, 168 samples of raspberries were obtained from plants at
different ripening stages covering the whole period from the un-ripened to the fully ripened
stage. The analysis revealed significant variation in the three determined parameters among
the different samples at different maturation stages indicating the anthocyanin content is
dependent on the maturity stage of the harvested berries. This method can be rapid and
accurate, and can be used for quality control [46].

Red grape “musts” are freshly crushed grape juice and contain the skin, seeds and
fruit stalks. In the current method of analysis, the anthocyanin content of the musts of red
grapes, 12 anthocyanins (five non-acylated, three acetylated, three p-coumaroylated and
one caffeoylated 3-O-glucosides) were quantitatively analyzed by Fourier Transform Mid-
IR (FI-MIR) combined with partial least squares regression, using 257 samples of red grape
musts obtained from three harvests. The method was proven to be quick and simple and can
be used as a parameter of the quality control of harvested grapes [47]. Diffuse reflectance
infrared Fourier transform spectroscopy (1700-1500 cm 1), was used for quantitative anal-
ysis of anthocyanin content in three sweet cherry varieties (Vogue, Van, and Hardy Giant)
along with chemometrics for statistical validation. Hernandez-Hierro et al. [48] evaluated
near-infrared (900-1700 nm) hyperspectral imaging to determine anthocyanins in intact
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grapes of Syrah and Tempranillo during ripening. Inacio et al. [49] evaluated the potential
of near-infrared reflectance spectroscopy and multivariate calibration to determinate total
anthocyanin content in intact acai fruit without sample preparation. Several multivariate
calibration techniques, including PLS, iPLS, SPA, GA, and outlier detection were conducted
and compared to determine the best performing models indicating that the model devel-
oped by NIR spectroscopy for TAC can be used as an alternative to UV-Vis measurements.
Beghi et al. [50] studied apple fruit quality using Vis/NIR. Chen et al. [51] demonstrated the
capability of near-infrared (900-1700 nm) hyperspectral imaging in predicting the changes
of anthocyanin content in wine grape skins during ripening. Martinez-Sandoval et al. [52]
evaluated the heterogeneity of anthocyanins during red grape ripening using a near in-
frared hyperspectral imaging device (900-1700 nm). Yahui et al. [53] studied NIR based on
chemometrics for the quality control of black goji berries sourced from different origins
and was able to provide an accurate prediction of anthocyanin in black goji berries. He
also found that one cluster separated from others and was identified as being adulterated.
Zhang et al. [54] focused on the predictive models for total iron reactive phenolics, antho-
cyanins, and tannins in grape skin and seed for five red wine grape cultivars (Cabernet
Sauvignon, Shiraz, Pinot Noir, Marselan, Meili) during ripening based on near-infrared
(977-1625 nm) hyperspectral imaging technology. For grape skins, the Marselan cultivar
shows the highest reflectance, whereas the Meili cultivar shows the lowest. Zhang et al. [55]
developed near-infrared (874-1734 nm) hyperspectral imaging to determine total phenolics,
total flavonoids and total anthocyanins in dry black goji berries. Machine learning via Con-
volutional Neural Networks (CNN) was applied in prediction of chemical compositions.
Gales et al. [56] developed an NIR quantification model for the anthocyanins present in
whole fresh raspberries.

4.3. High Performance Thin Layer Chromatography (HPTLC) Using UV and MS

High-performance thin layer chromatography (HPTLC) has gained wide popularity
as a versatile instrumental technique operating with a standardized methodology for
identification, quantification, and fingerprinting of botanical products. It is characterized
by possessing several advantages including automation, scanning, optimization, reliability,
accuracy, and reproducibility. HPTLC is a cost-efficient separation technique with selective
detection of compounds belonging to different phytochemical classes and minimum sample
preparation. Additionally, it can be hyphenated with other techniques such as mass
spectrometry or HPLC to enhance its efficiency. HPTLC has been widely utilized for
the analysis of polyphenols such as anthocyanins and flavonoids, simple phenols, and
phenolic acids. The introduction of new stationary phases improved the resolution of
complex mixtures of natural products extending the analysis capacity to more classes
of phytochemicals.

Lambri et al. [57] developed a qualitative and quantitative method for red wine pig-
ments. The substances separated by HPTLC were identified by HPLC-DAD at 520 nm.
Rumalla et al. [58] developed a validated HPTLC method for quantifying two major antho-
cyanins, viz., Cy-3-O-rut and Cy-3-O-glc, from the berries of acai and dietary supplements.
Kruger et al. [59] developed a quantitative method for main anthocyanin measurement in
pomace, feed, juice, and wine using HPTLC with unknowns characterized by coupling with
ESI-MS. The pattern was characteristically different between plant sources, e.g., elderberry
juice differed from blackcurrant juice. Cretu et al. [60] used high-performance thin-layer
chromatography (HPTLC) with bioassay to discern the specific anthocyanin content of
five berry extracts, including acai berry, bilberry, blueberry, chokeberry, and cranberry. Bil-
berries showed the highest anthocyanin content (59.5%), followed by chokeberry (15.5%),
blueberry (2.5%), acai berry (0.14%), and cranberry (0.08%). They also collected MS spectra
to confirm the findings. In the same study, bacterial assay with A. fischeri was used to eval-
uate the samples for bioluminescence. It was determined that malvidin presented a strong
response within the various samples and this response became stronger over the 30 min
testing window. David et al. [61] evaluated the authenticity of 12 commercially available
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red fruits (raspberry, strawberry, blueberry, rose hip) using HPTLC fingerprinting. The
HPTLC fingerprints obtained after the derivatization with Natural Product/Polyethylene
Glycol (NP/PEG) reagents indicated different characteristic colored zones allowing a clear
differentiation between all samples. In another similar study, Craciun et al. [62] conducted
the quantification of four anthocyanins (Mv 3-glc, Cy 3-glc, Pn 3-glc and Dp 3-glc) from
cranberry, blueberry, bilberry, chokeberry and agai berry extracts and by coupling with
mass spectrometry (TLC-MS) confirmed the presence of cyanidin in chokeberry and acai
berry extracts. Kruger et al. [63] also investigated anthocyanin patterns of fresh and dried
elderberry using HPTLC-ESI-MS (Table 3). The anthocyanin content was higher in berries
of cultivars than in wild-growing plants. They found that the specific compounds (Pn-3-glc,
Mv-3-glc, Dp-3-glc and Cy-3-glc) demonstrated radical scavenging and that the anthocyani-
dins in the cranberry powdered extract were active. Koss-Mikotajczyk et al. [64] showed
the relationship between the content of bioactive compounds and mutagenic activity of
elderberry fruit at different stages of ripeness. Significant differences in the profiles of TLC,
HPLC and antioxidant activity (ABTS, DPPH, and FC tests) were observed for studied
elderberry samples. The more ripened the fruit at the time of harvest, the higher was
the content of anthocyanins (an increase from 0 to 7.8 mg/g dry weight) and antioxidant
activity of the extracts (about 5-fold increase). Cyanogenic glycosides were not detected at
any stage of ripeness. Bernardi et al. [65] demonstrated the synergy between HPTLC-MS
and HPLC-DAD methods for investigating pomace and seed samples from white and red
Vitis vinifera cultivars. This study showed that Mv-3-glc was the most abundant. Finally,
many of these researchers used DPPH reagent to analyze the samples for radical scavenging
activity [59-62]. HPTLC also allows researchers to analyze anthocyanins and anthocyani-
dins using a single sample and provides for the cost-effective use of mass spectrometry
instrumentation. However, HPLC remains the preferred method for evaluating for minor
anthocyanins (Table 3).

4.4. Capillary Zone Electrophoresis (CZE) Using UV/Vis and Mass Spectrometry

Capillary Zone Electrophoresis (CZE), often referred to as Capillary Electrophoresis
(CE), is a simple and convenient tool for analyzing a wide range of samples. The advantages
include high resolution, short analysis time, small sample size, little solvent waste, high
sample throughput, and relatively low cost. However, the method has limitations in
structural analysis of separated peaks and becomes more powerful only if standards are
used for quantitative or qualitative analysis. Other limitations include low reproducibility
and sensitivity issues unlike LC systems. Among several separation modes, CZE and
Micellar Electro Kinetic Chromatography (MEKC) are commonly used to separate small
molecules or polyphenols.
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Table 3. HPTLC and CE analysis of fruit/berries for analysis of anthocyanins.

No. ngf:gﬁ?&%gr) Source Extraction Solvent Compounds Activity Ref
) Glycosides, acetylglycosides and
1 HPTLC (2003) Skin of V. vinifera MeOI-;—gI-iItgtli(()?.alt.g,Sl)ofcor 16h coumaroylglycos.ides of 5 (Dp_, My, Cy, - [57]
Pn, Pg) main anthocyanins
HPTLC Red fruits and teas (raspberry, straw-berry, 1 o B )
2 fingerprinting (2003) blueberry, rose hip, wild berry) acidified ethanol (HC10.1% v/2) [61]
3 HPTLC (2012) Acai berry and supplements Methanol-10% aq. formic acid (9:1) Cy-3-glc, Cy-3-rut - [58]
par. . .. . Mv 3-glc, Cy 3-glc, Pn 3-glc, Dp 3-glc, )
4 HPTLC-ESI-MS (2013) Grape skin, pomace, Grape juice, wine Pg-3-glc and digle of Mv [59]
e bilberry, blueberry, chokeberry, agai berry mixture of methanol and hydrochloric ~ 5 -~ 5 _
5 HPTLC-Vis-MS (2014) and cranberry acid, 25%, 41, v/ Mv 3-glc, Cy 3-glc, Pn 3-glc, Dp 3-glc [60]
6 P%}{%%g&(}éli;o‘g) Fresh and dried elderberry Acidified methanol Cy-3-sam and Cy-3-glc - [63]
7 HPTLC (2015) cranberry, blueberry, bilberry, chokeberry Acidified methanol (4:1) Mv 3-gle, Cy 3-glc, Pn 3-glc, Dp 3-glc Antioxidant activit [62]
and agai berry ’ §6 LY 78 &6 UP 78 y
~ ; . 5% v/v of formic My-3, 5-diglc, My-3-glc, My-3-gal, }
8 CE-UV (2003) Grapes skin and wine acid in methanol Pg-3-glc, Cy-3, 5-diglc, Cy-3-gal [66]
Mv-3-glc, Pn-3-glc, Pt-3-glc, Cy-3-glc,
9 CE-UV (2000) Wild-type blueberry (bilberry) 3% aq.TFA Mv-3-gal, Pt-3-gal, Dp-3-glc, Cy-3-gal, - [67]
Dp-3-gal, Cy-3-ara, unknown
Mv-3-glc, Pn-3-glc, Pt-3-glc, Cy-3-glc,
10 CE-UV (2001) Wild-type blueberry (bilberry) 1% TFA Mv-3-gal, Pt-3-gal, Dp-3-glc, Cy-3-gal, - [68]
Dp-3-gal, Cy-3-ara, unknown 1-2
Mv-3-glc, Pn-3-glc, Pt-3-glc, Cy-3-glc,
: .y . N Mv-3-gal, Pt-3-gal, Dp-3-glc, Cy-3-gal, )
11 CE-UV (2004) Wild-type blueberry (bilberry) 3% aq.TFA Dp-3-gal, Cy-3-ara, Mv-3-ara, Pn-3-ara, [69]
Pn-3-gal, Pt-3-ara
[1] 100 mM of AAPH at pH 5.6 Mv-3-glc, Pn-3-glc, Mv-3-gal, Pt-3-glc,
12 CE-UV (2004) Wild-type blueberry (bilberry) (0.1 M phosphate buffer) Pn-3-gal, Cy-3-glc, Dp-3-glc, Pt-3-gal, - [70]
[2] H,O; and t-BuOOH Cy-3-gal, Dp-3-gal, Cy-3-ara, Dp-3-ara
Mv-3-glc, Pn-3-glc, Pt-3-glc, Cy-3-glc,
~ -y . o Mv-3-gal, Pt-3-gal, Dp-3-glc, Cy-3-gal, _
13 CE-UV (2004) Wild-type blueberry (bilberry) 1% aq.TFA Dp-3-gal, Cy-3-ara, Mv-3-ara, Pn-3-ara, [71]
Pn-3-gal, Pt-3-ara, Dp-3-ara
95% ethanol:1.5 M HCl
14 CE-UV (2004) Cranberry 85:15 0/ Pn, Cy - [72]
15 CE-UV /Fluo (2007) Grape skin and commercial extracts 0.8% HCl in ethanol-water mixture Mv-3-glc, Pn-3-glc, Cn-3-glc, Dp-3-glc - [73]
16 CE-UV (2008) Strawberries (cv. Camarosa) acidified water (3% formic acid) Pg-3-glu, Pg-3-rut and Cy-3-glc - [74]
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Bednar et al. [66] showed that the selectivity of MEKC can be improved to allow
the separation of six structurally close anthocyanins (Mv-3,5-diglc, Mv-3-glc, Mv-3-gal,
Pg-3-glc, Cy-3,5-diglc, and Cy-3-gal) using a high content of borate. The optimized method
was applied to a grape skin extract and found that Mv-3-glc was the main anthocyanin.

Similarly, Ichiyanagi et al. [67-71] (Table 3) published the separation of bilberry an-
thocyanins (or wild-type blueberry) analysis using borate-based buffer and studied their
mobility behaviors. In these studies, the anthocyanin composition of different wild-type
blueberry sources was evaluated and used for the kinetic studies of 12 anthocyanin re-
activities towards ROS [67]. Twelve major peaks were separated and ten of them were
identified by comparison with reference compounds of fifteen anthocyanins contained
in bilberry extract. In addition, one of the remaining peaks was assigned as Dp-3-ara,
based on a mobility comparison [68]. The acid hydrolysis of anthocyanins in TFA solution
subjected to thermo-decomposition reaction at 95 °C which was determined primarily by
the conjugated sugar type. The hydrolysis rate constants for the glycosides were in the
following order, ara > gal > glc without the aglycon structure. However, four other minor
anthocyanins (Mv-3-ara, Pn-3-gal, Pn-3-ara, and Pt-3-ara) in the bilberry extract [67,68]
could not be identified because of the lack of authentic standards, although the possible
migration time by electrophoretic rules in which both molecular weight and charges affect
the mobility were discussed. Another study [69] discussed the structure-reactivity rela-
tionship for 12 anthocyanins found in bilberries towards 2,29-azobis(2-amidinopropane)
dihydrochloride (AAPH) radicals, H,O,, and t-BuOOH. The reactivity towards perox-
ides was more remarkable than the reaction towards AAPH radicals. The reactivity of
anthocyanins was mainly governed by the aglycon structure, and not by the type of sugar
moiety. Ichiyanagi et al. further studied the reactivities of these anthocyanins towards other
physiologically important reactive species, nitric oxide (NO) and peroxynitrite (ONOO™)
and also discussed the structure-reactivity relationships among them [70]. Lastly, the
same author [71] purified these minor anthocyanins and determined their mobility be-
haviors. The mobility behavior of fifteen anthocyanins in bilberry was investigated by
plotting the migration time against the molecular weight to numbers of a free phenolic
group in the molecule ratios. Correlation between these variables was observed for a
series of anthocyanins with the same conjugated sugar. Watson et al. [72] studied two
aglycones (cyanidin and peonidin) in cranberries using acidic buffer at 525 nm and the
results were compared with HPLC. Priego Capote et al. [73] developed a screening method
for main phenolic compounds including Mv-3-glc, Pn-3-glc, Cy-3-glc, Dp-3-glc in residues
of grape skin using a CE-UV /Fluorescence method. The analytes were separated using a
50 mM sodium tetraborate with 10% methanol (pH 8.4) solution as background electrolyte.
Comandini et al. [74] assessed the CZE method for analyzing three main anthocyanins
(Pg-3-glc, Pg-3-rut, Cn-3-glc) in strawberries at 510 nm. Acidic buffer solutions of pH < 2
were employed to maintain the stability in the flavylium cation form. The method was
compared with HPLC, and both methods yielded similar results.

4.5. CE with MS Detection

Capillary electrophoresis (CE) has become prominent because of its ability to separate
complex anthocyanin mixtures. The usefulness is in terms of composition, authenticity
or adulteration, processing and quality of samples. Traditionally, the common detector
coupled to CE instrumentation has been UV /Vis spectrophotometry, but the more sophis-
ticated detection method of mass spectrometry is growing. CE-MS provides important
advantages given the combination of the separation capabilities of CE and the power of MS
as an identification, characterization and confirmation method. Bednaf et al. [75] proved
that the analysis of anthocyanins could be performed in both basic and acidic electrolytes
and that sometimes borate buffer helps in separation of diastereomers. This technique was
utilized to analyze polyphenolics in red grapes, wine and grape must samples. It can be a
useful tool for wine evaluation and monitoring wine production.
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The literature on anthocyanin analysis using HPTLC/TLC, CE, IR and NMR is in its
infancy, with only a handful of articles published in the literature.

4.6. Liquid Chromatography Using UV and MS

High-performance liquid chromatography (HPLC) is the most widely used method
for identifying and quantifying anthocyanins. In general, the analytical parameters used
in the literature show uniform conditions for identifying anthocyanins. The most used
column is C18, while mobile phase composition mainly corresponds to water, acetonitrile,
and methanol with acid modifiers such as formic acid, acetic acid, phosphoric acid, or
trifluoroacetic acid (TFA). The acid presence in the mobile phase ensures that anthocyanin
compounds will be mobilized in their cationic flavylium form, which has been described
as possessing its highest absorbance around 520 nm. During the HPLC analysis of antho-
cyanins and other compounds, retention times and peak areas can be strongly influenced
by the column temperature, mobile phase composition, or the complexity of the matrix
in which they are embedded. The detection of anthocyanins is often performed by Diode
Array Detector (DAD) in mass-spectrometry (both MS and MS/MS) which is often cou-
pled with an electrospray ionization source (ESI) [76]. These methodologies have shown
satisfactory results for identifying and quantifying anthocyanins [15,40,77-216] (Table 4).

Nevertheless, Ultra-High-Performance Liquid Chromatography (UHPLC) provides
better resolution, shorter elution times, and lower consumption of mobile phase than
conventional HPLC methodologies. UHPLC also presents a high performance in the
efficiency of the identification of peaks. The anthocyanin profile of diverse plant-related
samples has been evaluated by HPLC-DAD. For example, in grapes, glucoside derivates of
delphinidin, cyanidin, pelargonidin, peonidin, petunidin, and malvidin were identified [79].
Similarly, in grape skin samples, Pt-3-glc and Mv-3-glc were the major compounds [81].
HPLC-DAD can be also coupled to MS, which provides more accurate identification, since
mass information is considered in the analysis and data processing. HPLC-DAD-MS has
been employed with different matrixes, such as strawberries, where Cy-3-glc, Pg-3-glc,
Pg-3-rut (tentative), Pg-3-suc-glc, and Pg-3-ara were identified [77]. Regarding HPLC
coupled to MS, this approach has been employed to analyze the anthocyanin composition
of different samples. For example, Cy-3-glc, Cy-3-rut, and Pg-3-glc have been identified in E.
edulis extracts. In strawberries, glucoside derivates of cyanidin, delphinidin, pelargonidin,
and malvidin were identified [78]. In muscadine grapes, 3,5-di-O-glucosides of cyanidin,
delphinidin, and petunidin were identified as the major anthocyanins [80].

When the retention times of anthocyanins carrying the same sugar moiety were com-
pared, it was seen that the aglycon structure determined the sequence of their retention times,
therefore, the retention times were in the following order: delphinidin < cyanidin < pet-
unidin < pelargonidin < peonidin < malvidin. On the other hand, when anthocyanins
carrying the same aglycon structure were compared, the sequence of retention times was as
follows: galactoside < glucoside < arabinoside [78]. It was also revealed that the hydrolysis
rate of each anthocyanin was determined primarily by the type of conjugated sugar and
not by the aglycon structure. The rate constant of anthocyanin hydrolysis was in the fol-
lowing order, arabinoside > galactoside > glucoside irrespective of aglycon structure [68].
In general, the most common option when using HPLC techniques is the selection of C18
columns and the modification of the mobile phase acidity by increasing the percentage of
acid or by changing the type of acid.

Chromatography-based techniques were reported for quantifying anthocyanins in
acai berries using liquid chromatography as a standalone method or hyphenated with mass
spectrometry using various extraction solvents such as acidified organic solvents in 5-20%
v/v of aqueous solution [84,88,91,93,95,96]. In 2008, Vera de Rosso et al. used an LC-MS/MS
method to quantify the anthocyanins from acai berries based on PDA and to identify the
anthocyanins based on their molecular mass and respective aglycone fragment ion [88].
Agawa et al. reported an HPLC-DAD method to quantify the anthocyanins in different
part/s of acai berries, i.e., pulp, mesocarp, and endocarp. Among all these fruit parts,
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based on Dry Extract Weight, the pulp had the highest amount of anthocyanin, (34.1 mg/g
DEW) followed by mesocarp (18.5 mg/g DEW), and the least amount of anthocyanins
was found in endocarp (1.6 mg/g DEW). This study helps understand the distribution of
polyphenols among various fruit parts. According to Dias et al., Cy-3-glc and Cy-3-rut
contribute the majority of anthocyanin composition quantifying anthocyanins using an
UHPLC-PDA method [95]. To study the antioxidant activity of acai berries [85,92,94],
Poulose et al. studied the effect on signaling pathways linked to inflammation (microglial
cells/neuroglial cells) in agai fruit pulp fractions which were prepared in a sequential
manner using solvents from non-polar to polar solvents to prepare the fractions (hexane,
chloroform, ethyl acetate, acetonitrile, ethanol and methanol solvents) [96].

Apples are well known for their nutritional values, good fiber content, vitamin C, and
rich essential minerals. Around 50+ cultivar varieties of apples exist and most are used in
food processing such as jams, pies, juices, and as flavoring agents. The studies reported
for anthocyanin content using liquid chromatography/mass spectrometry of red apple
peel were discussed. Compared to the flesh, the peel is an excellent source of anthocyanins
with antioxidant activity [85,103]. In 2006, Sadilova et al. studied the anthocyanin content
difference between peel, flesh, and their combination in red Weirouge apples [85]. This
study provides insights into anthocyanin content in apple peel compared to their flesh and
apple with peel. The majority of studies employed application of liquid chromatography
to quantify anthocyanins at 520 nm absorption maxima [85,90,94,103]. In recent years,
Oszmianski et al. studied phytochemical analysis of different apple varieties along with
chemometric studies using LC-QToF-MS analysis data. HCA and PCA models were used
to differentiate the apple varieties based on high-resolution mass data [103]. In addition,
Oszmianski et al. performed antioxidant assays such as DPPH, ABTS, and FRAP for the
various apple varieties.

Bilberries are native to Europe and contain diverse anthocyanins, i.e., cyanidin, del-
phinidin, malvidin, peonidin and petunidin glycosides. Various studies have been reported
to study the content of anthocyanins using chromatographic techniques such as LC and TLC.
In most cases, bilberry and blueberry extracts were used as reference materials for mixtures
of diverse anthocyanins. In 2001, Dugo et al. reported a study for qualitative anthocyanin
differentiation based on HPLC-PDA-MS in bilberry, blackberry, and mulberry extracts.
This study concluded that bilberry extract contains 14 different anthocyanins [82]. In 2008,
Riihinen et al. reported the difference in anthocyanin quantity between bilberry pulp
and peel. This study concluded that there were 20 times higher amount of anthocyanins
in the peel of bilberries compared to the pulp [87]. Besides antioxidant activity studies,
bilberries were tested for acute cardioprotective and cardiotoxic effects. Ziberna et al. have
extensively conducted their studies on bilberries for cardioprotective and toxic activities in
ischemia-reperfusion injuries [92]. Benvenuti et al. have reported using HPLC for the ana-
lytical characterization of anthocyanins in bilberries along with their commercial products.
Chemometrics analysis was reported for relative commercial products grouping based on
their anthocyanin profiles [100].

Blackberries contain fewer anthocyanins than bilberries or blueberries [82]. Black-
berries were studied for their phenolic compounds, ellagitannins, and flavonoids us-
ing reverse phase liquid chromatography standalone and coupled with mass spectrom-
etry [82,83,86,89,97-99,101,102] and green chromatography approach using low toxicity
solvents [132]. These HPLC-based methods were used to study the differences between
different genotypes, to quantify anthocyanins in wild and cultivated varieties, and to study
the authenticity of commercial preparations in comparison to the fresh berries or their
extracts. Blackberry anthocyanin extracts were tested for their antioxidant, antibacterial and
bioaccessability in the GI tract and colonic levels [83,89,97,99,102,132]. Cho et al. reported
the separation of different flavonoid glycosides from various berries of different genotypes
and their antioxidant capacities to evaluate the potential genotypes exhibiting antioxidant
activity. Cy-3-glc and Cy-3-rut are the major anthocyanins reported from blackberries [83].
Jara-Palacios et al. reported a comparative anthocyanin study for red berry pomaces in-
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cluding the application of Stepwise Linear Discriminant Analysis (SDLA) chemometrics to
differentiate red berries based on their chromatographic profiles. This method utilizes acid-
ified (1N HCI) aqueous methanol as the extraction solvent for anthocyanin analysis [102].

Blackcurrant berries contain Dp-3-rut and Cy-3-rut as major anthocyanins based on
reports involving isolation and identification of anthocyanin using an HPLC-DAD-MS
method having antioxidant activities. Based on previous reports, blackcurrants contain
130-587 mg of anthocyanins per 100 g of fresh weight (FW) berries [105,107,113,118]. In
addition to above mentioned major anthocyanins, blackcurrants have Dp-3-glc, Cy-3-glc
and Pt-3-(6-coumaroyl) glc in minor amounts.

Blueberries are the most common berries used for human consumption in their raw
form or processed foods such as juices, candies, jams, and as flavoring agents, etc. Blueber-
ries contain diverse kinds of anthocyanins on a qualitative basis as well as on a quantitative
basis. The anthocyanin content (42-6270 mg/100 g FW) varies depending on the sub-variety.
Three varieties of blueberries are most commonly encountered; lowbush (V. angutifolium),
highbush (V. corymbosum), and rabbit-eye (V. ashei). Blueberries contain cyanidin, malvidin,
peonidin, petunidin, and delphinidin glycosides. The quantitative amount of anthocyanins
based on 200 g Fresh Weight (FW) of berry varies depending upon the variety, i.e., lowbush
blueberries contain 110-725 mg/100 g FW [106,109,110], highbush blueberries contain
42-6270 mg/100 g FW [108,112,115,116,118,120,129,138], and rabbit-eye blueberries con-
tains 128-287 mg /100 g FW [108,137]. Various reports assess anthocyanin content qualita-
tively and quantitatively using liquid chromatography hyphenated with mass spectrometry.
In 2000, Wang et al. developed HPLC and Matrix-Assisted Laser Desorption/Ionization
Time of Flight Mass Spectroscopy (MALDI-ToF-MS) methods to quantify anthocyanins
from blueberries. The study concludes that no substantial difference is observed in the
amount of anthocyanins from blueberries via two different techniques [104]. In 2016,
Li et al. reported an HPLC-PDA-MS method for chemical profiling of different blueberry
varieties, i.e., Duke, Bluecrop, Northland, Northblue, and St. Cloud. This study utilized
PCA-based chemometrics to differentiate the varieties by assessing LC-MS data [124]. In
2018, Sun et al. performed an organ-specific study to assess the content of anthocyanins
in blueberries. The study reveals that quantities of anthocyanins are 40 times higher in
fruit skin than in fruit pulp [129]. In 2021, Li et al. reported a study to assess the efficiency
of extraction methods from conventional (solvent and ultrasonic extraction) to enzymatic
extraction for anthocyanins and their antioxidant properties following each extraction
method [134]. Several reports [83,97,102,104,106,108-112,114-138] observed that the quan-
tity of anthocyanins in blueberries varies based on the place, collecting/harvesting season,
extraction solvent, extraction method, and method of analysis.

The edible fruit of sweet cherries, a member of the Rosaceae family, contains sub-
stantial amounts of anthocyanins. Sweet cherries contain Cy-3-glc and Cy-3-rut as major
anthocyanins. According to previously published reports, the quantity of anthocyanins
varies from 0.3-642 mg/100 g FW [139-142,144-146]. The majority of reported methods
used for quantification of anthocyanins/phenolic compounds in sweet cherries used HPLC
at 520 nm [89,140-143]. In 2014, Crupi et al. reported metabolomic profiling of flavonoids
from sweet cherries using LC-PDA-MS method to identify and quantify the anthocyanin
composition [145]. In 2021, Hu et al. reported an LC-QToF-MS study to characterize the
phenolic compounds from Australian-grown sweet cherries along with their potential
antioxidant activities [181].

Chokeberries contain three cyanidin aglycone-based anthocyanins in major propor-
tions, viz., Cy-3-ara, Cy-3-gal, and Cy-3-glc. Qualitative analysis of chokeberries [154], char-
acterization of anthocyanins [154], anthocyanin content variation based on cultivars [155],
and chemometric studies of chokeberry fruits [40] were reported in the literature. The
content of anthocyanins varies from 249-737 mg/100 g FW based on different chokeberry
cultivar samples. 0.1% acidified ethanol containing 20% aqueous solution was used for the
qualitative analysis of chokeberry fruits. In addition, 6% formic acid in methanol was re-
cently used as an extraction solvent for chemometric studies [40]. In 2020, Zielifiska et al. re-
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ported a chemometric study based on "H-NMR and LC-MS data to differentiate chokeberry
varieties using principle component analysis (PCA) based chemometrics [40]. Chokeberry
samples containing anthocyanins were reported for their antioxidant activity [154,155].

Cranberries have great commercial value because of their anthocyanin content and can
be readily used in processed foods. Two different varieties of cranberries, large American
cranberries (V. macrocarpon) and small European cranberries (V. oxycoccus), are generally
used for human consumption. Both varieties of cranberries contain Cy-3-gal, Cy-3-glc,
Pt-3-gal, Cy-3-ara, Pn-3-gal, and Pn-3-ara. In 2004, Seeram et al. tested cranberry extracts for
inhibitory effects against Hep-G2 liver cancer cells. The study mainly focuses on the quali-
tative analysis of phytochemical constituents present in American cranberry extracts [188].
Further, Brown et al. developed and validated an HPLC-UV /Vis method to quantify the
anthocyanins present in American cranberries [189]. Small European cranberries were
majorly used as a food ingredient in processed foods of commercial value. The major
anthocyanins in the small European cranberries are similar to that of large American cran-
berries. Optimization of ultra-sound assisted extraction of anthocyanins from cranberries
was reported using 60% ethanol at a solid-to-liquid ratio of 1:30 g/mL. This reported study
resulted in an unreported anthocyanin characterization, i.e., pelargonidin-3-(6-malonyl)-
glucoside [190]. In 2009, Cesoniené et al. reported antibacterial activity for the European
cranberry samples extracted using acidified (0.1N HCl v/v) ethanol containing 5% aqueous
solution. European cranberries contain anthocyanins of 41-360 mg/100 g FW [106,162].

Crowberry is less familiar compared to other anthocyanin-containing berries. Crow-
berry is acidic in taste and is mostly used in wines, juices, and jellies. In 2010, Al et al.
reported a study that measures variations in anthocyanin concentration of wild crowberry
populations using HPLC-DAD and HPLC-ESI-MS/MS methods [156]. The major antho-
cyanin varies from a sample collected in Finland to the northernmost and western regions.
The sample collected from Finland shows Dp-3-gal as a major anthocyanin metabolite
whereas the samples collected from the northernmost and western regions show Cy-3-gal
as a major secondary metabolite. This significant variation in anthocyanins indicates the
synthesis of anthocyanins in modified environmental conditions [156].

Elderberries have a high commercial value, mainly due to anthocyanins being present
in high amounts. They are used in processed food such as jams, jellies, pies, ice creams,
yogurts, juice, syrups, alcoholic beverages and dietary supplements. The most commonly
used technique in analyzing elderberries is high-performance liquid chromatography cou-
pled with UV or visible detection with or without mass spectrometry to mainly measure
the anthocyanin and flavonol composition [147,163,191-194]. The European elderberry
dry extract monograph of the United States Pharmacopeia includes a HPLC-Vis method
for the anthocyanins with detection at 535 nm [195]. Mikulic-Petkovsek et al. detected
19 anthocyanins in four elderberry species and eight hybrids with content varying among
these analyzed samples [163]. Cy-3-sam and Cy-3-glc were the most abundant antho-
cyanins in S. nigra fruits which agrees with the results reported by other authors mentioned
above. In Europe, cultivars are mainly derived from S. nigra and, in the USA, most cultivars
belong to S. canadensis. Similarly, Lee and Finn also found Cy-3-glc and Cy-3-sam as the
major anthocyanins in S. nigra, while Cy-3-(E)-p-cou-sam-5-glc was found as the major
pigment in S. canadensis [147]. Two elderberry cultivars were evaluated: ‘Korser” (Den-
mark) and ‘Haschberg’ (Austria). The total content of anthocyanins was 400 mg/100 g to
806 mg/100 g from 2004 to 2005 for ‘Korser’. Cultivar ‘Haschberg’ accumulated from
391 mg/100 g to 657 mg/100 g from 2004 to 2005 of total anthocyanins. Veberic et al.
investigated two cultivars (Haschberg and Rubini) and three selections (13, 14, 25) of
black elderberry (S. nigra) [191]. The anthocyanin content and quercetin profiles of these
samples were established using HPLC-DAD-MS. Five cyanidin-based anthocyanins were
identified, and the most abundant anthocyanin in elderberry fruit was Cy-3-sam, which
accounted for more than half of all anthocyanins identified in the berries. The ‘Rubini’
cultivar had the highest amount of the anthocyanins identified (1265 mg/100 g FW) and
the lowest amount was measured in berries of ‘Selection 14" (603 mg/100 g FW). The
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‘Haschberg’ cultivar contained relatively low amounts of anthocyanins in ripe berries
(737 mg/100 g FW). Kaack et al. studied the content and composition of anthocyanins in
six elderberry cultivars [193]. They identified Cy-3-sam-5-glc, Cy-3,5-diglc, Cy-3-sam,
Cy-3-glc, quercetin-3-rut, and quercetin-3-glc. The highest total content of anthocyanins
in the fruits, 20.2 g/kg, was found in the ‘Finn Sam’ cultivar followed by the cultivars
‘Sampo’ (19.0 g/kg), "Haschberg’, ‘Mammut’ (17.7 g/kg), ‘Samocco’ (14.8 g/kg) and ‘Sam-
dal’ (14.4 g/kg). In addition, Mlynarczyk, K et al. showed that the elderberry fruit had
higher phenolic and anthocyanin contents when growing in a well-organized orchard
(4638.2 mg CGE/100 g DW) than in the wild (3071.0 mg CGE/100 g DW) [196]. Elderber-
ries can therefore be considered a significant source of anthocyanins for food, medicinal,
and other needs. Several authors have described that the largest group of polyphenols in
elderberries were anthocyanins and anthocyanidins. The work based on coupling untar-
geted and targeted metabolomic approaches appears to be worthwhile [182] in order to
better depict the anthocyanin composition of elderberry in an unbiased manner,

Goji berries belong to family Solanaceae, and the fruits are integral to traditional Chi-
nese, Korean, and Japanese medicine. These berries contain a wide variety of anthocyanins,
most of which are acylated glycosides of cyanidin, delphinidin, petunidin, peonidin and
malvidin. Most reported studies use acidified organic solvents such as ethanol/methanol
as an extraction solvent. Kosar et al. reported the anthocyanin composition and antioxidant
activity of goji berry samples using non-polar petroleum ether followed by ethyl acetate
and methanol (increase in polarity). The reported amount of anthocyanins vary from trace
to 3.8 mg/g of dry extract weight (DEW). The study includes antioxidant activity for the
different solvent extracts using the DPPH assay [148]. Zheng et al. reported the composition
of anthocyanins from Qinghai-Tibet Plateau as being acylated based on their elution time
and respective aglycone and acyl moiety molecular ions [149]. In 2018, Sang et al. reported
the quantification of anthocyanins from goji berries using Deep Eutectic Solvents (DES) as
an extraction approach with choline chloride and 1,2-propanediol in different molar ratios.
In addition, a 2D-LC method coupled with mass spectrometry was used to characterize the
anthocyanins along with their quantitative profiles [184]. Recently Cheng et al. reported
fingerprinting of anthocyanin profiles from goji berries for quality assessment and geo-
graphical origin identification. Their study uses a PCA based chemometrics approach to
differentiate the goji berries based on their quality and geographical distribution [183].

Red grapes are common fruits used for human consumption and commercial pur-
poses. The skin of red grapes contains a variety of acylated anthocyanins. The quantity of
anthocyanins varies from 2.4 to 790 mg/100 g FW of grape skin. Cho et al. reported the
anthocyanin content variation in the genotypes such as A-1575, A-2467, A-2663, Cynthiana,
and Cabernet Sauvignon from 38 to 790 mg/100 g FW of grape skin. The flavonoid glyco-
sides were qualitatively characterized using an HPLC-PDA-MS method [83]. Differences
in the extraction solvent and type of grape peel generate variation in the anthocyanin’s
composition. Anthocyanins from grape peel based on their genotypic variety were studied,
and changes in the phenolic contents during ripening stage show the metabolomic changes
in PCA-based chemometrics [165]. Various HPLC-PDA and HPLC-PDA-MS reports show
that the grape skin contains acylated anthocyanins, which are high in dry extracts, i.e.,
700-56,470 mg/100 g DEW [79,157,165,185-187]. Kosir et al. reported anthocyanin iden-
tification using NMR and LC-MS techniques using HCA and Regularized Discriminant
Analysis (RDA) to differentiate the anthocyanins [197].

Mulberries belong to the Moraceae family, and the fruit color is based on anthocyanin
composition. These berries show Cy-3-sop, Cy-3-glc, Cy-3-rut, Pg-3-glc and Pg-3-rut as
major anthocyanins. Dimitrijevi¢ et al. reported the comparative view of Morus sp. using
HPLC-PDA analysis using acetone containing 1% HCl as the extraction solvent. The quan-
tity of anthocyanins present in black mulberries is 125 mg/100 g DEW [146]. Optimization
of microwave extraction for the mulberry anthocyanins using acidified methanol concen-
trations varying from 10 to 70% containing 1% TFA was reported followed by qualitative
analysis [164]. In 2017, Sang et al. reported a green chromatography approach for the antho-
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cyanin determination in berries using an ethanol and «-hydroxy acid aqueous solution as
the mobile phase with a reverse phase Cig column. This approach provides better insights
for applying less toxic organic solvents for anthocyanins separation solvents [98].

Pomegranate peel is a rich source of anthocyanins which are well known for their
antioxidant activity [175-177,179,180]. The amount of anthocyanin in pomegranate peel
varies from trace to 344 mg/100 g of FW. This peel contains diglucosides of delphinidin,
cyanidin, and pelargonidin. Reports indicate extraction of anthocyanins from fresh/dried
peel using acidified methanol as the extraction solvent. Apart from its antioxidant ac-
tivity, pomegranate peel extract was tested for antiproliferative activity and cytotoxic
assays [176]. Brighenti et al. [178] reported metabolomic fingerprinting of pomegranate
peel anthocyanins/polyphenols using acidified methanol containing 20% aqueous solution.
PCA-based chemometrics were used in this study to differentiate the polyphenols from
different varieties of pomegranate peel. Balli et al. reported the characterization of antho-
cyanins from pomegranate peel and juice separately. The study shows 61 mg/100 mL of
juice and 68 mg/100 mg FW of peel. In addition, the study reported antioxidant activity,
a-amylase activity, and tyrosine inhibitor activities for both juice and peel portions from
pomegranate [180].

Two varieties of raspberries are used for human consumption as well as in processed
food preparations, i.e., red raspberries (R. idaeus) and black raspberries (R. occidentalis). An-
thocyanins from red raspberries showed Cy-3-sop and cy-3-glc in major amounts. Pelargoni-
din acylated derivatives and glycosides were reported in the literature from red raspberries.
The quantity of anthocyanins varies from 0.1 to 134 mg/100 g FW, 76 to 365 mg/100 g DW,
and 336 to 1030 mg/100 g DEW [15,89,97,102,117,132,152,153,158-161,169,170] of red rasp-
berry variety. Reported studies indicate usage of acidified (HCI or formic acid) methanol
alone or ethyl acetate extraction followed by acidified methanolic extraction for the quali-
tative/quantitative analysis of anthocyanins is suitable for the red variety. Chemometric
studies such as SDLA and PCA were used for the comparative analysis of red berries and
the physicochemical characterization of red raspberries [102,160]. Mullen et al. character-
ized the anthocyanins in red raspberry fruit using an LC-MS approach and tested acidified
methanolic extracts for antioxidant and vasorelaxation activities [170]. In recent years, red
raspberries were studied to quantify anthocyanins using an aqueous ethanolic mixture acid-
ified with citric acid/HCl and reported their antioxidant and antibacterial effects against
H. pylori infection [132,160,161]. The anthocyanin content in black raspberries varies from
2885 to 11,109 mg/100 g DEW [132,150]. Black raspberries contain Cy-3-sam, Cy-3-xyl-rut,
and Cy-3-rut in major proportions [15,132].

Strawberries are a rich source of anthocyanins, and their qualitative and quantita-
tive analyses were reported using liquid chromatography/mass spectrometry techniques.
Strawberries contains mainly Cy-3-glc, Pg-3-rut, and Pg-3-glc. The quantity of antho-
cyanins varies from 0.4 to 84 mg/100 g FW, 97 to 759 mg/100 g DW, and 520 mg/100 g
DEW of berries [77,97,136,151-153,166-168,171-174]. Identification and characterization of
phenolic compounds from strawberries utilized HPLC-PDA and HPLC-PDA-MS meth-
ods [77,97,136,151-153,166-168,171-174]. Fernandez-Lara et al. reported an assessment
of phenolic profile differences in various strawberry cultivars using a Forward Linear
Discriminant Analysis (FLDA) chemometric approach [171].
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Table 4. Distribution, extraction method, % yield, detection methods, analysis purpose and references of anthocyanins in selected fruits and berries.

Acai (E. oleracea)

Conditions .
# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis ~ Chemometrics Pharma.co}oglcal [Ref]
Stationary Phase Mobile Phase Activity
. . Cy-3-glc; HPLC-Vis . HPLC-MS and Antioxidant ..
1 Ag?;goe;; 1es Cy-3-rut; Millipore water 13-463 mg/L Max-RP 80A column Grrgdisgt HPLC-UV capacities of - Ar:clzilictlant [84]
Pn-3-rut; (150 x 4.6 mm, 4 pm) prog 525 nm agai fruits y
Cy-3,5-hex-pent;
gy:g:ilft’ Shim-pack
2 Acai berries Py-3- ) ’ 95% ethanol/ 282.5-303.7 mg/ CLC-ODS column Gradient HPLC-PDA-MS/MS Determination of ~ B [88]
(2008) Px%—?;—glzi 1.5 N HClI 100 g FW (250 x 4.6 mm, program 520 nm anthocyanins
Pn-3-rut; 5 pm)
Cy-3-Ac-hex;
Acai fruit pul Cy-3-glc; Aqueous solution Synergi Hydro-RP 80 Gradient ngytgsﬂfglgj d
3 s puip Cy-3-rut; adjusted to pH to 224.7 mg/100 g FW OA (150 x 2 mm, HPLC-PDA-ESI-MSn P L - Antioxidant activity [91]
(2009) ’ e L program thermal stability of
Pn-3-rut; 3.5 with citric acid 4 um) - .
acai species
ce Pulp: 341 mg/g
( ufx gi;ir:)lgar Cy-3-0lc: 80% ethanol DEW; Mesocarp: Cancell Pak ACR Gradient Anthocyanins in
4 pup, b Ve containing 0.5% 18.5 mg/g DEW; P HPLC-DAD different parts of - Antioxidant activity [93]
and Endocarp) Cy-3-rut; ic acid End . (250 x 4.6 mm, 5 pum) program i frui
(©011) acetic aci ndocarp: acai fruit
1.64 mg/g DEW
EtOAc fraction:
. 400 mL of hexane
Cy-3-gle; followed by 400 mL 012 ug/mg DEW Attenuation of Effect on signaling
Cy-3-rut; of chloroform for Acetonitrile fraction: Inertsil ODS-2 inflammatory stress athways linked to
Acai berries Dp-3-glc; 2.3 pg/mg DEW Gradient HPLC-PDA . matory Pd s Tmiked
5 g 36 h. The leftover . (250 x 4.6 mm, signaling in mouse - inflammation in [96]
pulp (2012) Mv-3-glc; ulp extracted with Methanol fraction; 5 um) program 520 nm brain BV-2 microglial cells/
Pg-3-glc; pu'p 11.3 ug/mg DEW . . 08 ;
¢ ethyl acetate for L microglial cells Neuroinflammation
Pn-3-glc; 36 h at room fem Ethanol fraction:
P 8.9 ug/mg DEW
Cyc';igzcglifl“' Validated
ceo ’ Major anthocyanins HSS C18 . UHPLC-PDA
6 Ag&g‘;‘t 3t (Ig’[fj/hg‘&l) (Cy-glc and Cy-rut) (100 x 2.1 mm, Gradient UHPLC-PDA method for - - [95]
&8 e 489-584 mg/kg FW 1.8 um) program anthocyanin
Pn-3-glc, AN
quantification

Pn-3-rut
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Table 4. Cont.

Acai (E. oleracea)

Conditions .
# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics Pharmacological [Ref]
Stationary Phase Mobile Phase Activity
Apples-Red peel (M. domestica)
Cy-3-gal;
Cy-3-glc;
Cé’;}?;f;;g?; Apple with peel:
a1 Aq. acetone (pH 1.0 10.8 mg/100 g FW; . .
7 P Red apples Pn-3-gal; . water acidified with Apple flesh: Sunfire C18 Gradient HPLC-DAD-MS Anthocyamns -
eel and Whole Cy-3-maloyl-gal; . (250 x 4.6 mm, pattern in red fleshed - Antioxidant property [85]
(2006) 5-carboxy- TFA /acetone 8.1 mg/100 g FW; 5 wm) program 520 nm Weirouge apples
rano-C _}}]wx_ 30/70v/v) Apple peel: K &€ app
pycy-7-aryab- ’ 20.6 mg/100 g FW;
Cy-3-xyl;
Cy-3-pent;
Normal:
Cy-3-gal; Methanol 11-24.8 mg/ L .
3 Fuji apples Cy-3-glc; containing 1% v/v 100 g FW; Gemini C18 Gradient HPLC-PDA-MS Influence of light
. =A (150 x 4.6 mm, exposure on - - [90]
Peel (2009) Cy-3-arab; HCl and Hailnet: 3 um) program 520 nm phenolic content
Cy-pent; 1% w/v BHT 18.2-26.1 mg/
100 g FW
Cy-hex; Suplelco ODS Investigation of
9 Red apples Mv-pent; _ ~ Hypersil Gradient HPLC-DAD-MS/MS  phyto components in B R [94]
Peel (2012) Cy-pentoxide; (150 x 2.1 mm, program 530 nm red apples by LC-MS
Cy-pent; 5 pum) and GC-MS
10 mL of mixture
containing . .
Apples methanol Phytochemical clIL—lIslte(:ra ;f:lc;slis
10 Whole Cy-3-gal; (30 mL/100 mL), Cy-3-gal; Acquity BEF C18 Gradient LC-QToF-MS analysis of old and Principle Antioxidative activity [103]
ascorbic acid 0-41 mg/100 g DW (100 x 2.1, 1.7 um) program L
(2020) (2 g/100 mL) and apple varieties component
gace tic acid analysis (PCA)
(1 mL/100 mL)
Bilberry (V. myrtillus)
gp:g}yzgsiig::; Aliquot of 5 mL of Restek Pinnacle ODS Gradient Identification of
11 Bilberry (2001) P¥-g1yc051 desr extract from - (250 x 4.6 mm, 5 pim) rogram HPLC-ESI-MS anthocyanins in - - [82]
Mnggl}; cosi deS,' fresh berries ’ M prog different berries
Dp-glycosides; - Isolation and
. R acetonitrile/ . HPLC-DAD . PR
12 B(lzlgggr)y %{gggccg:ﬁ:: TFA /water 4723 mg/100gFW | L orbax SB-C im) grrggrlzgt 520 nm “iﬁﬂgg;;f; of - Antioxidant activity  [107]
(49.5:0.5:50 v/v/v) HPLC-DAD-MS from berries

Mv-glycosides;
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Table 4. Cont.

Acai (E. oleracea)

Conditions .
# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis ~ Chemometrics Pharma.coll ogical [Ref]
Stationary Phase Mobile Phase Activity
10%A and
Dp-glycosides; 90%B solvents.
; . 350-525 mg/100 . .
Bilberries Cy-glycogldes; Solyent A: acetoni- W (Quan% base c% Phenomenex gemini Gradient HPLC-DAD Anthqcyamr}s ’
13 Pt-glycosides; trile/methanol C18 (150 x 4.6 mm, analysis in wild - - [204]
(2008) M S on Aglycones program 520 nm ) .
v-glycosides; (85/15v/v) content) 5 pum) bilberries
Pn-glycosides; Solvent B: 8.5% aq.
Formic acid
Dp-glycosides; i
- ides; . ; Organ specific
14 Bilberries (I:’y glycoslldes., Peel: 2025.6 mg/ Lichrocart Purospher Gradient HPLC-DAD distribution of
t-glycosides; - 100 g RP-18e (125 x 3 mm, P - - [87]
(2008) M S X program 520 nm phenolics in
v-glycosides; Pulp: 104 mg/g FW 5 pum) - -
. bilberries
Pn-glycosides;
SEP-PAK C18
cartridge. The
cartridge was
previously
Dp-glycosides; conditioned with
. . Cy-glycosides; 3 mL methanol and Phenomenex gemini . 3 Pharmacological Antioxidant property,
15 Bl(lgglrél)es Pt-glycosides; 5mL 5 mM H;SO,4 967.8 mg/100 g FW C18 (150 x 4.6 mm, Gradient HI;IEg DAD effects of bilberry - Acute Cardioprotective [92]
Mv-glycosides; and washed with 5 um) program nm anthocyanins and Cardiotoxic effects
Pn-glycosides; 5mL of 5 mM
H,S0, and dried
with nitrogen before
eluted with 4 mL
of methanol.
Bp:gllyg)):ilj::'; acetonitrile/water/ Phenomenex Analysis of
Bilberries y g ycosiaes; LY 61027465 mg/ Luna C18(2) Gradient HPLC-UV/Vis anthocyanins in
16 Pt-glycosides; formic acid . . . - - [120]
(2012) M S . 100 g DW (250 x 4.6 mm, program 520 nm bilberries and their
v-glycosides; (87:3:10 v/v) .
P A, 3.0 um) commercial products
n-glycosides;
gp:gllysz)):ilgsz HPLC analysis of Principle
Bilberries Y8 yeosices, 2% HCl and 582-795 mg/ Zorbax SB-C18 Gradient HPLC-DAD-MS anthocyanins in p
17 Pt-glycosides; . . . component - [100]
(2018) M i methanol (5:95 v/v) 100 g FW (150 x 4.6 mm, 5 um) program 520 nm bilberries and their .
v-glycosides; analysis (PCA)
P L food products
n-glycosides;
Blackberry (R. fruiticosus)
1 Aliquot of 5 mL of e
Blackberry Cy-glyCOS}des, extract from fresh Restek Pinnacle ODS Gradient Identlﬁcah’on 9f
18 (Rubus sp.) Pg-glycosides; berries was taken - (250 x 4.6 mm, 5 im) rogram HPLC-ESI-MS anthocyanins in - - [82]
(2001) Mv-glycosides; - SO prog different berries

and centrifuged
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Table 4. Cont.

Acai (E. oleracea)

Conditions .
# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics Pharmacological [Ref]
Stationary Phase Mobile Phase Activity
Cy-3-glc; Flavonoid glycosides
Cy-3-rut; estimation in various
19 Blackberry Cy-3-xyl; Cy-3- methanol/water/FA Blackberry: (SZySISI:eirg rgrlr? Gradient HPLC-PDA-MS genotypes of red ~ Antioxidant properties 183]
genotypes (2004) mal-onyl-glc; (60:37:3 v/v) 1.1-2.4g/kg FW 5 r.n) ’ program PDA at 520 nm wine grapes, prop ;
Cy-3-dioxa- H blackberry and
loyl-glc; blueberries
Blackberries Cy-3-glc; 70% aq. Acetone Lichrospher ODS-2 . Analysis of phenolic
20 (Rubus sp.) Cy-3-rut; containing 2% 72?6& Olgvn\}g/ (250 x 4.6 mm, Grradrlerr;t HPLF%(])D :H]?_Ms compounds in - - [86]
(2007) Cy-3-malonyl-glc; formic acid & 5 pum) progra blackberry sp.
after ethyl acetate
extraction sample
. was acidified with Omnispher C18 . . o
g;  Blackberries Cy-3-gl ImLof2MHCI 977 mg/100 g FW (250 x 4.6 mm, Gradient HPLC-PDA Phenolic composition - Antioxidant activity ~ [59]
(2009) X program 520 nm of berries
and extracted with 5 pum)
5 mL of methanol
for 4-8 times.
Cy-3-glc;
Cy-3-rut; e
. Cn . Identification of
Blackberries Cy-3xyl; Cy-S-. 0.5% TFA acidified Hypersil ODS Gradient HPLC-DAD anthocyanins from
22 (6-malonyl)-glc; 323.3 mg/100 g FW (200 x 4.6 mm, R . - - [202]
(2011) methanol. program 520 nm wild and cultivated
Cy-3-(6-(3-OH-3- 5 um) .
blueberries
methylg-
lutaroyl)-glc)
Dp-3-glc; . Phenolic composition
. ! Lichrocart RP-18 . ]
23 Blackberries Cy—3—glc,- } 647 mg /100 § FW (250 x 4.6 mm, Gradient HPLC-DAD and ar'1t1'ox1dant : Antioxidant activity [97]
(2016) Cy-3-rut; 5 1) program 520 nm activity of
Cy-3-xyl; H different berries
Cy-3-glc;
. Cy-3-xyl; . .
Blackberries o . 27230 mg/ TSK-GEL ODS-100 V Gradient HPLC-DAD-MS Anthocyanin content 0
24 (2017) Cy-3-mal- 1% TFA in ethanol 100 g DEW (150 x 4.6 mm, 5 um) program 520 nm in blackberries - B (99
onyl-glc; Cy-3-
dioxaloyl-glc;
Cy-3-gal;
Cy-3-glc;
Green
Cy-3-rut; . Ethanol and
Blackberries Cy-3-arab; 0.1% HClin 15 mL Zorbax Eclipse plus «-hydroxy acid HPLC-DAD chromatography for
25 017) Cy-3-xvl: Cy-3- of ethanol 0.17 mg/mL C18 (100 x 4.5 mm, aqueous 520 nm anthocyanins - - [98]
Yoxyy &Y 3.5 um) quee HPLC-DAD-MS determination
malonyl-glc; solution . .
. in berries
Cy-3-dioxa-

loyl-glc;
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Table 4. Cont.

Acai (E. oleracea)

Conditions .
# Source (Year) Anthocyanins Extraction Solvent % Yield - - Detection Method Purpose of Analysis  Chemometrics Pharmacological [Ref]
Stationary Phase Mobile Phase Activity
Cy-3-glc;
Blackberri (%?]_3-;( yh IC)Y'f - 80:20 v/v methanol Phenomenex gemini Gradient HPLC-DAD Anthocyanins and Bioaccessability studies
26 acxoerres maony S&<  and water with 0.5% 222 mg/100 g FW C18 (250 x 4.6 mm, radien ellagitannins from - in GI tract and [101]
(2018) Cy-3-(6-(3-OH-3- A program 520 nm 1 . lonic level
methylglu- acetic acid 5 pum) blackberries colonic levels
taroyl)-glc;
Blackberries Cy-3-gl; 1N HClin 75% Zorbax SB-C18 Gradient HPLC-PDA-MS Comparativestudy deriminne.
27 ey 192.4 mg/100 g DW (250 x 4.6 mm, P 4 : Antioxidant activity [102]
(2018) Cy-3-rut; methanol 5 um) program 520 nm of red berry pomaces analysis
Hm. (SLDA)
. Cy-3-glc; Antibacterial effects
28 Blackberries Cy-3-rut; Cy-3- 80:20 ethanol/water 847-3465 mg/ - - HPLC-MS of berries against H. - Antibacterial activi [132]
(2021) y ¥ 100 g DEW & ty
xylosyl-rut; 8 pylori infection
Blackcurrant (R. nigrunt)
Dp-3-glc; .
- Isolation and
Dp-3-rut; acetonitrile/ . HPLC-DAD . P
9 Blackcurrant Cy-3-gle; TEA/water 213.7 mg/100 g FW Zorbax SB-C18 Gradient 520 nm identification of - Antioxidant activi [107]
y-og 8 & ty
(2003) Cy-3rats (49.5:0.5:50 v/v) (150 x 4.6 mm, 5 um) program HPLC-DAD-MS anthocyanins
P}t,-3-rut/ o from berries
Dp-3-glc; > g'of frozen Characterization and
Dp-3-rut; material extracted Zorbax SB C18 uantification of
Black currant p-o-rat with 10 mL of 162.8-180.4 mg/ Gradient HPLC-DAD-MS quan
30 Cy-3-glc; ) (150 x 4.6 mm, phenolic compounds - [118]
(2011) Ie i extraction solvent., 100 g FW program 520 nm . .
y-3-rut; Pt-3-(6- ) . 5 um) in blueberries, black
coumaroyl)-glc; Le, acetone/acetic and red currants
yUEC acid (99:1)
Blueberries (V. corymbostunt)
Comparison of
Pg-3-glc; HPLC: HPLC and
3 Blueberries Cy-3-glc; acet"“e{ mf;f“"” 0.08-0.64 mg/mL (Zl‘;’i)bi" 455'08 Gradient HPLC-PDA520nm  MALDI-ToF-MS for ) i [104]
(2000) Pn-3-glc; ( 10402001 B P MALDI-ToF-MS: s I'n)mm' program MALDI-ToF-MS anthocyanins
Mv-3-glc e 0.08-0.8 mg/mL H analysis in
blueberries
Dp-glycosides; beov}\gbus‘h . Identification of
. Cy-glycosides; Acetone/water/ ueberries: Zorbax C18 . anthocyanins and
Blueberries y-glycos 4 . . 1.7 mg/g FW Gradient yanins a
32 Pt-glycosides; acetic acid . (150 x 4.6 mm, HPLC-MS/MS procyanidins in - - [106]
(2001) N S 0 = Highbush program .
Mv-glycosides; (70:29.5:0.5 v/v) blucberries: 5 pum) blueberries and

Pn-glycosides;

22-28 mg/g FW

cranberries




Molecules 2023, 28, 560

29 of 64

Table 4. Cont.

Acai (E. oleracea)

Conditions .
# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics Pharmacological [Ref]
Stationary Phase Mobile Phase Activity
Dp-glycosides; Fl?i\;;mg 1(111 %:lyco;ldes
Cy-glycosides; . Symmetry C18 . estumation In various
Blueberry P methanol/water/FA Blueberries: Gradient HPLC-PDA-MS genotypes of red L .
33 Pt-glycosides; (250 x 4.6 mm, ; - Antioxidant properties [83]
genotypes (2004) Mv-glycosides; (60:37:3 v/v) 1.43-8.2 g/kg FW 5 um) program PDA at 520 nm wine grapes,
+ Joen blackberry and
Pr-glycosides; blueberries
blLoxt/’vbus}EV 0.1% HCl i V. angustifolium: Zorbax C18 Gradient HPLC-DAD Anthocyanin content
34 unuzs S;Zg’um) - 'm;mami“ 350-725 mg/ (150 x 4.6 mm, rr;‘ rlzg 517 nm, 520 nm, in different - - [109]
8! (2006) 100 g FW 5 pum) prog 525 nm, 530 nm vaccinium types
Ethanol at 77 °C,
26°C,or79 °C
without acid
(pH 5.4) or acidified
. . with hydrochloric Supelco C18 . s
35 Wild blueberries B (pH 4.1), citric 24 mg/g DEW (250 % 4.6 mm, Gradient HPLC-PDA Ar.lthocyamns. in ~ B [110]
(2007) . program 520 nm wild blueberries
(pH 4.9), tartaric 4 pum)
(pH 5.0), lactic
(pH 4.8), or
phosphoric acid
(pH 4.6; 0.02% v/v)
Dp-glycosides;
Blueberries Cy-glycosides; 1 N HCl acidified Luna C18 Gradient HPLC-PDA Anthocyanin content
36 2007) Pt-glycosides; methanol (85:15 558.3 mg/100 g DW (150 x 3 mm, rooram 520 nm determination in - - [153]
Mv-glycosides; v/v)—pH to 1.0 3 um) prog and UPLC-ESI-MS berries
Pn-glycosides;
Identification of
scavenging
. Dp-glycosides; methanol/acetic Zorbax Eclipse XDB . QT compounds in
37 th;lo)ggws Pt-glycosides; acid/water - C18 (150 x 4.6 mm, G:gd;;;t HPI;%EE,[MS blueberry extract by - Antioxidant activity [111]
Mv-glycosides; (25:1:24 v/v) 5 um) prog HPLC coupled to
online ABTS
based assay
. Dp-glycosides;
nghb].'lSh Cy-glycosides; . . Determination of
blueberries (V. ; MeOH /Water/ Acetic Xterra MS C18 Gradient LC-MS (SQD) .
38 Pt-glycosides; - o 5.8-9.6 g/ kg DW anthocyanins content - - [112]
corymbosunt) X acid (25:24:1 v/v) (150 x 2.1 mm) program PDA at 520 nm . ! .
(2008) Mv-glycosides; in various cultivars
Pn-glycosides;
Blueberries (V. Blueberry fruit skin: al?ti%ﬁ;iicilr?g aorfd
39 corymbosuim) List of aglycones 0.1% HCl in 6.2 mg/g FW; . Spherisorb ODS C18 Gradient HPLC-DAD anthocyanidins in ~ B [115]
provided methanol Blueberry pulp: (250 x 4.6 mm, 5 pum) program
(2009) blueberry
0.02 mg/g FW

jams/stuffed fish
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Acai (E. oleracea)
. Conditions . Pharmacological
# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics armaco.ogica [Ref]
Stationary Phase Mobile Phase Activity
Dp-glycosides;
Blueberries Cy-glycos.ldes; MeOH: Water: TFA Gemini C18 Gradient LC-MS-IT-ToF- Characterization/Identification )
40 (2009) Pt-glycosides; (70:30:1 v/0) B (100 x 2.0 mm, rogram MS(PDA of anthocyanins B . [114]
Mv-glycosides; e 3 pum) prog 520 nm) ¥
Pn-glycosides;
. Dp-glycosides; .
Highbush 3 R Effect of processing
blueberries (V. Cy glycos.ldes', methanol/ a'cetor.le/ Blueberries: Phenomenex Luna Gradient HPLC-PDA and storage s -
41 Pt-glycosides; water /acetic acid C18 (250 x 4.6 mm, . - Antioxidant activity [116]
corymbosum) Mv-elveosides: (30:30:35:0.1 /) 78.5 mg/100 g FW 5 1) program 520 nm conditions on
(2009) Pr- gl}ycosi deS" e phenolic compounds
lowbush Dp-glycosides;
blueberries (V. Cy-glycosides; methanol with Synergi RP-Max Gradient Anthocyanins
42 et ol Pt-glycosides; 2 Qualitative YNerg HPLC-DAD-MS/MS rocyanins - - [117]
gustifolium) Mv-glycosides; 0.1% HCl1 (250 x 2 mm, 4 pm) program analysis in berries
(2010) Pn-glycosides;
Evaluation of
ctlljlltfiie:fsn:) ¢ gpg:gil’ methanol/acetic Zorbax Eclipse XDB Gradient HPLC-ESI/MS and antli(;xg:llzg}g:rcrtlvny
43 . Pogs acid/water - C18 (150 x 4.6 mm, online HPLC-ABTS . y - Antioxidant activity [119]
blueberries Dp-3-arab; (25:124 0/0) 5 1um) program 500 cultivars by
(2011) Pt-3-gal; Pt-3-glc o pmn nm HPLC-ESI/MS and
HPLC-ABTS system
Dp-glycosides; Characterization and
Blueberry (V. Cy-glycosides; S . Zorbax SB C18 . 5 g quantification of
44 corymbosunt), Pt-glycosides; aceto(r;;/ f;‘jt;; acid 4210%3'6;‘??/ (150 x 4.6 mm, Grrgdrlsrr;t HPL5C2(])) r?n? MS phenolic compounds - - [118]
(2011) Mv-glycosides; . g 5 pum) prog in blueberries, black
Pn-glycosides; and red currants
Highbush ](Djp:g%yzg:iigsz acetonitrile/water/ Highbush Phenomenex Analysis of
45 blueberries (V. P¥-gly ) "’ formic acid blueberries: Luna C18(2) Gradient HPLC-UV/Vis anthocyanins in B ) [120]
corymbosum) vag %’COS i;s,. (807'3'1?) vc/v) 1.6-28¢g/ (250 x 4.6 mm, program 520 nm bilberries and
(2012) P éyy:oossl d:s?' o 100 g DW 3.0 pum) blueberries
Dp-3-glc; . o
. Phenolic composition
. Cy-3-glc; Lichrocart RP-18 . P
46 Blueberries Pt-3-glc; - 775 mg/100 g FW (250 x 4.6 mm, Gradient HPLC-DAD and antioxidant - Antioxidant activity [97]
(2016) Prdeale: 5 ) program 520 nm activity of
MV-3-§1‘;" s different berries
Blueberries of lggzg}y;g:ﬁ:: thanol with 0.1% Anth Total idins: Zorbax Eclipse XDB Gradient Cherr;ig'aflfprofiling
47 different Pt-glycosides; me aﬁgl““ e 1 Oré 10%3‘2 1ns: C18 (250 x 4.6 mm, racien HPLC-PDA-MS h" urerent | PCA - [124]
rieties (2016) Mv-glycosides; v/v :1-300.6 mg/ 5 um) program anthocyanins using
va ’ 100 g FW HPLC-PDA-MS

Pn-glycosides;
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Table 4. Cont.

Acai (E. oleracea)

Conditions .
# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics Pharmacological [Ref]
Stationary Phase Mobile Phase Activity
Mobile phase
. . . variation studies
48 Fresh skin of B 01M HCI solution ~ Analytical C18 Gradient HPLC-PDA using fruit and rose _ B [123]
blueberry (2016) 90:10 (v/v) program 525 nm -
extract using
HPLC method
I\?Igg:glacl, Microwave assisted Hyd;(:ta::a}.l olic
49 Blueberries Cy-3-gal; extraction: methz.anol/ 9.9-45.5 pug/g DEW GraceSmart RP 18 Gradient HPLC-PDA Mlcrowave ass1st_ed Carbonic anhydrase =
' chloroform (2:1) ; . extraction on Italian - e [125]
(2016) Dp-3-gal; Irradiation Hme: Organic extract: (250 x 4.6 mm, 5 pum) program 520 nm blueb . inhibition
Cy-3-rut: rra .1at10n time: nd-31.65 pg/g ueberry varieties
Y 4 20 min at 40 OC.
Mv-3-glc DEW
Dp-3-glc;
Pt-3-glc;
5o Blueberry wine ﬁ:zgjgi‘clf 0.1% HCl acidified ) TSK Gel ODS-100 Z Gradient LC-MS . f‘fﬁgfyﬁ;ﬁggzﬁn ] ) (127]
lees (2017) My-3-arab; 70% (v/v) ethanol (150 x 4.6 mm, 5 pm) program DAD at 520 nm Blueberry wine lees
Mv-3-Ac-gal;
Mv-3-Ac-glc;
Dp-glycosides;
Bluchaven Hoeonden Kinetex PFP Pebormatoamanty
Highbush g ycosiies; MeOH with Gradient . erapny
51 bl . Mv-glycosides; o N - (150 x 4.6 mm, PDA at 520 nm with unique - - [126]
ueberries Prsl ides: 1.3%FA (v/v) 26 program i ine PFP
2017) n-glycosides; .6 um) separation using
Ahcylatec‘l stationary phase
anthocyanins
Comparison of
Highbush Dp-glycosides; Blueberry fruit skin: rc}yjf}i?elzotfpﬁim;fkish
blueberries (V. Cy-glycosides; 672 mg/g FW; Waters C18 column Gradient HPLC-PDA P & - -
Y-8y 8/8
52 . - blueberries - Antioxidant activity [129]
corymbosuim) Mv-glycosides; Blueberry pulp: (250 x 4.6 mm, 5 pum) program 520 nm .
(2018) Pn-glycosides; 18.1mg/g FW at different
gy ! 4 me/e developmental
stages
Antioxidant activity
Dp-3-glc; evaluation of
Blueberry Cy-3-glc; anthocyanin extracts
53 anthocyanin My-5-gle; 60% ethanol - Innoval ODS-2 C18 Gradient HPLC-DAD-MS and their protective - Antioxidant properties [128]
xtract (2018) Pg-3-glc; (250 x 4.6 mm, 5 pum) program effect against
extrac Cy-3-arab; acrylamide induced
Pn-3-glc; toxicity in

HepG2 cells
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Table 4. Cont.

Acai (E. oleracea)

Conditions .
# Source (Year) Anthocyanins Extraction Solvent % Yield Stati h Mobile Ph Detection Method Purpose of Analysis ~ Chemometrics Pharze:f‘?ilt(;’glcal [Ref]
ationary Phase obile Phase
Dp-glycosides; stepwise
. Cy-glycosides; ) o Zorbax SB-C18 . . linear
54 Blueberries Pt-glycosides; 1N HClin 75% 1188.3 mg/ (250 x 4.6 mm, Gradient HPLC-PDA-MS Comparative study discriminant Antioxidant activity [102]
(2018) M N methanol 100 g DW program 520 nm of red berry pomaces .
v-glycosides; 5 pum) analysis
Pn-glycosides; (SLDA)
Dp-3-gal;
Dp-3-glc; Antioxidant and
. Cy-3-gal; o bioaccessability
55 blRul gt’)eelli(iies gy_-gzgz’_ 60% (li;,toohlg ta; 115 } Waters C18 column Gradient HPLC-PDA-MS of blueberry B Antioxidant activit [133]
Yy ! L . 250 x 4.6 mm, 5 pm) rogram PDA at 520 nm anthocyanins under y o
(2021) Pt-3-ara liquid) ratio prog A
My-3- ai' q in vitro simulated
MV-3-§ICf digestion
Myv-3-ara;
Dp-glycosides; S
Dried Cy-glycosides; Water as solvent Zorbax C18 Gradient meonﬁgziéfﬁsrr;t?(f)ns
56 blueberries Pt-glycosides; 147.59 mg/L (250 x 4.6 mm, PDA at 520 nm - - [131]
(2021) Mv-elveosides: (25g/2L) 5 wm) program for aqueous
P glycosides; H blueberry extracts
n-glycosides;
Solx'/e'nt extraction: Efficiency of different
N acidic methanol -
Dp-glycosides; with a extraction methods
57 Blueberries Pt—glycom.des; . concentration of - Kromasil C18 Gradient HPLC-PDA on bluebeljry - Antioxidant properties [134]
(2021) Mv-glycosides; 80% 0,/0 program 525 nm anthocyanins
Pn-glycosides; Enz;matic antioxidant
extraction properties
.dAnt'}Eocyanins 4
. tification an
Dp-glycosides; identtt .
. their fouling
Blueberry Cy-glycosides; Zorbax C18 . TaT . 2
58 extracts Pt-glycosides; Millipore water - (250 x 4.6 mm, Gradient HPLC-ESI-MS mechanisms in - - [130]
S program PDA 520 nm non-thermal
(2021) Mv-glycosides; 5 um) filtrati :
Pn-glycosides; nanofiltration o
& ’ blueberry aqueous
extracts
Dp-3-glc; I
Cy-3-gle; 1% citric acid Zorbax SB-C18 A?Eilgﬁﬁﬂ;felgx); .
Blueberries Pt-3-glc; e Gradient HPLC-PDA A X S
59 -acidified - (250 x 4.6 mm, separation of six - - [135]
(2021) Pg-3-glc; 75% ethanol 5 program 520 nm - h .
Pn-3—gl<:' o ethano. nm) ma]'or antl ocyanlns
’ in blueberries

Mv-3-glc
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Table 4. Cont.

Acai (E. oleracea)

Conditions .
# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics Pharmacological [Ref]
Stationary Phase Mobile Phase Activity
Simultaneous
Dp-3,5-diglc; determination of
. Dp-3-gal; EtOH: water anthocyanins in
Fresh fruits of Cy-3-glc; (7:3 v/v) mixt Blueberries: S i Polar RP-18 Gradient blueb trawb
60 blueberries Yy gl < : z(zl / fv ;mx_ 1}11re uel erlzles, ynergi Polar radien LC-ESLMS/MS ude }L:rfy, straw er_r)lf B ) [136]
(2022) Pt-3-glc; acidified wit] 1107 mg/kg FW (250 x 4.6 mm, 4 pum) program and their commercial
Pg-3-glu; 1.5% HC1 products using
Mv-3-gal; HPLC-MS/MS
analysis
Del-3-gal;
Del-3-glu; e
. / Quantification of free
Highbush Cya-3-glu; o Zorbax SB-C18 . .
61 blueberries Pet-3-glu; 80% MeOH 03-32 g/kg DW (50 x 4.6 mm, Gradient HPLC-QToF-Ms ~ and bound phenolics - - [138]
. . containing 0.1%FA program in northern highbush
cultivars (2022) Peo-3-glu; 5 pum) blueberri
Mal-3-gal; ueberries
Mal-3-glu;
Sweet cherry (P. avium)
(sz:g:ill? Quantitation of
Sweet cherry a1 Hypersil PEP 300 Gradient HPLC-PDA anthocyanins in ) R )
62 (2002) gn_g_‘rglllctf Methanol 29-62mg/100 g FW (250 x 4.6 mm, 5 um) program PDA at 520 nm different cultivars of [140]
P§1-3—rutf sweet cherries
Cy-3-glc; .
! Effect of ripeness and
63 Sweet cherry %r}:g:nllct’ 60% methanol 4.9-230.3 mg/ (ll\TS%Vip ; l; rCnlri ) HPLC-PDA postharvest storage ) ) [141]
(2004) P _3_;03 o ° 100 g FW 5 r.n) ’ PDA at 520 nm on phenolic content
P§1—3—r1111tf K of cherries
gy:g:ict’ Changes of
64 Sweet cherry Pr}:-S- lc: Methanol 0.3-116.1 mg/ Hypersil PEP 300 Gradient HPLC-PDA anthocyanins B ) [142]
(2004) P _3_§ N 100 g FW (250 x 4.6 mm, 5 pum) program PDA at 520 nm affecting skin color of
P §_3_r3tf sweet cherries
Cy-3-glc; Effect of ripeness and
Cy-3-rut; Novapak C18 3 postharvest storage
g5 ~ Sweetcherry Pn-3-glc: 60% methanol - (150 x 3.9 mm, - HPLC-PDA on the evaluation of - - [143]
(2007) g PDA at 520 nm
Pg-3-rut; 5 pum) anthocyanins
Pn-3-rut; in cherries
Cy-3-glc; L
’ Methanol Gemini C18 . .
66 Sweet cherry Cy-3-rut., containing 1% HC 1.1-16.2 mg/ (150 x 4.6 mm, Gradient HPLC-DAD-MS Phenolic compounds ~ Antioxidant activity [144]
(2008) Pg-3-rut; o 100 g FW program 520 nm from sweet cherry
P ’ and 1% BHT 3.0 um)
n-3-rut;
o7 Sweet cherry Cy-3-glc; acidified methanol 26.0 mg/100 ¢ FW (()2?61 iipilgr C18 Gradient HPLC-PDA Phenolic composition : Antioxidant activit 89]
(2009) Cy-3-rut; containing 2M HCl Lme/uE 0 mm, program 520 nm of berries nioxidant activity

5um)
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Acai (E. oleracea)
] Conditions . Pharmacological
# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis ~ Chemometrics colog [Ref]
Stationary Phase Mobile Phase Activity
Cy-3-sop; .
Sweet cherr; Cy-3-rut; Methanol Luna C18 Gradient HPLC-DAD-MS Mitt)af]ijliiorgf
68 Y Cy-3-gle; yethan 642.5 mg/100 g FW (150 x 2.0 mm, protiung o - - [145]
(2014) Pa-3-rut. containing 1%BHA 3 um) program 520 nm flavonoids in
& ! pm, sweet cherr;
Pn-3-rut; Yy
Sweet cherr Pt-3-(6-acetyl)- 70% ethanol in Synergi Hydro-RP Gradient Characterization of
69 y N y Qualitative ynergl ty HPLC-ESI-MS phenolic compounds - Antioxidant activity [181]
(2021) glc; water (250 x 4.6 mm, 4 pm) program
from sweet cherry
Black Chokeberry (A. melanocarpa)
Cy-3-gal;
Cy-3-glc; )
Chokeberry Pg-3-gal; Acetone/water/ Zorbax SB-C18 Gradient HPLC-PDA-MS Characterization of . ,
70 acetic acid - (250 x 4.6 mm, . - Antioxidant property [154]
(2004) Cy-3-arab; (70:29.5:0.5 v/v) 5 1) program 520 nm anthocyanins
Pg-3-arab; o K
Cy-3-xyl;
Cy-3-gal; Chromalith Anthocyanins
Chokeberry Cy-3-glc; 80% ethanol in 249-737 mg/ Gradient HPLC-DAD content variation - - -
71 Performance RP18e . X - Antioxidant activity [155]
(2016) Cy-3-arab; water 100 g FW (100 % 4.6 mm, 5 pum) program 520 nm different Aronia
Cy-3-xyl; : s W cultivars
. Purosphere .
Chokeberry Cy-3-arab; Methanol STAR RP-18e Gradient HPLC-DAD Chemometric ,
72 Cy-3-gal; containing 6% - studies of A. PCA - [40]
(2020) c K .o, (250 x 4.6 mm, program 520 nm .
y-3-glc; formic acid 5 um) melanocarpa fruits
American large cranberry (V. macrocarpon)
Cranberries Cy-3-gal; R Phytochemical o .
extract Cy-3-arab; Extract powder Nova-Pak C18 Gradient HPLC-PDA-MS constituents from Inhibitory effegt against
73 y P
e . . - (150 x 3.9 mm, - Hep-G2 liver [188]
(V. macrocarpon) Pn-3-gal; dissolved in water 4 um) program 520 nm total cranberry neer cell
(2004) Pn-3-arab; K extract cancer celis,
Cy-3-gal;
Cranberries Cy-3-glc; o o . . . . . Determination of
74 (V. macrocarpon) Cy-3-arab; 8% rﬁ%{l?;ﬁ)m 2% 43 mg/g DW (%05 r:o45161 r5nCnl18 SPAIVIY) G:gdg;t HPI%EO[;X{VIS anthocyanins in - - [189]
(2011) Pn-3-gal; : M prog cranberry fruit
Pn-3-arab;
European small cranberry (V. oxycoccus)
(C:y:g:glalf Identification of
Cranberries PZ-S- gaf‘, Acetone/water/ Cranberries: 360 Zorbax C18 Gradient anthocyanins and
75 (V. oxycoccus) Cy-3- agraf)- acetic acid e /100 fW (150 x 4.6 mm, rogram HPLC-MS/MS procyanidins in - - [106]
(2001) Pyn-s-gal-' (70:29.5:0.5 v /) g/10¢g 5 pm) prog blueberries and

Pn-3-arab;

cranberries
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# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis ~ Chemometrics armaco’ogica [Ref]
Stationary Phase Mobile Phase Activity
Cy-3-gal;
Cranberries Cy3-gly Acidified 95% Anthocyanins in
76 Cy-3-arab; L 40.7-207.3 mg/ Lichrosphere C18 Gradient HPLC-DAD-MS wwnocy . . .
(V. oxycoccus) I . ethanol containing berries of European - Antibacterial activity [162]
n-3-glc; 100 g FW (125 x 4.0 mm, 5 pum) program 520 nm
(2009) Pn-3-gal: 0.1 N HCl (v/v) cranberry
Pn-3-arab;
Mobile phase
. . . variation studies
77 Fresh skin of B 0.1 M HCl solution B Analytical C18 Gradient HPLC-PDA using fruit and rose R [123]
cranberry (2016) 90:10 (v/v) program 525 nm .
extract using
HPLC method
(ng:g:ill i’ Optimization of
Cranberries 7 60% ethanol at solid Zorbax Eclipse XDB . ultrasound-assisted
78 (V. oxycoccus) Pt-3-gle; . to liquid ration of - C18 (150 x 4.6 mm, Gradient HPLC-PDA-MS extraction of - - [190]
Pn-3,5-dihex; program 520 nm .
(2021) P . 1:30 g/mL 5 pm) anthocyanins from
g-3-glc; Pg-3-(6- ;
cranberries.
malonyl)-glc;
Black Crowberry (E. nigrumt)
Dp-glycosides; Variation of
- Crowberry Cy-glycos'ldes-; 70% aq- Acet(ine 401-768.2 mg/ XTrerra Phenyl Gradient HPLC-DAD-MS anthocyanins in wild H1erarch1cal' )
(E. nigrum) Pt-glycosides; containing 1% 100 & FW (250 x 4.6 mm, rogram 520 nm opulations of cluster analysis - [156]
(2010) Mv-glycosides; formic acid g 5 pum) prog pop . (HCA)
> crowberries
Pn-glycosides;
Elderberry (S. nigra)
American and S. canadensis: Distribution of
European Cy-glycosides; acidified methanol 207.1-1005.2 mg/ Synergi Hydro RP Gradient HPLC-DAD-MS anthocy anins n
80 elderberr; Cy-acyl- (0.1% FA) 100 g 5. nigra: (150 x 2 mm, 4 um) rogram 520 nm American and - B [147]
y glycosides; ’ 656.5-806.1 mg/ ’ prog European elderberry
(2007) . L
100 g fresh weight varieties
Acidified methanol
at SO b ; ini 00 ..
81 Elderberry fruit g}}; ;,;?dr?gfc;géc); CI?Irgilg;r(ligll"/Z 603-1265 mg/ (1%;3 I::i“fijﬂ Gradient HPLC-DAD Anth nin content B ) [216]
cultivars (2009) 3-sam; Cy 3-glc; 2,6-di-tert-butyl-4- 100 g FW 3 . ’ program ocyanin conte ’
Cy 3rut; thylphenol wm)
y 3-rut; methylpheno
(BHT)
o Methanol with 3% .
SE lgceig;earrr\}él Cy-Cgl}iaca(C)SIIC—ies’ formic acid and 1% Gemini C18 Gradient analAzgg?rf};i;ii;}l;ent
82 e y-acy 2,6-di-tert-butyl-4- 560 mg/100 g FW (150 x 4.6 mm, HPLC-DAD-ESI-MS SIS 11 - - [163]
ybrids glycosides; methylphenol 3 um) program accessions of
(2014) Pg-glycosides; yp H elderberry fruits

(BHT)




Molecules 2023, 28, 560 36 of 64
Table 4. Cont.
Acai (E. oleracea)
. Conditions . Pharmacological
# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics armaco.ogica [Ref]
Stationary Phase Mobile Phase Activity
Authentication,
Elderberry fruit, Cy-3-sam-5-glc; acidified methanol HSS C18 Gradient UHPLC-PDA- characterization of
83 other species Cy-3-sam; (1% formic acid) 0.08-5.3 mg/g DW (100 x 2.1 mm, roaram MSUHPLC- anthocyanins and - - [182]
(2022) Cy-3-glc ° 1.8 um) prog QToF-MS other polyphenolic
compounds
Goji berry /Wolf berry (L. ruthenicunt)
Various solvents
such as petroleum Discovery C18
84 Black Goji berry B ether, ethyl acetate, Tr-3.8 mg/g DEW (250 % 4.6 mm, Gradient HPLC-PDA Antlox%dant activity ~ Antioxidant activity [148]
(2003) methanol and 5 program of Lycium extracts
n-butanol inn Km)
individual
Anthocyanin
. . D Methanol . ODS 80Ts QA . HPLC-DAD and composition of goji
85 Blacliz(;,)({]ll)berry Pt gll_yclomdgsd, PF containing 2% 4615005251311\/:?/ (150 x 4.6 mm, Gradient HPLC-ESI-MS berries from - Antioxidant activity [149]
acyl-glycosides; formic acid & 5 um) program 520 nm Qinghai-Tibet
Plateau
Pt-acyl-
glycosides; 5 -
Black Goji berry Dp-acyl- 70% ethanol pH 2.5 - Xterra MS C18 Gradient HPLC-DAD Characterlgatlon of
86 (2015) lvcosides: adiusted with HCI Qualitative (150 x 4.6 mm, rooram 520 nm anthocyanins from - - [212]
gl\% . ) 5 pm) prog LC-QToF-MS black goji berry
v-acyl-
glycosides;
Dp-glycosides;
Cy-glycosides; ODS 80Ts QA Constituent analysis
87 Black Goji berry Pt-glycosides; 2% formic acid in 93.3738 Gradient HPLC-DAD-MS and quality control of
S . .3-37.8 mg/g DW (150 x 4.6 mm, s - [198]
(2016) Mv-glycosides; aq. Solution program 520 nm anthocyanins in
P e 5 pum) . . .
g-glycosides; dried goji berries
Acyl-glycosides
Deep eutectic
Dp-glycosides; solvent (DES) DES based extraction
Black Goii berr Pt-glycosides; extraction: various Zorbax SB-C18 Gradient 2D HPLC-DAD for the determination
88 ac (20(1)]8) ey Mv-glycosides; molar ratios of 3.43-3.83 mg/g FW (100 x 4.5 mm, acie 520 nm of anthocyanins in - - [184]
Pg-glycosides; choline chloride: 3.5 um) program LC-QToF-MS goji berry using 2D
Acyl-glycosides 1,2-propanediol LC-DAD-ESI-MS/MS
(mol/mol)
Dp-glycosides; g 3 .
89 Black Goji berry Pt-glycosides; 2% formic acid in 1485.2-5826.0 mg/ ch;robax 485 C18 Gradient HI;;“E? PDA i Anthgcya?tl’rlx " PCA 183
(2022) Mv-glycosides; methanol 100 g DW (250 x 4.5 mm, program nm ingerprint of blac ) [183]
4 5 pm) LC-QToF-MS wolfberry fruit

Acyl-glycosides
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Acai (E. oleracea)
] Conditions . Pharmacological
# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis ~ Chemometrics colog [Ref]
Stationary Phase Mobile Phase Activity
Red grapes Peel (V. vinifera)
Dp-glycosides; .
ides: HPLC analysis of
Red grapes skin Pt—glycos@es, Relative Waters Novapak Gradient HPLC-PDA anthocyanins in
90 Mv-glycosides; - pe s o (150 x 3.9 mm, . - - [213]
(2001) . quantification (%) program 520 nm different red
Pn-glycosides; 5 pum) .
S grape cultivars
acyl-glycosides;
Dp-glycosides;
Cy-glycosides; .
Red grapes skin Pt-glycosides; Relative Waters Novapak Gradient HPLC-PDA Anthocyanin
91 i - SN (150 x 3.9 mm, patterns of red - - [211]
(2002) Mv-glycosides; quantification (%) program 520 nm .
A 5 pum) grape cultivars
Pn-glycosides;
acyl-glycosides;
Dp-glycosides;
Cy-glycosides; Anthocyanins
Red grapes skin Pt-glycosides; Supersphere 100 RP Gradient HPLC-DAD-MS identification in red HCA and
92 S Methanol - 18 (250 x 4.6 mm, . - [197]
(2004) Mv-glycosides; 5 um) program 520 nm grapes skin by RDA
Pn-glycosides; H LC-MS and NMR
acyl-glycosides;
Dp-glycosides; Flavonoid glycosides
Cy-glycosides; Symmetry C18 estimation in various
Red wine grapes Pt-glycosides; methanol/water /FA Red wine grapes: Y y Gradient HPLC-PDA-MS genotypes of red L .
93 . (250 x 4.6 mm, : - Antioxidant properties [83]
genotypes (2004) Mv-glycosides; (60:37:3 v/v) 0.38-7.9 g/kg FW 5 1) program PDA at 520 nm wine grapes,
Pn-glycosides; H blackberry and
acyl-glycosides; blueberries
Dp-glycosides;
Cy-glycosides; . .
Red grapes Pt-glycosides; 20% formic acid in Kromasil 100 C18 Gradient HPLC-PDA Varietal dlfferenc‘e ,
94 . . - among anthocyanins PCA - [214]
skin/peel (2005) Mv-glycosides; methanol (250 x 4.0 mm, 4 pum) program 546 nm . .
o in red grape cultivars
Pn-glycosides;
acyl-glycosides;
Cy-3,5-diglc;
Cy-3-glc;
Mv-3-glc; . .
. L . Inertsil ODS-3V . Anthocyanin
95 Red grapes skin Mv-3,5—d1g}c, Ac1dif1ed methanol 3471 mg/g FW (150 x 4.6 mm, Gradient RP-HPLC-ED monitoring in red ~ B [185]
(2008) Dp-3-glc; (1% HClv/v) program .
5 pum) grape skin extracts
Pn-3-glc;
Pg-3-diglc;
Pt; Pg;
Dp-3-glc;
. Cy-3-glc; Pressurized fluid Synergi C12 Max-RP . 3 . Determination of
96 Red grapes skin Pn-3-glc; extraction: 564.7 mg/g DW (250 x 4.6 mm, Gradient HPLC-UV/Vis anthocyanins in red - - [79]
(2008) program 520 nm ;
Mv-3-glc; methanol 4 pum) grape skin

Pt-3-glc;
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# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics armaco.ogica [Ref]
Stationary Phase Mobile Phase Activity
Dp-glycosides;
Cy-glycosides; Furosphere C18 Extraction methods
97 Red grapes skin Pt-glycosides; Acidic ethanol 1741 me/g FW 250 >I<3 46 mm Gradient HPLC-PDA-MS for separation of ~ B [186]
(2008) Mv-glycosides; (0.1% HCI) Sxlmglg 5 r.n) ’ program 530 nm anthocyanins from
Pn-glycosides; H red grape skin
acyl-glycosides;
Dp-glycosides;
Cy-glycosides; . o
Red grapes skin Pt-glycosides; Methan(?l/ V\{ater/ 2.4-253 mg/ Zorbax XDB-C18 Gradient Phenolic composition
98 P formic acid HPLC-DAD of red grape varieties - - [157]
(2012) Mv-glycosides; 100 g FW (250 x 4.6 mm,5 um) program . .
L (50:48.5:0.5 v/v) from Spanish region
Pn-glycosides;
acyl-glycosides;
Buffer composition
(1L): 200 mL
deionized water, 5 g
Dp-glycosides; tartaric acid, 120 mL
Cy-glycosides; of 95 % ethanol, . . .
99 Red grapes skin Pt-glycosides; 2 g sodium 6.9-45.0 mg/ (I;I(%lopirs;llCr)lD; Gradient HPLC-DAD Chanr%fs;lltndplsf:ohc PCA ) [163]
(2013) Mv-glycosides; metabisulfite, 22 mL 100 g FW 5 . ) ’ program 520 nm content curing -
Pn-glycosides; of a 1 N sodium pm ripening
acyl-glycosides; hydroxide solution,
and then, deionized
water up to the
1L volume.
Dp-glycosides;
Cy-glycosides; . HPLC-DAD .
Red grapes skin Pt-glycosides; Mgtk_lanol o Phenomenex Jupiter Gradient 520 nm Proflhng Of. =
100 S containing 0.5% - C18 (250 x 2.1 mm, anthocyanins in - - [215]
(2014) Mv-glycosides; 12N HCl 4 um) program MALDI-Tof-MS " et
Pn-glycosides; K LC-QToF-MS grape varieties
acyl-glycosides;
Dp-3-glc;
Cy-3-glc;
Pt-3-glc; .
! . Anthocyanins and
. Pg-3-glc; Zorbax Eclipse plus . 5 .
101  Redgrapesskin Mv-3-glc; Distilled water 7-243mg/gDEW  CI8 (150 x 4.6 mm, Gradient HPLC-DAD total phenolics - Antioxidant activity [187]
(2015) program 520 nm profile of red grape
Pn-3-acetyl-glc; 3.5 um) L
Cy; Pr-3- varieties.
coumaroyl-glc;
Pn; My;
Black Mulberry (M. nigra)
Cy-3-sop; .
Aliquot of 5 mL of P
Cy-3-glc; . . Identification of
102 Mulberry (2001) Cy-3-rut; extract from fresh - Restek Pinnacle ODS Gradient HPLC-ESI-MS anthocyanins in - - (82]
P ! berries was taken (250 x 4.6 mm, 5 pum) program . .
g-3-glc; different berries

Pg-3-rut;

and centrifuged
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# Source (Year nthocyanins Extraction Solvent % Yield Detection Method urpose of Analysis Chemometrics T Re
Stationary Phase Mobile Phase Activity
Cy-3-rut; Analysis and
¢ Waters RP C18 . o
103 Mulberry (2010) Cy38lo - Qualitative (250 x 4.6 mm, Gradient HPLC-PDA-MS characterization of - - [209]
g-3-glc; 5 1) program 520 nm anthocyanins from
Pg-3-rut; Cy; Pg; mulberry
Cy-3-(2-
glucosyl)-rut; Acidified methanol Optimization of
Dp-3-rut-5-glc; concentration microwave
Cy-3,5-diglc; varied from 10-70% Zorbax SB-C18 Gradient extraction for
104  Mulberry (2011) Cy-3-glc; containing 1%TFA - (50 x 2.1 mm, adie HPLC-ESI-MS anthocyanins from - - [164]
Cy-3-rut; under microwave 1.8 pm) program mulberry and
Pg-3-glc; assisted extraction analysis using
Pg-3-rut; conditions HPLC-ESI-MS
Dp-3-rut;
. Green
]gp:g:rlft., Zorbax Eclipse plus E:h;nol and d HPLC-DAD chromatography for
105  Mulberry (2017) P 0.1%HCl in ethanol 0.49 mg/mL C18(100 x 45mm, ~ XTyaroyaa 520 nm anthocyanins - - [98]
y-3-rut; aqueous L
3.5um) . HPLC-DAD-MS determination
Cy-3-rut-5-glc; solution . .
in berries
Dp-pent; e
PLpent Prchey; phenlic compouns
- -] . 9 i id i i i i - -
106 Mulberry (2020) Cy-pent-hex; 1% formic acid in : Varian pursuit C18 Gradient HPLC-DAD-MS in edible wild fruits } ) [210]
Cy-rha-hex; methanol (150 x 2.0 mm, 3 pm program 520 nm ine HPLC-DAD
Cy-sambu-glc; usmEgSI HRI\;[S B
Dp-dirha-hex; -
g;:g:gtlft, acetone containing 125.3 mg/ Zorbax Eclipse plus Gradient HPLC-DAD Comparative HPLC
107 Mulberry (2020) Pg-3-glc, 1% HCl 100 g DEW C18 (150 x 4.6 mm, program 500 nm analysis o_f Morus - - [146]
5 pum) species
Pg-3-rut;
Peach (yellow peel) (P. persica)
. water: methanol Nucleosil C18 . Phenolic compounds
108 Peaches Cy-3-glcf (20:80) containing 6.9-33.6 mg/ (150 x 4.6 mm, Gradient HPLC-DAD-MS from peel of peaches - - [199]
(2001) Cy-3-rut; . 100 g FW program 510 nm
sodium formate 5 pum) and plums
P methanol/water/ - Inertsil ODS-3 . 5 Polyphenols content
109 P(QZ?)CZ}SS gygill‘é 0.1 M HCI 0'15002'8;“‘/\%/ (250 x 4.6 mm, Grrjdrlsgf Hl;ggfr:D in peaches PCA Antioxidant activity [205]
¥y ’ (6:3:1v/v) g 5 um) prog and plums
Plum (red and black peel) (P. domestica)
Plums peel gy:g:ilﬁ’ water: methanol 12.9-161.4 mg/ Nucleosil C18 Gradient HPLC-DAD-MS Phenolic compounds
110 > P y . (20:80) containing ’ Sme (150 x 4.6 mm, N from peel of peaches - - [199]
(2001) Cy-3-acetyl-glc; . 100 g FW program 510 nm
sodium formate 5 pum) and plums

Cy-3-gal;
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# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics armaco.ogica [Ref]
Stationary Phase Mobile Phase Activity
Davidson’s plum: -
Dp-3-sambu; o 1.27 uM/g FW Identification and
80% methanol Luna C18 . quantification of
Plums Cy-3-sambu; L o, Lllawarra plum: Gradient HPLC-DAD-MS R s .
111 containing 0.1% (250 x 4.6 mm, anthocyanins in - Antioxidant activity [203]
(2006) Pn-3-sambu; 19.4 uM/g FW program 520 nm : .
HCl (v/v) . 5 um) Australian native
Pt-3-sambu; Burdekin plum: fruits
6.0 uM/g FW
Cy-3-xyl;
Cy-3-glc; methanol Phenomenex gemini . .
112 286‘;? Cy-3-rut; containing 1% HCl 5%38'7;&?/ C18 (150 X 4.6 mm, Gradient HI;ESPDA fAITthoﬁyaf‘lnsla“d ; - [200]
Pr-3-rut. and 1% BHT g 3 um) program nm ruit color in plums
Pn-3-glc;
Cy-3-glc; methanol/water/ Inertsil ODS-3 . Polyphenols content
113 FZIE)I;E Cy-3-rut; 0.1 M HCl 1'%6(1)6'4an?/ (250 x 4.6 mm, Grradrlerr;t HI;IES;BHAD in peaches PCA Antioxidant activity [205]
Pn-3-rut; (6:3:1v/v) & 5 pum) progra and plums
Pomegranate (P. granatum)
Dp-3,5-diglc;
Cy-3,5-diglc;
P%glgfglél'c; aqueous methanol [dentification and
114 Pomegranate Cy-penthex; (80% v/; Peel: Synergi Hydro-RP Gradient HPLC-DAD-MS quan'tlflcatlon of ~ Antioxidant activity [175]
peel (2011) X 44.7 mg/100 g DW (150 x 3.0 mm, 4 pum) program 520 nm phenolic compounds
Cy-3-gle; 0.15 M HCI) from pomegranate
Cy-3-rut; P g
Pg-3-glc;
Cy-pent;
Characterization and
Dp-3-glc; evaluation of major
115 Pomegranate Cy-3-glc; Methanol 5.3-102.9 mg/ (Zlgrobix 4568-535 Gradient HPLC-DAD-MS anthocyanins in ~ B [201]
peel (2013) Pg-3-glc; Pn-hex; (0.1% HCl v/v) 100 g FW 5 . ) ’ program 520 nm pomegranate peel
Cy-pent; p, from different
cultivars
D%Sg__;iglc’ Composition and
116 Pomegranate Cy-3,5-diglc; Methanol 45.2-344.1 mg/ (Zlcgrobix 4868_533 Gradient HPLC-DAD ant;(z)réte;r:i(r)lfs in ~ B [207]
peel (2015) Cy-3-glc; (0.1% HCI) 100 g FW 5 ur'n) ! program 520 nm pome}éranate
Pg:3,5-digle; cultivars
Pg-3-glc;
Dp-3,5-diglc;
Dp-3-glc; g Patterns of pigment
117 Pomegranate Cy-3,5-diglc; Methanol 3.7mg/ (Zl(;robix 4S6B sxlr? Gradient HPLC-DAD changes in B R [208]
peel (2015) Cy-3-glc; (0.1% HCI) 100 g FW . 4 program 520 nm pomegranate peel

Pg-3,5-diglc;
Pg-3-glc;

5 pum)

during fruit ripening
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# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics armaco.ogica [Ref]
Stationary Phase Mobile Phase Activity
Peel extraction Evaluation of Antioxidant,
118 Pomegranate } (Soxhlet): } Lichrosorb RP 18 Gradient HPLC-DAD extraction methods ) antiproliferative [176]
peel (2016) Ethyl aceta.te (250 x 4.6 mm, 5 pum) program from pomegranate activity and
y whole fruit or peel cytotoxicity assay
High-Pressure- Response
Pomegranate Cy—3,5—d1g.lc; different BDS Hypersil Gradient HPLC-DAD-MS Assisted Extraction surface - .
119 Cy-3-glc; concentration - (250 x 4.6 mm, of Bioactive Antioxidant activity [177]
peel (2017) Pg-3-glc; of ethanol 5 um) program 520 nm Compounds from methodology
§oglc . b P (RSM)
omegranate Peel
Dp-3,5-diglc; .
Dp-3-glc; water/methanol fin I\gftili):tlil;e of
120 Pomegranate Cy-3,5-diglc; (80:20 v/v) Ascentis express C18 Gradient HPLC-PDA-MS %mlz rana%e PCA ) [178]
peel (2017) Cy-3-glc; containing (250 x 4.6 mm, 5 pum) program 520 and 540 nm poﬁ/ phegols using
P%-Sj-dlg.lc; 0.1% HCL. HPLC-DAD-MS
g-3-glc;
Dp-3,5-diglc;
Cy-3,5-diglc; Soxhlet condition uBondapack . Phenolic
121 Pomegranate Cy-3-glc; using ethanol 79-103 mg/100 g (200 x 4.6 mm, Gradient HPLC-PDA compounds from - Antioxidant activity [179]
peel (2017) X DW program 520 nm
Pg-3,5-diglc; as solvent 10 um) pomegranate peel
Pg-3-glc;
Dp-3,5-diglc; — -
i . L Antioxidant activity,
Pomegranate Cy—3,5—d1g.lc, s Peel: nd-68 mg/100 Kinetex EC-C18 Gradient HPLC-PDA-MS Characterization of a-amylase inhibitory
122 Dp-3-glc; Millipore water (30 x 3 mm, peel from - L . [180]
peel (2020) Cy-3-ale g FW 2.6 um) program 520 nm omegranate activity and tyrosine
ng-s- gglcf s pomeg inhibitory activity
Raspberry (red) (R. idaeus)
Phenomenex Phenolic content of
123 Red raspberries Cy-3,5-diglc; 0.1%HCl acidified ~ Phenyl-hexyl Gradient HPLC-MS ebgrr(i:ecso(n(e)t © ~ Antioxidant activity [15]
(2002) Cy-3-glc methanol (250 x 4.6 mm, program LCh -
ased)
5 um)
) Cy-glycosides; o . RP-MAX . Chemical L
124 Red raspberries Pg-glycosides; 0.1% HClin - (250 x 4.6 mm, Gradient HPLC-MS composition of red - Antioxidant and [169]
(2002) S methanol program . Vasorelaxation activity
acyl-glycosides; 4 pm) raspberries
Cy-3-sop; Cy-3-
(2-glucosyl)-rut;
Cy-3-glc; L
Red raspberries Pg-3-sop; 0.1% HCl in NovaPac C18 Gradient HPLC-PDA-MS Characten; ation of :
125 - (250 x 4.6 mm, anthocyanins in red - - [170]
(2002) Cy-3-rut; Pg-3- methanol 5 um) program 520 nm berri
(2-glucosyl)-rut; pum raspberries
Pg-3-glc;

Pg-3-rut;
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# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics Pharmacological [Ref]
Stationary Phase Mobile Phase Activity
Cy-3-hex;
Cy-3-sop; Cy-3-
) (2-glucosyl)-rut; ethyl acetate Lichrocart Purospher . . . Identification and
126 Red ﬁgzgz)errles Cy-3-glc; followed by 53.160—088.?:‘/13g/ RP-18e (125 x 3 mm, Grradrle;t HPL5C2(])D :rE MS quantification of - - [152]
Cy-3-rut; acidified methanol & 5 pum) progra phenolic compounds
Pg-3-glc;
Pg-3-rut; Cy;
Cy-3-sop; Cy-3- i mizati
(ZYglucols)yl)-};ut; Optlmlzahoq of
Red raspberries Cy-3-sambu; 1.5 M HC1/95% Kromasil C18 Gradient ultztr?:g?ois?;ited
. . o _ -~ B _ ’
127 (2007) c _3C_ y—?—glcl,_ p  ethanol (15:850/7) (250 5>< 4.6)mm, program HPLC-MS anthocyanin [158]
y CX}-]3(—)1'S1.)1,t‘ Y p, extraction and their
Pg—S-rut'/ identification
Dp-glycosides;
Cy-glycosides; 1 N HCl acidified Luna C18 Gradient HPLC-PDA Anthocyanin content
128  Raspberry (2007) Pt-glycosides; methanol (85:15 365.2 mg/100 g DW (150 x 3 mm, rogram 520 nm determination - - [153]
Mv-glycosides; v/v)—pH to 1.0 3 pum) prog and UPLC-ESI-MS in berries
Pn-glycosides;
129 Red Raspberry Cy-3-sop; Acidified methanol 77.2 mg /100 ¢ FW (()2?61 i;p ilzrni}f Gradient HPLC-PDA Phenolic composition ~ Antioxidant activi 89]
(2009) Cy-3-glc; containing 2 M HCI -ms & 5 lifln) ! program 520 nm of berries oxidant activity
. Cy-glycosides; . Synergi RP-Max . .
130 ~ Raspberries Pg-glycosides; methanol with Qualitative (250 x 2 mm, Gradient HPLC-DAD-MS/MS Anthocyanins ; . [117]
(2010) acyl-glycosides; 0.1% HCl 4 um) program analysis in berries
Cy-3-sop;
. Cy-3-(2-glc)-rut; o C . Nova-Pak C18 . 3 HPLC analysis of
131 Ra?ngf(;;les Cy-3-glc; 0.1% fortr}r:lc afld in 76.120 377].:()) Vrvng/ (150 x 3.9 mm, Gradlelr}nt HP;ES ]fl)ﬁ;D polyphenols from ) ) [159]
Cy-3-rut; methano & 4 um) progra n Red raspberries
Cy-3,5-diglc;
Cy-3-glc; . i
. Phenolic composition
Pt-3-glc; Lichrocart RP-18 . N
132 Raspberry Cy-3-s0p; Cy-3- - 133.9 mg/100 g FW (250 x 4.6 mm, Gradient HPLC-DAD and antioxidant - Antioxidant activity [97]
(2016) Jucosyl-rut: 5 1) program 520 nm activity of
g Cy-3}7rut' 4 K different berries
stepwise
Cy-3-sop; Cy-3- Zorbax SB-C18 liEear
133 Red raspberry (2-glucosyl)-rut; 1N HCl in 75% 188.0 mg /100 ¢ DW (250 x 4.6 mm Gradient HPLC-PDA-MS Comparative study diseriminant Antioxidant activit [102]
(2018) Cy-3-glc; methanol Lms & 5 ur.n) ’ program 520 nm of red berry pomaces analysis y
Cy-3-rut; (SLDA)
ethanol/water Phenomenex Aqua Anthocyanins Response
134 Red raspberry Cy-3-sop; mixtures 613-1000 mg/ RP-C18 Gradient HPLC-DAD-MS extraction from red ff Antioxidant activity [161]
(2020) Cy-3-glc; acidified with citric 100 g DEW (150 x 4.6 mm, program 520 nm raspberry and Sl;a aﬁ: and Antibacterial effect
acid until pH 3 5 um) their activities grap
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Table 4. Cont.

Acai (E. oleracea)

Conditions

# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics Pharmacological [Ref]
Stationary Phase Mobile Phase Activity
Cy-3-sop; . . .
o Thermo Hypersil Physicochemical L
135 Red raspberry Cyl_jc_glqlgi t'3 95% acidified 1.7-102.5 mg/ Gold C18 Gradient HPLC-DAD-MS characteristic Pfﬁn(qpr:;;ﬁle B [160]
(2020) & C -3¥rut‘ ’ ethanol (pH 3.0) 100 g FW (100 x 2.1 mm, program 520 nm evaluation for Red ane}:l) sis)
Pg—l’a-glcf 3 um) raspberries Y
Cy-3-glc; . Antibacterial effects
136 Red raspberry Cy-3-rut; Cy-3- 80:20 ethanol/ 336-554 mg/ - - HPLC-MS of berries against H. - Antibacterial activity [132]
(2021) Jvlosvi-rut: water (v/v) 100 g DEW lori infecti
ylosyl-rut; pylori infection
Raspberry (black) (R. occidentalis)
Cy-3-(6-p-
Phenomenex .
Black coumaroyl)- o g K . Phenolic content of
137 raspberries sambu; 0.1 A;;ISL::S;ﬁed - (5;1; iyi Ige;};lll Grrgdisgt HPLC-MS berries (not - Antioxidant activity [15]
(2002) Cy-3-(6-p- sy prog LC based)
coumaroyl)-glc; H
Black Ie _3C_ y-f’r_l%kf Cy- Symmetry C18 Gradient Anthocyanins
138 raspberries 3—)(,2-xsalos il),-ru};' Methanol - (75 X 4.6 mm, rg r:m LC-MS/MS determination in - - [206]
(2005) C;—S-z.lt 4 3.5 um) prog] black raspberries
Cy-3-glc; . . Antibacterial effects
139 Black raspberry Cy-3-rut; Cy-3- 80:20 ethanol/ 288511109 mg/ - - HPLC-MS of berries against H. - Antibacterial activity [132]
(2021) . water mixture 100 g DEW <. .
xylosyl-rut; pylori infection
Strawberry (Fragaria X ananassa)
Cy-glycosides; o . Phenomenex Aqua . 3 R Identification of
140 Strawberry Pg-glycosides; 0-1%HCl in - C18 (150 x 4.6 mm, Gradient HPLC-PDA-MS anthocyanins in - - [77]
(2002) acyl-glycosides; methanol 5 pum) program 520 nm strawberry
Cy-3-glc; Cy-glc;
Strawberr P St Oy 31.4-365 mg/ Lichrocart Purospher Gradient HPLC-DAD-MS [dentification and
141 Y g il acidified methanol ; 2 me RP-18e (125 x 3 mm, quantification of - - [152]
(2004) Pg-3-mal- 100 g FW 5 program 520 nm henoli d
onylglc; Pg-3- pm) phenolic compounds
succinyl-glc;
Cy-3-glc; . Lichrocart Purospher . _ Comparison of
142 Strawberry Pg-3-glc; acidified methanol 25.3-39.8 mg/ RP-18 (125 x 3 mm, Gradient HPLC-PDA different strawberry - Antioxidant activity [151]
(2004) P . 100 g FW program 520 nm . .
g-3-ara; Pg 5 pum) cultivars in Poland
Dp-3-glc;
Dp-3-rut;
Dp-3-gal;
. Cy-3-glc; 1 N HCl acidified Luna C18 . HPLC-PDA Anthocyanin content
143 Strj%%‘;r)“es Mv-3-glc; methanol (85:15 19070'5 rggv\/] (150 x 3 mm, Gradient 520 nm determination , . [153]
Pn-3-glc; 0/v)—pH to 1.0 g 3 pum) program and UPLC-ESI-MS in berries
Pn-3-gal;
Mv-3-gal;

Mv-3-ara;
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Table 4. Cont.

Acai (E. oleracea)

Conditions

# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics Pharmacological [Ref]
Stationary Phase Mobile Phase Activity
1% acetic acid in Identification of
Strawberry Cy-glyCOS}des; acetone/1% acetic - Eclipse XDB C18 Gradient HPLC-DAD-MS pher}ohc C(?mpounds ,
144 Pg-glycosides; e Qualitative (150 x 4.6 mm, in cultivated - - [174]
(2008) g acid in methanol program 520 nm .
acyl-glycosides; . 5 pum) strawberries from
(1:1v/v) Macedonia
Cy-3-glc;
Cy-3-rut; Characterization of
145 Strawberry Pg-3-glc; acetone/water/acetic 6.6-45.3 mg/ Ultrasphere ODS Gradient HPLC-PDA henolic compound ~ Antioxidant activi [173]
(2011) Pg-3-rut; Pg-3-  acid-70:29.5:0.5 0/v 100 g FW (250 x 4.6 mm, 5 um) program 520 nm phenoiic compounds oxidant activity -
. in strawberry fruits
malonyl-glc;
Pg-3-acetyl-glc
. Evaluation of
Cy-3—glcf . freezing and thawing
S Pg-3-glc; e Sunfire C18 .
146 trawberry Pg-3-rut; Pg-3- acidified methanol 269.2-559.4 mg/ (250 % 4.6 mm, Gradient HPLC-DAD-MS methods on ~ Antioxidant activity [172]
(2012) ! (0.1% HCl v/v) 100 g DW : ’ program 520 nm strawberry
malonyl-glc; 5 pum) h . d
Pg-derivative; anthocyanin an
! color stability
Cy-3-glc; .
. Lichrocart C18 . . .
Strawberry Pg-3-glc; acetone/water/acetic 14.6-34.3 mg/ Gradient HPLC-DAD-MS Bioactive compounds ~ P .
147 (2013) Pg-3-rut; Pg-3- acid-70:29.5:0.5 v/v 100 g FW (2505 x4 ;nm, program 520 nm from strawberries Antioxidant activity [166]
malonyl-glc; Hm,
Cy-3-glc; Influence of PPO
Pg-3-glc; . Sunfire C18 . inhibitors on
148 Strawberry Pg-3-rut; Pg-3- ac1d1fied methanol 4.7-31.7 mg/ (250 x 4.6 mm, Gradient HPLC-DAD-MS strawberry ) Antioxidant activity [167]
(2013) . (0.1% HCl v/v) 100 g FW program 520 nm .
malonyl-glc; 5 pum) anthocyanin and
Pg-derivative; color stability
Assessment of Forward
Cy-glycosides; methanol Zorbax SB-C18 . differences in Linear
149 Strgg}’;rry Pg-glycosides; containing 212i%675%6‘/\r,“g/ (250 x 4.6 mm, Grrgdrlsgf HPL;'(? I‘?TE'MS phenolic Discriminant - [171]
acyl-glycosides; 1%HClv/v & 5 pum) prog compositions of Analysis
strawberry cultivars (LDA)
Cy-3-rut; . Phenolic composition
’ Lichrocart RP-18 . Sk
150  Strawberry Pg-3-glc; - 407.8 mg/100 g DW (250 x 4.6 mm, Gradient HPLC-DAD and antioxidant - Antioxidant activity [97]
(2016) pg-3-rut; 5um) program 520 nm activity of
Pn-3-rut; pm, different berries
Anthocyanin content
. and physicochemical
151 Strawberry Cy-3-glc; acidified methanol 11-49.3 mg/ Ig’;és;l ?]635_3 Gradient HPLC-DAD properties of ~ B [168]
(2020) Pg-3-glc; (0.1% HCl v/v) 100 g FW N program 520 nm strawberry cultivars

5 pm) in anthocyanin

content rich
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Table 4. Cont.

Acai (E. oleracea)

Conditions

# Source (Year) Anthocyanins Extraction Solvent % Yield Detection Method Purpose of Analysis  Chemometrics Pharmacological [Ref]
Stationary Phase Mobile Phase Activity
Simultaneous
determination of
Fresh fruits of Strawberries: EtOH: water anthocyanins in
152 strawberries (ijya—?)-gh.x; (7:3‘21/. 1{) mixture Strawberries: Synergi Polar RP-18 Gradient LC-ESI-MS/MS blueberFy, strawber_ry ~ B [136]
g-3-rut; acidified with 20 mg/100 g FW (250 x 4.6 mm, 4 pum) program and their commercial
(2022) P ’ o ]
g-3-glu; 1.5% HCI products using

HPLC-MS/MS
analysis
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The highest levels of delphinidin derivatives are found in blackcurrant (392 mg/100 g),
while the highest levels of peonidin derivatives are found in American cranberry
(36 mg /100 g). Pelargonidin is principally found in strawberries and is mainly present as
Pg-3-glc and Pg-3-(6-suc-glc) (total 58 mg /100 g). The anthocyanins in strawberries were
characterized by LC using DAD and ESI-MS, and 15 compounds were identified [77]. A
more complex anthocyanin profile is found in blueberries. Twenty-five different antho-
cyanins were identified in the highbush and the lowbush varieties of blueberries [217].
Polyphenol content is generally higher in lowbush than in highbush blueberries [217,218].
The major anthocyanins in blueberries are conjugated forms of malvidin (respectively
76 and 48 mg/100 g in lowbush and highbush blueberry), delphinidin (46 mg/100 g in
both lowbush and highbush blueberry), petunidin (29 mg/100 g in both lowbush and
highbush blueberry) and cyanidin (24 and 9.9 mg/100 g in lowbush and highbush blue-
berry, respectively). Some acetylated anthocyanins have been detected in lowbush and
highbush cultivars, but are absent in others [106,217-219]. Table 5 shows the anthocyanin
content of commonly consumed berries and fruits using various analytical methods. Many
factors, including the geographic location, environmental factors, genotypes, growing and
collection season, cultivar, ripening stage, processing, storage conditions, extraction solvent,
time, and temperature influence the total content and yields of anthocyanins.

Table 5. Total anthocyanin content of commonly consumed berries and fruits using analytical

methodologies.
Content *
Source (mg/100 g) References
Acai (Euterpe oleracea Mart.) 48.9-303.7 (FW) [84,88,91,93,95,96]

10-3410 (DEW)

Black Goji berry or black wolfberry (Lycium

ruthenicum Murray)

930-5826 (DW)
343-525 (FW)
tr-380 (DEW)

[148,149,183,184,198]

Raspberry (red) (Rubus idaeus)

0.1-133.9 (FW)
76.2-365.2 (DW)
336-1030 (DEW)

[89,97,102,105,113,132,152,153,159-161]

Raspberry (black) (Rubus occidentalis)

381-541.3 mg/100 mL puree

2885-11109 (DEW) (132,150]

0.4-84 (FW)

Strawberry (Fragaria x ananassa) 97.5-758.6 (DW) [97,105,113,136,151-153,166-168,171-173]
520 (DEW)

Cranberry (Small and large)

American large cranberry 78-430 (DW) [189]

(Vaccinium macrocarpon Aiton)

European small cranberry
(Vaccinium oxycoccus L)

40.7-360 (FW)

397 (DW) [105,106,162]

Bilberry (Vaccinium myrtillus)

104-2025.6 (FW)

2208-7465 (DW) [87,92,100,105,107,113,120,204]

Blueberry (highbush and low bush)

77.5-820 (FW)

558.3-1188.3 (DW) [83,97,102,113,136,153]

1020 (DEW)
lowbush blueberry 110-725 (FW)
(Vaccinium angustifolium Aiton) 2400 (DEW) [106,109,110]
highbush blueberry 42-6720 (FW)

(Vaccinium corymbosum L.)

30-2800 (DEW)

[108,112,115,116,118,120,129,138]

Black Elderberry (Sambucus nigra L.)

391-1816 (FW)

[147,163,182,216]

Black Mulberry (Morus nigra)

125.3-1610 (DEW)

[113,146]
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Table 5. Cont.

Source

Content *
(mg/100 g)

References

Blackberry (Rubus fruticosus L.)

97.7-647 (FW)
192.4-1010 (DW)
547-27230 (DEW)

[83,86,89,97,99,101,102,113,132,202]

Black Chokeberry (Aronia melanocarpa Elliott)

249-737 (FW)
1041 (DW)

[105,155]

Blackcurrant (Ribes nigruim)

130-586.6 (FW)
756-1064 (DW)

[105,107,113,118]

2100 (DEW)
. 401-768.2 (FW)
Black crowberry (Empetrum nigrum) 2473-4180 (DW) [105,113,156]
e 2.4-710 (FW)
Grapes (red peel) (Vitis vinifera L.) 700-56470 (DEW) [79,157,165,185-187]
Apples (red peel) (Malus domestica) 11-26.1 (FW) [85,90]
Sweet cherry (Prunus avium L.) 0.3-642.5 (FW) [140-142,144,145,202]
Plum (red and black peel) (Prunus domestica) 12.9-161.4 (FW) [199]

Pomegranate (Punica granatum L. Cv Ermioni)

nd-344.1 (FW)
7.9-44.7 (DW)

[175,179,180,201,207,208]

Peach (yellow peel) (Prunus persica)

0.5-33.6 (FW)

[199,205]

* FW: fresh weight; DW: dry weight; DEW: dry extract weight. The variations in yields might be due to

geographic location, environmental factors, genotypes, collection season, cultivar, ripening stage, processing, and
storage conditions. High concentrations of anthocyanins were present in the peel, in some also in the fruit flesh
(e.g., bilberry), and ripened fruit as the accumulation of anthocyanins begins at the onset of ripening. Most of
these total anthocyanins were expressed as Cy-3-glc equivalents.

Analyzing the anthocyanins in fruit or berries before use in the food processing (juice,
wine, jam, etc.) industry or in dietary supplements will allow better decision-making and
improve the quality. Without having analytical data on composition, the end product will
leave a detrimental impact on quality, and sometimes these analytical results will help
to make correct harvesting and selection decisions. Figure 3A shows the contributions
according to analytical methods and Figure 3B shows the contributions according to the
fruit/berries determined using five different analytical techniques. Based on these pie
charts, the LC is widely used and an advisable choice. Among the most studied berries/fruit
were blueberry (17%), raspberry (11%) and red grape (12%).

[A]

H HPTLC CE

LC mNMR mIR

Figure 3. Cont.
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Figure 3. Published literature on anthocyanin analysis of fruits and berries between 2000 and
2022. (A) Contributions according to analytical methods. (B) Contributions according to the
fruit/berries investigated.

5. Adulteration Issues of Processed Food or Dietary Supplements

Anthocyanins, found in fruits and berries, such as pomegranates, red grapes and
wine, blueberry, cranberry, bilberry, elderberry, raspberry, and mulberry, have led to
the possibility of deliberate adulteration with similar but less expensive fruit/berries
(economically motivated adulteration) or synthetic ingredients, dilution with water, the
addition of sugar solution, citric or tartaric acids, mislabeling the botanical or geographical
origin, or addition of colorants which may not provide the desired beneficial health effects.
These are widely marketed as foods, juices, and food or dietary supplements with the
quality content of anthocyanins depending on storage, purification, and processing.

The increase in demand exceeding the supply makes these products vulnerable to adulter-
ation. Overall, adulteration impacts the product’s quality, deceives consumers, and sometimes
may involve health risks as the undeclared chemical constituents might interfere with medica-
tion and cause allergic reactions or other adverse effects. Different chemical methods have
been reported for adulterating commercial herbal products sold in different countries.

The most important sources of beneficial anthocyanins are bilberry, elderberry, choke-
berry, tart cherries, etc. Because of the growing interest and demand for berry-based
extracts, supplements, and products, there has been a dire need for efficient quality con-
trol measures to ensure the authenticity of the anthocyanin sources and contents in these
products and to verify label claims for compliance. The most common method used in
the nutritional food supplement industry is quantifying the total anthocyanins in these
raw materials spectrophotometrically at 520 nm at a controlled pH [220,221]. Spectropho-
tometric determination of total anthocyanins without hydrolysis is commonly adapted
and practiced because of its relatively milder conditions, rapidness, and cost-effective
nature [221]. This method works very well where an estimation is needed rather than an
accurate quantification. Therefore, such a method is an excellent tool for rapid screening of
total anthocyanin contents in fruits and vegetables. Spectral similarities in the majority of
anthocyanins makes this determination relatively feasible, and the anthocyanin reported as
“external standard equivalents” in most cases is “Cy-3-glc”.

The full-text articles were assessed and screened based on the inclusion and ex-
clusion criteria (1) herbal products or commercial extracts, (2) the analyzed products
(juice/concentrate, jam, supplements, wine) have to be either purchased or bought but
excluded the samples obtained cost-free or as gifts, (3) “authentic” or “adulterated” had
to be present for the analyzed studies, (4) analysis using a chemical method, (5) papers
published in other than English were not referenced in this review and finally (6) papers
using the ‘prepared adulterants” were not discussed. A total of 27 relevant articles related to
adulteration or authentication that fit the inclusion and exclusion criteria were considered
and summarized accordingly. Most of the products were reported to be authentic (60-75%),
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but more than a quarter proved to be adulterated (25-30%) based on the botanical identity
of their content compared to the ingredients stated on the labels. Anthocyanin profiles
have been successfully used in quality control since specific berries have their typical
anthocyanin profiles. The use of multiple techniques and markers in the authentication is
necessary to achieve the highest possible certainty level and to combat fraudulent practices.

Most of the berry-containing products (bilberry, elderberry, acai, strawberry, pomegranate,
raspberry, blueberry, and cranberry) are widely marketed as food, juice, jam, concentrate,
and as dietary supplements. Apart from their anthocyanin profiles, the anthocyanin com-
position may also be altered during processing and storage. For example, marked changes
and degradation of anthocyanins were observed during the processing of blueberries and
strawberries into juices and concentrates [222,223]. The extent of degradation is larger in
concentrates than in juices. In particular, enzymatic processing may alter anthocyanin pro-
files [224], and the quality content of anthocyanins from juices, jams, or other preparations
depends on storage, purification, and processing.

Anthocyanins may be used as qualitative and quantitative markers in the authenticity
of fruit or berry-based products. However, using anthocyanin profiles to determine au-
thenticity will be complicated if the product contains multiple fruits with unknown ratios.
The chemical profiles of anthocyanins derived from specific berries or fruits have been
employed as references to identify and authenticate a blend of berries or anthocyanin-rich
fruits using various chromatographic techniques (Table 6).

In the present review, the detection of adulteration was established using different
techniques including FTIR spectroscopy (n = 2), thin-layer chromatography (TLC, n = 1),
NMR (n = 2), high-performance liquid chromatography with UV and (or) MS (HPLC,
n =17), or with chemometric analysis (n = 6). The advantages of these methods depend on
the presence of specific markers that might be present in either adulterant or pure samples.
HPLC is the most useful and commonly used technique for analyzing anthocyanins. NMR,
IR, TLC, and CE applications to assess authenticity or detect adulteration of fruits and fruit-
containing products are limited to liquid samples such as juices, extracts and supplements.

Penman et al. [225] found a synthetic dark red-blue dye, amaranth, in commercial
bilberry extracts with the color being similar to the color of bilberry extracts. The adulterant
was identified using HPLC-MS and NMR. Cassinese et al. [226] studied bilberry extract
products using LC-MS and reported that only 15% of 40 finished bilberry products met
the stated label claims for anthocyanin (ACN) content, and 10% were devoid of ACNs.
25% of the extracts differed from that of the typical bilberry, and some of these exhibited
a higher content of anthocyanidins, which is an index of ACN degradation due to incor-
rect processing or storage conditions. Thus, ACN identification is critical in adulteration
studies and in evaluating the quality of crude and processed food. This study also showed
that 8 of 15 (USA), 2 of 2 (Italy), 1of 1 (Malaysia), O of 20 (Japan) were adulterated with
berries different from V. myrtillus and found differences in marked compositions. A sim-
ilar compliance study was conducted by Artaria et al. [227], using the same HPLC-UV
method. In this study it was found that 5 of 10 commercial supplements containing bilberry
extracts were noncompliant under the labeling-compliance terms for anthocyanin con-
tent. Gardana et al. [228] analyzed quality of bilberry fruit as well 14 extracts, 6 juices and
6 finished products containing bilberry from different marketplaces and herbalists” shops
using LC-DAD-MS. A total of 15 anthocyanins were identified, and used for quality control
purposes. Anthocyanidins were not detected in any of the samples analyzed. About 50%
of these extracts differed significantly from the authentic bilberry, suggesting possible adul-
teration. About 60% of the extracts and 33% of the food supplements differed significantly
from the authentic bilberry containing lower anthocyanin content than declared suggesting
possible adulterations mainly with mulberry and chokeberry extracts. Gardana et al. [229]
studied bilberry products from different producers using HPLC-DAD and FT-NIR/PCA
for anthocyanins and their aglycones. Six of 71 products were adulterated with antho-
cyanins extracted from other berries (black mulberry, chokeberry, blackberry). The content
of anthocyanins in these bilberry extracts was in the range from 18 to 34%. The same author
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in year 2020 [230] studied 17 cranberry commercial extracts and ten supplements. Based on
cranberry markers and PCA, four extracts and six food supplements were not compliant;
one extract seemed adulterated with M. nigra (black mulberry) and two with Hibiscus using
UPLC-DAD-orbitrap-MS-PCA. Gasper et al. [231] investigated fresh/dried bilberries and
dietary supplements using HPLC fingerprinting, LC-MS and TLC. The majority (91%) of
dried bilberries from different sources were of good overall quality but dietary supplements
revealed major problems, with 45% of unacceptable quality (e.g., bilberry-free products,
nearly anthocyanin/tannin-free products, and samples being falsified with anthocyanins
from other sources). Three bilberry juice samples were shown to have good quality.

Turbitt et al. analyzed cranberry products from different vendors using 'H-NMR and
identified them to be adulterated with extracts from other plant species [41]. Mannino
et al. studied cranberry extract products using HPLC-UV /Vis and orbitrap LC-MS, and
found that 19 of 24 products were adulterated, possibly due to the misidentification of the
raw materials [232]. Zhang et al. reported the adulteration of blueberry and cranberry
juices with apple and grape juices at a 10% addition level using LC-QToF-MS based on
eighteen characteristic markers and OPLS-DA predictive mode. The results demonstrated
that metabolomics coupled with chemometric tools and global databases have potential as
a reliable analytical method for food authentication [233].

Lee [234] studied Vaccinium supplements using HPLC and found that 14 of 45 products
available as dietary supplements did not contain the fruit listed as ingredients. Six supplements
contained no anthocyanins. Five others had contents differing from labeled fruit (e.g., bilberry
capsules containing Andean blueberry fruit). Of the samples that did contain the specified fruit
(n = 27), anthocyanin content ranged from 0.04 to 14.37 mg per 5.0 g of either capsule, tablet,
or teaspoon. Lee analyzed Rosaceae (strawberry, cherry, blackberry, red raspberry, and black
raspberry) dietary supplements (total n = 74) to determine their anthocyanin concentrations
and profiles using HPLC-UV [235]. Lee studied black raspberry products and found seven of
the 19 products contained no anthocyanins from black raspberry fruit using HPLC-DAD-MS.
Five of the 33 dietary supplements contained no detectable anthocyanins, and another three
were adulterated with anthocyanins from unlabeled sources [236].

Elderberries produce a small blue-black fruit typically made into jellies, jam, juice, wine
or other processed products and rarely eaten fresh. Red and yellow fruits were generally not
consumed; elderberry leaf, bark, and raw unripe fruits are suspected to contain cyanogenic
glycosides as toxins and should not be consumed. The popularity of elderberry dietary
supplements continued to rise during the COVID-19 pandemic due to their perceived
immunomodulatory and antiviral activities. The surge in popularity of elderberry extracts
and dietary supplements, combined with supply shortages and increased raw material
costs, has created a situation in which some suppliers attempt to gain an unfair market
advantage by selling low-quality or adulterated elderberry extracts. The most common
adulterant appears to be black rice extract, but other unidentified materials are also used
as adulterants. While the taxonomic status of American elderberry (S. canadensis) and
European elderberry (S. nigra) is a matter of scientific debate, the two species can be
distinguished based on their anthocyanin profiles. No mislabeling of European elderberry
with American elderberry, or vice versa, was observed in commercial bulk extracts or
finished products [237]. This report is based on data collected from elderberry suppliers,
manufacturers, and contract analytical laboratories and provides evidence that adulteration
of elderberry extracts is quite common and that suitable quality control methods are needed
to properly authenticate elderberry extracts. Moreover, all processed elderberry samples
as a juice, concentrate, natural colorant, and dietary supplements were produced from
S. nigra. In another study using the UHPLC-PDA-MS method [182] involving 31 dietary
supplements showed that more than 60% of the dietary supplements claiming to contain
European black elderberry differed significantly from the authentic elderberry anthocyanin
profile suggesting adulterations with black rice, purple carrot, and the flower of S. nigra.
On the contrary, some papers suggest that elderberry extracts themselves have been used
as adulterants, as undeclared color additives in wine or bilberry extracts [238,239].
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Table 6. Summary of analytical methods for determining the adulteration of fruit/berries and fruit/berries food-based products concerning anthocyanins.

No. Fruit/Berry Type Analytical Method Chemometrics Adulterants/Contaminants Ref
1 Bilberry Extract HPLC-MS, NMR — Amaranth/Red dye#2 [225]
2 Bilberry Supplements HPLC-UV-MS - - [226]
3 Bilberry Supplements HPLC-UV-MS - - [227]

. Black mulberry,
4 Bilberry Supplements HPLC-DAD, FT-NIR/PCA + chokeberry, blackberry [229]
5 Cranberry Extracts and supplements UPLC-DAD-MS + Black mulberry, Hibiscus [230]
6 Bilberry Fresh/Dried and LC-MS and TLC . ; [231]
Dietary supplements
7 Cranberry Supplements 'H-NMR - - [41]
Blueberry/ . -
8 cranberry Juices LC-QToF-MS + Apple and grape juices [233]
9 Bilberry Supplements HPLC-UV - Andean blueberry fruit [234]
Strawberry, Cherry, Blackberry,
10 Red raspberry Supplements HPLC-UV - - [235]
11 Black raspberry Supplements HPLC-DAD-MS — Blackberry [236]
12 Black elderberry Supplements UHPLC-PDA-MS - Black rice, plz)rfp;e ;;:;t and flower [182,237]
13 Red grape Wine HPLC - Elderberry [238]
14 Pomegranate Juice UPLC-QToF + Apple and red grape juice [240]
15 Pomegranate Juice HPLC-PDA - Apple, pear, grape, sour cherry, [241]
plum, or Aronia juice
. : _ Apple, Pear, Cherry, Grape, )
16 Pomegranate Juice HPLC-PDA Blackberry, Grape skin or Aronia [242]
17 Pomegranate Juice FTIR + Grape juice [243]
18 Pomegranate Juice UV-Vis + Apple juice [244]
19 Pomegranate Juice HPLC - Grape, Sour cherry and apple juice [245]
20 Raspberry and Blackcurrant Juice HPLC-DAD - Strawberry and Redcurrant juices [246]
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Pomegranate fruit/juice is one of the most popular fruit juices, is well-known as a
“superfood”, and plays an important role in healthy diets. Six anthocyanin pigments (major
compounds (Dp-3,5-diglc, Dp-3-glc, Cy-3,5-diglc, Cy-3-glc), and minor ones
(Pg-3,5-diglc, and Pg-3-glc)) are responsible for the red-purple color of pomegranate juice
(P]). Dasenaki et al. [240] developed a metabolomics approach using UHPLC-QToF-MS
with chemometric tools for tracing the adulteration of pomegranate juice with apple and red
grape juice. Zhang et al. [241] developed an international multi-dimensional authenticity
specifications algorithm for distinguishing pure pomegranate juice and studied 45 juices
from different manufacturers in the USA using HPLC-PDA. Krueger [242] studied the
profiles of 793 pomegranate juices for authentication purposes and identified 477 juice
samples that were found to be authentic based on consistent anthocyanin patterns and
other compounds. Vardin et al. [243] applied FTIR spectroscopy in combination with a
chemometric technique to detect the adulteration of pomegranate juice with grape juice.
The main difference corresponds to C=0 stretching found in the characteristic region of
1780-1685 cm ! in IR spectroscopy. Pappalardo [244] studied the adulteration of pomegranate
fruit juice with less expensive apple juice using UV-Visible spectroscopy with chemometrics.
In another study, Ttirkyi1lmaz [245] showed a significant difference in the total monomeric
anthocyanin contents using HPLC of pomegranate juice samples, ranging from 28 to 447 mg
anthocyanins/L of juice. These differences may be due to variety or adulteration with
grape, sour cherry, and apple juices.

Stoj A et al. [246], using an HPLC method, studied comparative analysis of juices
from selected berries and found that the differences in anthocyanin composition will help
detect adulterations of expensive raspberry and blackcurrant juices with less expensive
strawberry and red currant juices. Pg-3-glc and Cy-3-xyl-rut were the main anthocyanins
in strawberry and red currant juices, respectively, independent of variety. These were not
identified in raspberry and blackcurrant juices, in which Cy-3-sop as well as Dp-3-rut and
Cy-3-rut were the main anthocyanins.

Finally, developing innovative technical methods involving accuracy and lowering
costs, should contribute to effectively resolving ongoing adulteration issues.

6. Health-Promoting Effects of Anthocyanins

Numerous in vitro, in vivo and clinical studies suggest that anthocyanins were posi-
tively implicated in human health. They exert different biological activities and suggested
that the consumption of processed food or other formulations rich in these compounds
may be correlated with antidiabetic [247,248], anti-obesity effects [247,249,250] as well as
in preventing and inhibiting cancer growth [251-253]. Epidemiologic data substantiate
the link between high consumption of anthocyanin-rich berries, fruits and vegetables and
lowering the risk for cardiovascular disease [254]. Anthocyanins were reportedly involved
in reduction of platelet aggregation in vitro, augmenting the endothelial function and
conferring vascular protection. Anthocyanidins (aglycones of anthocyanins) extracted
from V. myrtillus (bilberry) were reported to play a role in maintaining normal capillary
structure [255]. Anthocyanins exhibited high antioxidant capacity which was reportedly
involved in the induction of antioxidant enzymes, such as superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx) [256,257]. These enzymes are part of the
endogenous defense system that protects cells from oxidative damage caused by ROS. An-
thocyanins were also reported to activate the Nrf2—-ARE signaling pathway, which reduces
inflammation-associated disorders and atherosclerosis [258]. The neuroprotective effect
of anthocyanins has been recently evaluated in different neural cell lines. Further, many
anthocyanin-rich fruits comprising pomegranates, cranberries, cherries, and blueberries
exhibited the ability to inhibit neuronal enzymes including monoaminoxidase A, acetyl-
cholinesterase, and tyrosinase [1]. In connection to cognitive function, neuroprotective
factors were recently identified and reduced the risk of cognitive impairment in aging [259].
Myriad evidence has shown the health benefits of anthocyanins on memory and cogni-
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tion, as well as their neuroprotective effects in neurodegenerative disorders including
Alzheimer’s disease [260].

7. Concluding Remarks

Anthocyanins occur prevalently in plants in combination with other polyphenols
including different subclasses of flavonoids and phenolic acids. Additionally, the so-called
anthocyanin-rich berries and fruits that were subjected to clinical trials for verifying their
health-improving or medicinal effects most probably contain other polyphenolic com-
pounds, though anthocyanins might be the major components. The coexisting polyphenols
may interact in a synergistic or antagonistic way with anthocyanins and could serve as
stabilizers or solubility enhancers. Thus, the outcomes of the clinical trials cannot be
entirely attributed to the anthocyanins, and that adversely affects the rigor and integrity
of these trials. Anthocyanin content and chemical composition in berries and fruit differ
qualitatively and quantitatively from one species to another, and berries/fruit of the same
species may show different content and chemical compositions if collected from different
geographic regions.

The most widely used extraction solvents for anthocyanins are aqueous acetone,
methanol, and ethanol. A variety of methods can achieve the qualitative and quantitative
determination of anthocyanins. Currently, LC-DAD and LC-MS are the most popular and
reliable methods for analyzing these compounds. The use of LC-DAD in combination
with MS is an outstanding tool for the rapid separation, identification, and quantification
of anthocyanins, taking advantage of the chromatographic and spectral characteristics of
the LC system and the resolution and separation by mass fragments of MS. However, MS
data do not give detailed and conclusive structural information, especially when isomeric
compounds, such as cis and trans conformers, are studied. In such cases, the combination
of both MS and NMR spectroscopies leads to unequivocal identification of the individual
anthocyanins. NMR and MALDI-ToF-MS are very powerful and extremely sensitive
techniques for the structure characterization of anthocyanins; however, both techniques
are costly and require experienced and skilled operators, which limits their application
and exploitation. In addition, integrating two or more methods, especially fingerprint
comparison with HPLC and/or HPTLC analysis, can also improve the reliability of work
and the quality aspect of berry/fruit products. Moreover, coupling spectroscopic and
imaging tools with non-thermal methods is also an available option in future studies.

Author Contributions: Conceptualization, B.A.; Formal analysis, B.A., A.G.C., KK, AG.O.and Z.A,;
Investigation, B.A., A.G.C., A.G.O.,,KK. and Z.A,; Data curation, B.A., A.G.C,, AG.O,KK, ZA. and
S.J.A.; Writing—original draft preparation, B.A., KK., A.G.O., Z.A. and S.J.A.; Writing—review and
editing, B.A., A.G.C., A.G.O. and Z.A; Supervision, . A.K. and B.A.; Funding acquisition, I.A.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This research is supported in part by “Science Based Authentication of Botanical Ingredi-
ents” funded by the Center for Food Safety and Applied Nutrition, US Food and Drug Administration
grant number 5U01FD004246, and “Discovery and Development of Natural Products-Based Pesti-
cides and Pharmaceuticals” funded by the United States Department of Agriculture, Agricultural
Research Service, Specific Cooperative Agreement No. 58-6060-1-001.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Jeff Solomon for his support, native English
proofreading and language editing.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2023, 28, 560 54 of 64

References

1.  Casedas, G; Les, F; Lopez, V. Anthocyanins: Plant pigments, food ingredients or therapeutic agents for the CNS? A mini-review
focused on clinical trials. Curr. Pharm. Des. 2020, 26, 1790-1798. [CrossRef] [PubMed]

2. Indo, H.P; Yen, H.-C.; Nakanishi, I.; Matsumoto, K.-i.; Tamura, M.; Nagano, Y.; Matsui, H.; Gusev, O.; Cornette, R.; Okuda, T.
A mitochondrial superoxide theory for oxidative stress diseases and aging. |. Clin. Biochem. Nutr. 2015, 56, 1-7. [CrossRef]
[PubMed]

3.  Fang, ]. Classification of fruits based on anthocyanin types and relevance to their health effects. Nutrition 2015, 31, 1301-1306.
[CrossRef] [PubMed]

4. Yang, L.; Wen, K.-S.; Ruan, X.; Zhao, Y.-X.; Wei, E; Wang, Q. Response of plant secondary metabolites to environmental factors.
Molecules 2018, 23, 762. [CrossRef] [PubMed]

5. Li Y;Kong, D.; Fu, Y,; Sussman, M.R.; Wu, H. The effect of developmental and environmental factors on secondary metabolites
in medicinal plants. Plant Physiol. Biochem. 2020, 148, 80-89. [CrossRef] [PubMed]

6. Alam, M.; Islam, P.; Subhan, N.; Rahman, M.; Khan, F.; Burrows, G.E.; Nahar, L.; Sarker, S.D. Potential health benefits of
anthocyanins in oxidative stress related disorders. Phytochem. Rev. 2021, 20, 705-749. [CrossRef]

7. Shimizu, S.; Matsushita, H.; Morii, Y.; Ohyama, Y.; Morita, N.; Tachibana, R.; Watanabe, K.; Wakatsuki, A. Effect of anthocyanin-
rich bilberry extract on bone metabolism in ovariectomized rats. Biomed. Rep. 2018, 8, 198-204. [CrossRef]

8.  Ye, ]; Meng, X.; Yan, C.; Wang, C. Effect of purple sweet potato anthocyanins on -amyloid-mediated PC-12 cells death by
inhibition of oxidative stress. Neurochem. Res. 2010, 35, 357-365. [CrossRef]

9. He, J,; Giusti, M.M. Anthocyanins: Natural colorants with health-promoting properties. Annu. Rev. Food Sci. Technol. 2010,
1, 163-187. [CrossRef] [PubMed]

10. Speciale, A.; Anwar, S.; Canali, R.; Chirafisi, J.; Saija, A.; Virgili, F.; Cimino, F. Cyanidin-3-O-glucoside counters the response to
TNF-alpha of endothelial cells by activating Nrf2 pathway. Mol. Nutr. Food Res. 2013, 57, 1979-1987. [CrossRef]

11. Parrado-Fernandez, C.; Sandebring-Matton, A.; Rodriguez-Rodriguez, P.; Aarsland, D.; Cedazo-Minguez, A. Anthocyanins
protect from complex I inhibition and APPswe mutation through modulation of the mitochondrial fission/fusion pathways.
Biochim. Et Biophys. Acta (BBA)-Mol. Basis Dis. 2016, 1862, 2110-2118. [CrossRef]

12.  Smeriglio, A.; Barreca, D.; Bellocco, E.; Trombetta, D. Chemistry, pharmacology and health benefits of anthocyanins. Phytother.
Res. 2016, 30, 1265-1286. [CrossRef]

13. Bergland, A.K.; Soennesyn, H.; Dalen, I.; Rodriguez-Mateos, A.; Berge, R.K,; Giil, L.M.; Rajendran, L.; Siow, R.; Tassotti, M.;
Larsen, AL Corrigendum: Effects of Anthocyanin Supplementation on Serum Lipids, Glucose, Markers of Inflammation and
Cognition in Adults With Increased Risk of Dementia—A Pilot Study. Front. Genet. 2021, 12, 678504. [CrossRef]

14.  Zhang, P-W.; Chen, F-X,; Li, D.; Ling, W.-H.; Guo, H.-H. A CONSORT-compliant, randomized, double-blind, placebo-controlled
pilot trial of purified anthocyanin in patients with nonalcoholic fatty liver disease. Medicine 2015, 94, €758. [CrossRef]

15. Wada, L.; Ou, B. Antioxidant Activity and Phenolic Content of Oregon Caneberries. J. Agric. Food Chem. 2002, 50, 3495-3500.
[CrossRef]

16. Prior, R.L.; Wu, X. Analysis Methods of Anthocyanins. In Analysis of Antioxidant-Rich Phytochemicals; John Wiley & Sons Ltd.:
West Sussex, UK, 2012; pp. 149-180.

17. Kong, J.-M.; Chia, L.-S.; Goh, N.-K,; Chia, T.-F; Brouillard, R. Analysis and biological activities of anthocyanins. Phytochemistry
2003, 64, 923-933. [CrossRef]

18. De Pascual-Teresa, S.; Sanchez-Ballesta, M.T. Anthocyanins: From plant to health. Phytochem. Rev. 2008, 7, 281-299. [CrossRef]

19. Borkowski, T.; Szymusiak, H.; Gliszczyriska-Swiglo, A.; Tyrakowska, B. The effect of 3-O-3-glucosylation on structural transfor-
mations of anthocyanidins. Food Res. Int. 2005, 38, 1031-1037. [CrossRef]

20. Wang, B.; He, R.; Li, Z. The Stability and Antioxidant Activity of Anthocyanins from Blueberry. Food Technol. Biotechnol. 2010,
48,42-49.

21. Weber, E; Larsen, L.R. Influence of fruit juice processing on anthocyanin stability. Food Res. Int. 2017, 100, 354-365. [CrossRef]

22. Patras, A; Brunton, N.P.; O'Donnell, C.; Tiwari, B.K. Effect of thermal processing on anthocyanin stability in foods; mechanisms
and kinetics of degradation. Trends Food Sci. Technol. 2010, 21, 3-11. [CrossRef]

23. Gradinaru, G,; Biliaderis, C.G.; Kallithraka, S.; Kefalas, P.; Garcia-Viguera, C. Thermal stability of Hibiscus sabdariffa L. anthocyanins
in solution and in solid state: Effects of copigmentation and glass transition. Food Chem. 2003, 83, 423-436. [CrossRef]

24. Markakis, P; Jurd, L. Anthocyanins and their stability in foods. C R C Crit. Rev. Food Technol. 1974, 4, 437-456. [CrossRef]

25.  Fleschhut, J.; Kratzer, F.; Rechkemmer, G.; Kulling, S.E. Stability and biotransformation of variousdietary anthocyanins in vitro.
Eur. J. Nutr. 2006, 45, 7-18. [CrossRef]

26. Seeram, N.P; Bourquin, L.D.; Nair, M.G. Degradation Products of Cyanidin Glycosides from Tart Cherries and Their Bioactivities.
J. Agric. Food Chem. 2001, 49, 4924-4929. [CrossRef]

27.  Quina, E; Moreira, P.; Giongo, C.; Rettori, D.; Rodrigues, R.; Freitas, A.; Silva, P.; Macanita, A. Photochemistry of anthocyanins
and their biological role in plant tissues. Pure Appl. Chem 2009, 81, 1687-1694. [CrossRef]

28. Ongkowijoyo, P.; Luna-Vital, D.A.; Gonzalez de Mejia, E. Extraction techniques and analysis of anthocyanins from food sources
by mass spectrometry: An update. Food Chem. 2018, 250, 113-126. [CrossRef]

29. Julia, M.; Maria José, N.; Ana Maria, J.-M.; Agustin, G.A. Anthocyanin Pigments: Importance, Sample Preparation and Extraction.

In Phenolic Compounds; Marcos, S.-H., Mariana, P-T., Maria del Rosario, G.-M., Eds.; IntechOpen: Rijeka, Croatia, 2017.


http://doi.org/10.2174/1381612826666200127093701
http://www.ncbi.nlm.nih.gov/pubmed/31985367
http://doi.org/10.3164/jcbn.14-42
http://www.ncbi.nlm.nih.gov/pubmed/25834301
http://doi.org/10.1016/j.nut.2015.04.015
http://www.ncbi.nlm.nih.gov/pubmed/26250485
http://doi.org/10.3390/molecules23040762
http://www.ncbi.nlm.nih.gov/pubmed/29584636
http://doi.org/10.1016/j.plaphy.2020.01.006
http://www.ncbi.nlm.nih.gov/pubmed/31951944
http://doi.org/10.1007/s11101-021-09757-1
http://doi.org/10.3892/br.2017.1029
http://doi.org/10.1007/s11064-009-0063-0
http://doi.org/10.1146/annurev.food.080708.100754
http://www.ncbi.nlm.nih.gov/pubmed/22129334
http://doi.org/10.1002/mnfr.201300102
http://doi.org/10.1016/j.bbadis.2016.08.002
http://doi.org/10.1002/ptr.5642
http://doi.org/10.3389/fgene.2021.678504
http://doi.org/10.1097/MD.0000000000000758
http://doi.org/10.1021/jf011405l
http://doi.org/10.1016/S0031-9422(03)00438-2
http://doi.org/10.1007/s11101-007-9074-0
http://doi.org/10.1016/j.foodres.2005.02.020
http://doi.org/10.1016/j.foodres.2017.06.033
http://doi.org/10.1016/j.tifs.2009.07.004
http://doi.org/10.1016/S0308-8146(03)00125-0
http://doi.org/10.1080/10408397409527165
http://doi.org/10.1007/s00394-005-0557-8
http://doi.org/10.1021/jf0107508
http://doi.org/10.1351/PAC-CON-08-09-28
http://doi.org/10.1016/j.foodchem.2018.01.055

Molecules 2023, 28, 560 55 of 64

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Heffels, P.; Weber, F.; Schieber, A. Influence of Accelerated Solvent Extraction and Ultrasound-Assisted Extraction on the
Anthocyanin Profile of Different Vaccinium Species in the Context of Statistical Models for Authentication. J. Agric. Food Chem.
2015, 63, 7532-7538. [CrossRef]

Mazza, G.; Cacace, J.E.; Kay, C.D. Methods of analysis for anthocyanins in plants and biological fluids. ]. AOAC Int. 2004,
87,129-145. [CrossRef]

Kirby, CW.; Wu, T.; Tsao, R.; McCallum, ].L. Isolation and structural characterization of unusual pyranoanthocyanins and related
anthocyanins from Staghorn sumac (Rhus typhina L.) via UPLC-ESI-MS, 1H, 13C, and 2D NMR spectroscopy. Phytochemistry 2013,
94, 284-293. [CrossRef]

Wyzgoski, FJ.; Paudel, L.; Rinaldi, PL.; Reese, R.N.; Ozgen, M.; Tulio, A.Z,, Jr.; Miller, A.R.; Scheerens, ].C.; Hardy, ] K. Modeling
Relationships among Active Components in Black Raspberry (Rubus occidentalis L.) Fruit Extracts Using High-Resolution 1H
Nuclear Magnetic Resonance (NMR) Spectroscopy and Multivariate Statistical Analysis. J. Agric. Food Chem. 2010, 58, 3407-3414.
[CrossRef]

Acevedo De la Cruz, A.; Hilbert, G.; Riviere, C.; Mengin, V.; Ollat, N.; Bordenave, L.; Decroocq, S.; Delaunay, J.-C.; Delrot, S.;
Meérillon, J.-M.; et al. Anthocyanin identification and composition of wild Vitis spp. accessions by using LC-MS and LC-NMR.
Anal. Chim. Acta 2012, 732, 145-152. [CrossRef]

Park, S.J.; Hyun, S.-H.; Suh, HW.,; Lee, S.-Y,; Min, T.-S.; Auh, J.-H.; Lee, H.-].; Kim, J.-H.; Cho, S.-M.; Choi, H.-K. Differentiation of
black raspberry fruits according to species and geographic origins by genomic analysis and 1TH-NMR-based metabolic profiling.
J. Korean Soc. Appl. Biol. Chem. 2012, 55, 633-642. [CrossRef]

Capitani, D.; Sobolev, A.P; Delfini, M.; Vista, S.; Antiochia, R.; Proietti, N.; Bubici, S.; Ferrante, G.; Carradori, S.;
Salvador, ER.D.; et al. NMR methodologies in the analysis of blueberries. Electrophoresis 2014, 35, 1615-1626. [CrossRef]
Goulas, V,; Minas, 1.S.; Kourdoulas, PM.; Lazaridou, A.; Molassiotis, A.N.; Gerothanassis, I.P.; Manganaris, G.A. 1H NMR
Metabolic Fingerprinting to Probe Temporal Postharvest Changes on Qualitative Attributes and Phytochemical Profile of Sweet
Cherry Fruit. Front. Plant Sci. 2015, 6, 959. [CrossRef]

Hosoya, T.; Kubota, M.; Kumazawa, S. Analysis of Anthocyanins Using NMR and Antioxidant Activity in Berries. Bunseki Kagaku
2016, 65, 321-329. [CrossRef]

Tian, Y.; Liimatainen, J.; Alanne, A.-L.; Lindstedt, A.; Liu, P; Sinkkonen, J.; Kallio, H.; Yang, B. Phenolic compounds extracted by
acidic aqueous ethanol from berries and leaves of different berry plants. Food Chem. 2017, 220, 266-281. [CrossRef]

Zielinska, A.; Siudem, P.; Paradowska, K.; Gralec, M.; KaZzmierski, S.; Wawer, I. Aronia melanocarpa Fruits as a Rich Dietary
Source of Chlorogenic Acids and Anthocyanins: 1H-NMR, HPLC-DAD, and Chemometric Studies. Molecules 2020, 25, 3234.
[CrossRef]

Turbitt, ].R.; Colson, K.L.; Killday, K.B.; Milstead, A.; Neto, C.C. Application of 1IH-NMR-based metabolomics to the analysis of
cranberry (Vaccinium macrocarpon) supplements. Phytochem. Anal. 2020, 31, 68-80. [CrossRef]

Hasanpour, M.; Saberi, S.; Iranshahi, M. Metabolic Profiling and Untargeted 1H-NMR-Based Metabolomics Study of Different
Iranian Pomegranate (Punica granatum) Ecotypes. Planta Med. 2020, 86, 212-219. [CrossRef]

Li, M.; Chen, Y.; Geng, Y.; Liu, E; Guo, L.; Wang, X. Convenient use of low field nuclear magnetic resonance to determine the
drying kinetics and predict the quality properties of mulberries dried in hot-blast air. LWT 2021, 137, 110402. [CrossRef]
Oliveira, N.L.; Silva, S.H.; Figueiredo, J.d.A.; Norcino, L.B.; Resende, J.V.d. Infrared-assisted freeze-drying (IRFD) of agai puree:
Effects on the drying kinetics, microstructure and bioactive compounds. Innov. Food Sci. Emerg. Technol. 2021, 74, 102843.
[CrossRef]

Liu, Z.-L,; Xie, L.; Zielinska, M.; Pan, Z.; Deng, L.-Z.; Zhang, ].-S.; Gao, L.; Wang, S.-Y.; Zheng, Z.-A.; Xiao, H.-W. Improvement of
drying efficiency and quality attributes of blueberries using innovative far-infrared radiation heating assisted pulsed vacuum
drying (FIR-PVD). Innov. Food Sci. Emerg. Technol. 2022, 77, 102948. [CrossRef]

Rodriguez-Pulido, EJ.; Gil-Vicente, M.; Gordillo, B.; Heredia, E]J.; Gonzalez-Miret, M.L. Measurement of ripening of raspberries
(Rubus idaeus L) by near infrared and colorimetric imaging techniques. J. Food Sci. Technol. 2017, 54, 2797-2803. [CrossRef]
Rasines-Perea, Z.; Prieto-Perea, N.; Romera-Fernandez, M.; Berrueta, L.A.; Gallo, B. Fast determination of anthocyanins in red
grape musts by Fourier transform mid-infrared spectroscopy and partial least squares regression. Eur. Food Res. Technol. 2015,
240, 897-908. [CrossRef]

Hernandez-Hierro, ].M.; Nogales-Bueno, ].; Rodriguez-Pulido, FJ.; Heredia, E]J. Feasibility Study on the Use of Near-Infrared
Hyperspectral Imaging for the Screening of Anthocyanins in Intact Grapes during Ripening. |. Agric. Food Chem. 2013,
61,9804-9809. [CrossRef]

Indcio, M.R.C.; de Lima, KM.G.; Lopes, V.G.; Pessoa, ].D.C.; de Almeida Teixeira, G.H. Total anthocyanin content determination
in intact acai (Euterpe oleracea Mart.) and palmitero-jucara (Euterpe edulis Mart.) fruit using near infrared spectroscopy (NIR) and
multivariate calibration. Food Chem. 2013, 136, 1160-1164. [CrossRef]

Beghi, R.; Spinardi, A.; Bodria, L.; Mignani, I.; Guidetti, R. Apples Nutraceutic Properties Evaluation Through a Visible and
Near-Infrared Portable System. Food Bioprocess Technol. 2013, 6, 2547-2554. [CrossRef]

Chen, S.; Zhang, F,; Ning, J.; Liu, X.; Zhang, Z.; Yang, S. Predicting the anthocyanin content of wine grapes by NIR hyperspectral
imaging. Food Chem. 2015, 172, 788-793. [CrossRef]


http://doi.org/10.1021/acs.jafc.5b02255
http://doi.org/10.1093/jaoac/87.1.129
http://doi.org/10.1016/j.phytochem.2013.06.017
http://doi.org/10.1021/jf904401j
http://doi.org/10.1016/j.aca.2011.11.060
http://doi.org/10.1007/s13765-012-2062-0
http://doi.org/10.1002/elps.201300629
http://doi.org/10.3389/fpls.2015.00959
http://doi.org/10.2116/bunsekikagaku.65.321
http://doi.org/10.1016/j.foodchem.2016.09.145
http://doi.org/10.3390/molecules25143234
http://doi.org/10.1002/pca.2867
http://doi.org/10.1055/a-1038-6592
http://doi.org/10.1016/j.lwt.2020.110402
http://doi.org/10.1016/j.ifset.2021.102843
http://doi.org/10.1016/j.ifset.2022.102948
http://doi.org/10.1007/s13197-017-2716-3
http://doi.org/10.1007/s00217-014-2394-6
http://doi.org/10.1021/jf4021637
http://doi.org/10.1016/j.foodchem.2012.09.046
http://doi.org/10.1007/s11947-012-0824-7
http://doi.org/10.1016/j.foodchem.2014.09.119

Molecules 2023, 28, 560 56 of 64

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Martinez-Sandoval, J.R.; Nogales-Bueno, J.; Rodriguez-Pulido, EJ.; Hernandez-Hierro, ].M.; Segovia-Quintero, M.A.; Martinez-
Rosas, M.E.; Heredia, FJ. Screening of anthocyanins in single red grapes using a non-destructive method based on the near
infrared hyperspectral technology and chemometrics. . Sci. Food Agric. 2016, 96, 1643-1647. [CrossRef]

Yahui, L.; Xiaobo, Z.; Tingting, S.; Jiyong, S.; Jiewen, Z.; Holmes, M. Determination of Geographical Origin and Anthocyanin
Content of Black Goji Berry (Lycium ruthenicum Murr.) Using Near-Infrared Spectroscopy and Chemometrics. Food Anal. Methods
2017, 10, 1034-1044. [CrossRef]

Zhang, N.; Liu, X,; Jin, X; Li, C.; Wu, X,; Yang, S.; Ning, J.; Yanne, P. Determination of total iron-reactive phenolics, anthocyanins
and tannins in wine grapes of skins and seeds based on near-infrared hyperspectral imaging. Food Chem. 2017, 237, 811-817.
[CrossRef]

Zhang, C.; Wu, W,; Zhou, L.; Cheng, H.; Ye, X.; He, Y. Developing deep learning based regression approaches for determination
of chemical compositions in dry black goji berries (Lycium ruthenicum Murr.) using near-infrared hyperspectral imaging. Food
Chem. 2020, 319, 126536. [CrossRef]

Gales, O.; Rodemann, T.; Jones, J.; Swarts, N. Application of near infra-red spectroscopy as an instantaneous and simultaneous
prediction tool for anthocyanins and sugar in whole fresh raspberry. J. Sci. Food Agric. 2021, 101, 2449-2454. [CrossRef] [PubMed]
Lambri, M.; Jourdes, M.; Glories, Y.; Saucier, C. High Performance Thin Layer Chromatography (HPTLC) Analysis of Red Wine
Pigments. JPC—]. Planar Chromatogr—Mod. TLC 2003, 16, 88-94. [CrossRef]

Rumalla, C.S.; Avula, B.; Wang, Y.-H.; Smillie, T.].; Khan, I.A. Densitometric—HPTLC Method Development and Analysis of
Anthocyanins from Acai (Euterpe oleracea Mart.) Berries and Commercial Products. JPC—]. Planar Chromatogr—Mod. TLC 2012,
25,409-414. [CrossRef]

Kriger, S.; Urmann, O.; Morlock, G.E. Development of a planar chromatographic method for quantitation of anthocyanes in
pomace, feed, juice and wine. J. Chromatogr. A 2013, 1289, 105-118. [CrossRef] [PubMed]

Cretu, G.C.; Morlock, G.E. Analysis of anthocyanins in powdered berry extracts by planar chromatography linked with bioassay
and mass spectrometry. Food Chem. 2014, 146, 104-112. [CrossRef] [PubMed]

David, L.; Hosu, A.; Moldovan, B.; Cimpoiu, C. Evaluation and Authentication of Red Fruits Teas by High Performance
Thin-Layer Chromatographic Fingerprinting. J. Liq. Chromatogr. Relat. Technol. 2014, 37, 1644-1653. [CrossRef]

Craciun, M.E,; Cretu, G.; Mirea, C.M.; Tanczos, S.K.; Popa, A.G.; Miron, A.R. Anthocyanins Identification, Separation and
Measurement from Cranberry, Blueberry, Bilberry, Chokeberry and Acai Berry Extracts by HPTLC. Rev. Chim. 2015, 66, 929-936.
Kriiger, S.; Mirgos, M.; Morlock, G.E. Effect-directed analysis of fresh and dried elderberry (Sambucus nigra L.) via hyphenated
planar chromatography. J. Chromatogr. A 2015, 1426, 209-219. [CrossRef] [PubMed]

Koss-Mikotajczyk, I.; Lewandowska, A.; Pilipczuk, T.; Kusznierewicz, B.; Bartoszek, A. Composition of bioactive secondary
metabolites and mutagenicity of Sambucus nigra L. Fruit at different stages of ripeness. Acta Aliment. 2016, 45, 442—451. [CrossRef]
Bernardi, T.; Bortolini, O.; Massi, A.; Sacchetti, G.; Tacchini, M.; De Risi, C. Exploring the Synergy between HPTLC and
HPLC-DAD for the Investigation of Wine-Making By-Products. Molecules 2019, 24, 3416. [CrossRef] [PubMed]

Bednar, P; Tomassi, A.V.; Presutti, C.; Pavlikova, M.; Lemr, K.; Fanali, S. Separation of Structurally Related Anthocyanins by
MEKC. Chromatographia 2003, 58, 283-287. [CrossRef]

Ichiyanagi, T.; Tateyama, C.; Oikawa, K.; Konishi, T. Comparison of Anthocyanin Distribution in Different Blueberry Sources by
Capillary Zone Electrophoresis. Biol. Pharm. Bull. 2000, 23, 492-497. [CrossRef] [PubMed]

Ichiyanagi, T.; Oikawa, K.; Tateyama, C.; Konishi, T. Acid Mediated Hydrolysis of Blueberry Anthocyanins. Cherm. Pharm. Bull.
2001, 49, 114-117. [CrossRef] [PubMed]

Ichiyanagi, T.; Hatano, Y.; Matsugo, S.; Konishi, T. Kinetic Comparisons of Anthocyanin Reactivities towards 2,2&prime;-Azobis(2-
amidinopropane) (AAPH) Radicals, Hydrogen Peroxide and tert-Buthylhydroperoxide by Capillary Zone Electrophoresis. Chem.
Pharm. Bull. 2004, 52, 434-438. [CrossRef]

Ichiyanagi, T.; Hatano, Y.; Matsuo, S.; Konishi, T. Simultaneous Comparison of Relative Reactivities of Twelve Major Anthocyanins
in Bilberry towards Reactive Nitrogen Species. Chem. Pharm. Bull. 2004, 52, 1312-1315. [CrossRef]

Ichiyanagi, T.; Kashiwada, Y.; Ikeshiro, Y.; Hatano, Y.; Shida, Y.; Horie, M.; Matsugo, S.; Konishi, T. Complete Assignment of
Bilberry (Vaccinium myrtillus L.) Anthocyanins Separated by Capillary Zone Electrophoresis. Chem. Pharm. Bull. 2004, 52, 226-229.
[CrossRef] [PubMed]

Watson, D.]J.; Bushway, A.A.; Bushway, R.J. Separation of Peonidin and Cyanidin, Two Anthocyanidins, in Cranberries by
Capillary Electrophoresis. J. Lig. Chromatogr. Relat. Technol. 2004, 27, 113-121. [CrossRef]

Priego Capote, F.; Rodriguez, ].M.L.; Luque de Castro, M.D. Determination of phenolic compounds in grape skin by capillary
electrophoresis with simultaneous dual fluorescence and diode array absorption detection after dynamic superheated liquid
leaching. J. Chromatogr. A 2007, 1139, 301-307. [CrossRef] [PubMed]

Comandini, P; Blanda, G.; Cardinali, A.; Cerretani, L.; Bendini, A.; Caboni, M.E. CZE separation of strawberry anthocyanins with
acidic buffer and comparison with HPLC. ]. Sep. Sci. 2008, 31, 3257-3264. [CrossRef]

Bednat, P; Papouskova, B.; Miiller, L.; Bartak, P; Stavek, J.; Pavlousek, P.; Lemr, K. Utilization of capillary electrophoresis/mass
spectrometry (CE/MSn) for the study of anthocyanin dyes. J. Sep. Sci. 2005, 28, 1291-1299. [CrossRef] [PubMed]

Grace, M.H.; Xiong, J.; Esposito, D.; Ehlenfeldt, M.; Lila, M. A. Simultaneous LC-MS quantification of anthocyanins and non-
anthocyanin phenolics from blueberries with widely divergent profiles and biological activities. Food Chem. 2019, 277, 336-346.
[CrossRef] [PubMed]


http://doi.org/10.1002/jsfa.7266
http://doi.org/10.1007/s12161-016-0666-4
http://doi.org/10.1016/j.foodchem.2017.06.007
http://doi.org/10.1016/j.foodchem.2020.126536
http://doi.org/10.1002/jsfa.10869
http://www.ncbi.nlm.nih.gov/pubmed/33022086
http://doi.org/10.1556/JPC.16.2003.2.1
http://doi.org/10.1556/JPC.25.2012.5.4
http://doi.org/10.1016/j.chroma.2013.03.005
http://www.ncbi.nlm.nih.gov/pubmed/23570852
http://doi.org/10.1016/j.foodchem.2013.09.038
http://www.ncbi.nlm.nih.gov/pubmed/24176320
http://doi.org/10.1080/10826076.2013.803206
http://doi.org/10.1016/j.chroma.2015.11.021
http://www.ncbi.nlm.nih.gov/pubmed/26643726
http://doi.org/10.1556/066.2016.45.3.16
http://doi.org/10.3390/molecules24193416
http://www.ncbi.nlm.nih.gov/pubmed/31546987
http://doi.org/10.1365/s10337-003-0051-5
http://doi.org/10.1248/bpb.23.492
http://www.ncbi.nlm.nih.gov/pubmed/10784434
http://doi.org/10.1248/cpb.49.114
http://www.ncbi.nlm.nih.gov/pubmed/11201215
http://doi.org/10.1248/cpb.52.434
http://doi.org/10.1248/cpb.52.1312
http://doi.org/10.1248/cpb.52.226
http://www.ncbi.nlm.nih.gov/pubmed/14758008
http://doi.org/10.1081/JLC-120027089
http://doi.org/10.1016/j.chroma.2006.11.010
http://www.ncbi.nlm.nih.gov/pubmed/17118379
http://doi.org/10.1002/jssc.200800199
http://doi.org/10.1002/jssc.200500071
http://www.ncbi.nlm.nih.gov/pubmed/16138681
http://doi.org/10.1016/j.foodchem.2018.10.101
http://www.ncbi.nlm.nih.gov/pubmed/30502155

Molecules 2023, 28, 560 57 of 64

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Lopes-da-Silva, F; de Pascual-Teresa, S.; Rivas-Gonzalo, ].; Santos-Buelga, C. Identification of anthocyanin pigments in strawberry
(cv Camarosa) by LC using DAD and ESI-MS detection. Eur. Food Res. Technol. 2002, 214, 248-253. [CrossRef]

Ichiyanagi, T.; Hatano, Y.; Matsugo, S.; Konishi, T. Structural Dependence of HPLC Separation Pattern of Anthocyanins from
Bilberry (Vaccinium myrtillus L.). Chem. Pharm. Bull. 2004, 52, 628-630. [CrossRef]

Hohnova, B.; Stavikova, L.; Karasek, P. Determination of anthocyanins in red grape skin by pressurised fluid extraction and
HPLC. Czech ]. Food Sci. 2008, 26, 39-42. [CrossRef]

Huang, Z.; Wang, B.; Williams, P.; Pace, R.D. Identification of anthocyanins in muscadine grapes with HPLC-ESI-MS. LWT—Food
Sci. Technol. 2009, 42, 819-824. [CrossRef]

Benmeziane, F.; Cadot, Y.; Djamai, R.; Djermoun, L. Determination of major anthocyanin pigments and flavonols in red grape
skin of some table grape varieties (Vitis vinifera sp.) by high-performance liquid chromatography-photodiode array detection
(HPLC-DAD). OENO One 2016, 50, 125-135. [CrossRef]

Dugo, P; Mondello, L.; Errante, G.; Zappia, G.; Dugo, G. Identification of Anthocyanins in Berries by Narrow-Bore High-
Performance Liquid Chromatography with Electrospray Ionization Detection. J. Agric. Food Chem. 2001, 49, 3987-3992. [CrossRef]
Cho, M.].; Howard, L.R,; Prior, R.L.; Clark, J.R. Flavonoid glycosides and antioxidant capacity of various blackberry, blueberry
and red grape genotypes determined by high-performance liquid chromatography/mass spectrometry. J. Sci. Food Agric. 2004,
84,1771-1782. [CrossRef]

Lichtenthiler, R.; Rodrigues, R.B.; Maia, ].G.S.; Papagiannopoulos, M.; Fabricius, H.; Marx, F. Total oxidant scavenging capacities
of Euterpe oleracea Mart. (Agai) fruits. Int. J. Food Sci. Nutr. 2005, 56, 53-64. [CrossRef] [PubMed]

Sadilova, E.; Stintzing, F,; Carle, R. Chemical quality parameters and anthocyanin pattern of red-fleshed Weirouge apples. J. Appl.
Bot. Food Qual. 2006, 80, 82-87.

Mertz, C.; Cheynier, V.; Glinata, Z.; Brat, P. Analysis of Phenolic Compounds in Two Blackberry Species (Rubus glaucus and
Rubus adenotrichus) by High-Performance Liquid Chromatography with Diode Array Detection and Electrospray Ion Trap Mass
Spectrometry. J. Agric. Food Chem. 2007, 55, 8616-8624. [CrossRef]

Riihinen, K,; Jaakola, L.; Kdarenlampi, S.; Hohtola, A. Organ-specific distribution of phenolic compounds in bilberry (Vaccinium
myrtillus) and ‘northblue” blueberry (Vaccinium corymbosum x V. angustifolium). Food Chem. 2008, 110, 156-160. [CrossRef]
Vera de Rosso, V.; Hillebrand, S.; Cuevas Montilla, E.; Bobbio, F.O.; Winterhalter, P.; Mercadante, A.Z. Determination of
anthocyanins from acerola (Malpighia emarginata DC.) and agai (Euterpe oleracea Mart.) by HPLC-PDA-MS/MS. |. Food Compos.
Anal. 2008, 21,291-299. [CrossRef]

Jakobek, L.; éeruga, M.; éeruga, B.; Novak, I.; Medvidovié-Kosanovi¢, M. Phenolic compound composition and antioxidant
activity of fruits of Rubus and Prunus species from Croatia. Int. J. Food Sci. Technol. 2009, 44, 860-868. [CrossRef]

Jakopic, J.; Stampar, F.; Veberic, R. The influence of exposure to light on the phenolic content of ‘Fuji’ apple. Sci. Hortic. 2009,
123, 234-239. [CrossRef]

Pacheco-Palencia, L.A.; Duncan, C.E.; Talcott, S.T. Phytochemical composition and thermal stability of two commercial acai
species, Euterpe oleracea and Euterpe precatoria. Food Chem. 2009, 115, 1199-1205. [CrossRef]

Ziberna, L.; Lunder, M.; Moze, S.; Vanzo, A.; Tramer, EF,; Passamonti, S.; Drevensek, G. Acute Cardioprotective and Cardiotoxic
Effects of Bilberry Anthocyanins in Ischemia—Reperfusion Injury: Beyond Concentration-Dependent Antioxidant Activity.
Cardiovasc. Toxicol. 2010, 10, 283-294. [CrossRef]

Agawa, S.; Sakakibara, H.; Iwata, R.; Shimoi, K.; Hergesheimer, A.; Kumazawa, S. Anthocyanins in Mesocarp/Epicarp and
Endocarp of Fresh A&ccedil;ai (Euterpe oleracea Mart.) and their Antioxidant Activities and Bioavailability. Food Sci. Technol. Res.
2011, 17, 327-334. [CrossRef]

Balazs, A.; Toth, M.; Blazics, B.; Héthelyi, E.; Szarka, S.; Ficsor, E.; Ficzek, G.; Lemberkovics, E.; Blazovics, A. Investigation of
dietary important components in selected red fleshed apples by GC-MS and LC-MS. Fitoterapia 2012, 83, 1356-1363. [CrossRef]
[PubMed]

Dias, A.L.S.; Rozet, E.; Chataigné, G.; Oliveira, A.C.; Rabelo, C.A.S.; Hubert, P.; Rogez, H.; Quetin-Leclercq, J. A rapid validated
UHPLC-PDA method for anthocyanins quantification from Euterpe oleracea fruits. ]. Chromatogr. B 2012, 907, 108-116. [CrossRef]
[PubMed]

Poulose, S.M.; Fisher, D.R.; Larson, J.; Bielinski, D.F.; Rimando, A.M.; Carey, A.N.; Schauss, A.G.; Shukitt-Hale, B. Anthocyanin-
rich Acai (Euterpe oleracea Mart.) Fruit Pulp Fractions Attenuate Inflammatory Stress Signaling in Mouse Brain BV-2 Microglial
Cells. J. Agric. Food Chem. 2012, 60, 1084-1093. [CrossRef] [PubMed]

Marhuenda, J.; Aleman, M.D.; Gironés-Vilaplana, A.; Pérez, A.; Caravaca, G.; Figueroa, F.; Mulero, J.; Zafrilla, P. Phenolic
Composition, Antioxidant Activity, and In Vitro Availability of Four Different Berries. J. Chem. 2016, 2016, 5194901. [CrossRef]
Sang, J.; Ma, Q.; Li, C.-q. Development and validation of green chromatography for the determination of anthocyanins in haskap
berry, mulberry and blackberry. Anal. Methods 2017, 9, 2535-2545. [CrossRef]

Won Ryu, H.; Cho, B.O.; Ry, J.; Jin, CH.; Kim, J.-B.; Kang, S.Y.; Han, A.-R. Anthocyanin Contents Enhancement with Gamma
Irradiated Mutagenesis in Blackberry (Rubus fructicosus). Nat. Prod. Commun. 2017, 12, 1451-1454. [CrossRef]

Benvenuti, S.; Brighenti, V.; Pellati, F. High-performance liquid chromatography for the analytical characterization of anthocyanins
in Vaccinium myrtillus L. (bilberry) fruit and food products. Anal. Bioanal. Chem. 2018, 410, 3559-3571. [CrossRef]

Van de Velde, E; Pirovani, M.E.; Drago, S.R. Bioaccessibility analysis of anthocyanins and ellagitannins from blackberry at
simulated gastrointestinal and colonic levels. ]. Food Compos. Anal. 2018, 72, 22-31. [CrossRef]


http://doi.org/10.1007/s00217-001-0434-5
http://doi.org/10.1248/cpb.52.628
http://doi.org/10.17221/243/2008-CJFS
http://doi.org/10.1016/j.lwt.2008.11.005
http://doi.org/10.20870/oeno-one.2016.50.3.56
http://doi.org/10.1021/jf001495e
http://doi.org/10.1002/jsfa.1885
http://doi.org/10.1080/09637480500082082
http://www.ncbi.nlm.nih.gov/pubmed/16019315
http://doi.org/10.1021/jf071475d
http://doi.org/10.1016/j.foodchem.2008.01.057
http://doi.org/10.1016/j.jfca.2008.01.001
http://doi.org/10.1111/j.1365-2621.2009.01920.x
http://doi.org/10.1016/j.scienta.2009.09.004
http://doi.org/10.1016/j.foodchem.2009.01.034
http://doi.org/10.1007/s12012-010-9091-x
http://doi.org/10.3136/fstr.17.327
http://doi.org/10.1016/j.fitote.2012.04.017
http://www.ncbi.nlm.nih.gov/pubmed/22565146
http://doi.org/10.1016/j.jchromb.2012.09.015
http://www.ncbi.nlm.nih.gov/pubmed/23026226
http://doi.org/10.1021/jf203989k
http://www.ncbi.nlm.nih.gov/pubmed/22224493
http://doi.org/10.1155/2016/5194901
http://doi.org/10.1039/C7AY00229G
http://doi.org/10.1177/1934578X1701200917
http://doi.org/10.1007/s00216-018-0915-z
http://doi.org/10.1016/j.jfca.2018.05.007

Molecules 2023, 28, 560 58 of 64

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Jara-Palacios, M.].; Santisteban, A.; Gordillo, B.; Hernanz, D.; Heredia, FJ.; Escudero-Gilete, M.L. Comparative study of red berry
pomaces (blueberry, red raspberry, red currant and blackberry) as source of antioxidants and pigments. Eur. Food Res. Technol.
2019, 245, 1-9. [CrossRef]

Oszmianiski, J.; Lachowicz, S.; Gamsjéger, H. Phytochemical analysis by liquid chromatography of ten old apple varieties grown
in Austria and their antioxidative activity. Eur. Food Res. Technol. 2020, 246, 437—448. [CrossRef]

Wang, J.; Kalt, W.; Sporns, P. Comparison between HPLC and MALDI-TOF MS Analysis of Anthocyanins in Highbush Blueberries.
J. Agric. Food Chem. 2000, 48, 3330-3335. [CrossRef] [PubMed]

Kéhkonen, M.P.; Hopia, A.L; Heinonen, M. Berry Phenolics and Their Antioxidant Activity. J. Agric. Food Chem. 2001,
49, 4076-4082. [CrossRef]

Prior, R.L.; Lazarus, S.A.; Cao, G.; Muccitelli, H.; Hammerstone, ].F. Identification of Procyanidins and Anthocyanins in Blueberries
and Cranberries (Vaccinium Spp.) Using High-Performance Liquid Chromatography/Mass Spectrometry. J. Agric. Food Chem.
2001, 49, 1270-1276. [CrossRef] [PubMed]

Kéhkonen, M.P.; Heindmaki, J.; Ollilainen, V.; Heinonen, M. Berry anthocyanins: Isolation, identification and antioxidant activities.
J. Sci. Food Agric. 2003, 83, 1403-1411. [CrossRef]

Hamamatsu, S.; Yabe, K.; Nawa, Y. Compositions of Anthocyanin and Other Flavonoids in Cultured Cells of Rabbiteye Blueberry
(Vaccinium ashei Reade cv. Tifhlue). Food Sci. Technol. Res. 2004, 10, 239-246. [CrossRef]

Li, Y,; Fanli, M,; Yinan, Z. Study of Anthocyanins in Fruit of Different Vaccinium Genotypes; International Society for Horticultural
Science (ISHS): Leuven, Belgium, 2006; pp. 589-594.

Nicoué, E.E.; Savard, S.; Belkacemi, K. Anthocyanins in Wild Blueberries of Quebec: Extraction and Identification. J. Agric. Food
Chem. 2007, 55, 5626-5635. [CrossRef]

Kim, C.Y,; Lee, H.].; Lee, E.H.; Jung, S.H.; Lee, D.U.; Kang, S.W.; Hong, S.J.; Um, B.H. Rapid identification of radical scavenging
compounds in blueberry extract by HPLC coupled to an on-line ABTS based assay and HPLC-ESI/MS. Korean Soc. Food Sci.
Technol. 2008, 17, 846-849.

Lohachoompol, V.; Mulholland, M.; Srzednicki, G.; Craske, J. Determination of anthocyanins in various cultivars of highbush and
rabbiteye blueberries. Food Chem. 2008, 111, 249-254. [CrossRef]

Ogawa, K.; Sakakibara, H.; Iwata, R.; Ishii, T.; Sato, T.; Goda, T.; Shimoi, K.; Kumazawa, S. Anthocyanin Composition and
Antioxidant Activity of the Crowberry (Empetrum nigrum) and Other Berries. . Agric. Food Chem. 2008, 56, 4457-4462. [CrossRef]
Barnes, J.S.; Nguyen, H.P; Shen, S.; Schug, K.A. General method for extraction of blueberry anthocyanins and identification using
high performance liquid chromatography—electrospray ionization-ion trap-time of flight-mass spectrometry. J. Chromatogr. A
2009, 1216, 4728-4735. [CrossRef] [PubMed]

Queiroz, F; Oliveira, C.; Pinho, O.; Ferreira, LM.P.L.V.O. Degradation of Anthocyanins and Anthocyanidins in Blueberry
Jams/Stuffed Fish. J. Agric. Food Chem. 2009, 57, 10712-10717. [CrossRef] [PubMed]

Scibisz, I.; Mitek, M. Effect of Processing and Storage Conditions on Phenolic Compounds and Antioxidant Capacity of Highbush
Blueberry Jams. Pol. J. Food Nutr. Sci. 2009, 59, 45-52.

Mullen, W.; Larcombe, S.; Arnold, K.; Welchman, H.; Crozier, A. Use of Accurate Mass Full Scan Mass Spectrometry for the
Analysis of Anthocyanins in Berries and Berry-Fed Tissues. J. Agric. Food Chem. 2010, 58, 3910-3915. [CrossRef] [PubMed]
Gavrilova, V.; Kajdzanoska, M.; Gjamovski, V.; Stefova, M. Separation, Characterization and Quantification of Phenolic Com-
pounds in Blueberries and Red and Black Currants by HPLC-DAD—ESI-MSn. |. Agric. Food Chem. 2011, 59, 4009-4018.
[CrossRef]

Kim, S.; Um, A.B.-H. Evaluation of the antioxidant activity of phenolic compounds among blueberry cultivars by HPLC-ESI/MS
and on-line HPLC-ABTS system. J. Med. Plant Res. 2011, 5, 5008-5016.

Miiller, D.; Schantz, M.; Richling, E. High Performance Liquid Chromatography Analysis of Anthocyanins in Bilberries (Vaccinium
myrtillus L.), Blueberries (Vaccinium corymbosum L.), and Corresponding Juices. J. Food Sci. 2012, 77, C340-C345. [CrossRef]
Sun, L.-Q.; Ding, X.-P; Qi, J.; Yu, H.; He, S.-a.; Zhang, J.; Ge, H.-X,; Yu, B.-Y. Antioxidant anthocyanins screening through
spectrum—effect relationships and DPPH-HPLC-DAD analysis on nine cultivars of introduced rabbiteye blueberry in China. Food
Chem. 2012, 132, 759-765. [CrossRef]

Jo, YN,; Jin, D.E,; Jeong, ].H.; Kim, H.J.; Kim, D.-O.; Heo, H.]. Effect of anthocyanins from rabbit-eye blueberry (Vaccinium
virgatum) on cognitive function in mice under trimethyltin-induced neurotoxicity. Food Sci. Biotechnol. 2015, 24, 1077-1085.
[CrossRef]

Cetin, G.; Turak, E. Effect of Mobile Phase Variation and Purification on Chromatogram View by Using Fruits and Rose Extracts
and HPLC Method. Int. J. Chem. 2016, 8, 25. [CrossRef]

Li, D.; Meng, X.; Li, B. Profiling of anthocyanins from blueberries produced in China using HPLC-DAD-MS and exploratory
analysis by principal component analysis. J. Food Compos. Anal. 2016, 47, 1-7. [CrossRef]

Mollica, A.; Locatelli, M.; Macedonio, G.; Carradori, S.; Sobolev, A.P,; De Salvador, R.E; Monti, S.M.; Buonanno, M.; Zengin, G.;
Angeli, A.; et al. Microwave-assisted extraction, HPLC analysis, and inhibitory effects on carbonic anhydrase I, II, VA, and VII
isoforms of 14 blueberry Italian cultivars. . Enzym. Inhib. Med. Chem. 2016, 31, 1-6. [CrossRef]

Smidova, B.; Satinsky, D.; Dostalova, K.; Solich, P. The pentafluorophenyl stationary phase shows a unique separation efficiency
for performing fast chromatography determination of highbush blueberry anthocyanins. Talanta 2017, 166, 249-254. [CrossRef]


http://doi.org/10.1007/s00217-018-3135-z
http://doi.org/10.1007/s00217-019-03411-z
http://doi.org/10.1021/jf000101g
http://www.ncbi.nlm.nih.gov/pubmed/10956111
http://doi.org/10.1021/jf010152t
http://doi.org/10.1021/jf001211q
http://www.ncbi.nlm.nih.gov/pubmed/11312849
http://doi.org/10.1002/jsfa.1511
http://doi.org/10.3136/fstr.10.239
http://doi.org/10.1021/jf0703304
http://doi.org/10.1016/j.foodchem.2008.03.067
http://doi.org/10.1021/jf800406v
http://doi.org/10.1016/j.chroma.2009.04.032
http://www.ncbi.nlm.nih.gov/pubmed/19414178
http://doi.org/10.1021/jf9021948
http://www.ncbi.nlm.nih.gov/pubmed/19845348
http://doi.org/10.1021/jf902267v
http://www.ncbi.nlm.nih.gov/pubmed/20014766
http://doi.org/10.1021/jf104565y
http://doi.org/10.1111/j.1750-3841.2011.02605.x
http://doi.org/10.1016/j.foodchem.2011.11.030
http://doi.org/10.1007/s10068-015-0138-4
http://doi.org/10.5539/ijc.v8n3p25
http://doi.org/10.1016/j.jfca.2015.09.005
http://doi.org/10.1080/14756366.2016.1214951
http://doi.org/10.1016/j.talanta.2017.01.061

Molecules 2023, 28, 560 59 of 64

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Wu, Q.; Zhang, Y.; Tang, H.; Chen, Y,; Xie, B.; Wang, C.; Sun, Z. Separation and Identification of Anthocyanins Extracted from
Blueberry Wine Lees and Pigment Binding Properties toward 3-Glucosidase. J. Agric. Food Chem. 2017, 65, 216-223. [CrossRef]
[PubMed]

Li, X,; Liu, H,; Lv, L,; Yan, H.; Yuan, Y. Antioxidant activity of blueberry anthocyanin extracts and their protective effects against
acrylamide-induced toxicity in HepG2 cells. Int. J. Food Sci. Technol. 2018, 53, 147-155. [CrossRef]

Sun, Y,; Li, M.; Mitra, S.; Hafiz Muhammad, R.; Debnath, B.; Lu, X.; Jian, H.; Qiu, D. Comparative Phytochemical Profiles and
Antioxidant Enzyme Activity Analyses of the Southern Highbush Blueberry (Vaccinium corymbosum) at Different Developmental
Stages. Molecules 2018, 23, 2209. [CrossRef] [PubMed]

Cai, M,; Xie, C.; Zhong, H.; Tian, B.; Yang, K. Identification of Anthocyanins and Their Fouling Mechanisms during Non-Thermal
Nanofiltration of Blueberry Aqueous Extracts. Membranes 2021, 11, 200. [CrossRef]

Cai, M,; Xie, C.; Zhong, H.; Yang, K.; Sun, P. Insights into changes of anthocyanins-rich blueberry extracts concentrated by
different nanofiltrations and their storage stability. LWT 2021, 144, 111196. [CrossRef]

Goodman, C.; Lyon, K.N.; Scotto, A.; Smith, C.; Sebrell, T.A.; Gentry, A.B.; Bala, G.; Stoner, G.D.; Bimczok, D. A High-Throughput
Metabolic Microarray Assay Reveals Antibacterial Effects of Black and Red Raspberries and Blackberries against Helicobacter
pylori Infection. Antibiotics 2021, 10, 845. [CrossRef]

Lang, Y; Li, B.; Gong, E.; Shu, C.; Si, X.; Gao, N.; Zhang, W.; Cui, H.; Meng, X. Effects of «-casein and (3-casein on the stability,
antioxidant activity and bioaccessibility of blueberry anthocyanins with an in vitro simulated digestion. Food Chem. 2021,
334, 127526. [CrossRef]

Li, X.; Zhu, F; Zeng, Z. Effects of different extraction methods on antioxidant properties of blueberry anthocyanins. Open Chem.
2021, 19, 138-148. [CrossRef]

Zhou, Y,; Long, S.; Xu, Q.; Yan, C.; Yang, J.; Zhou, Y. Optimization and application of HPLC for simultaneous separation of six
well-known major anthocyanins in blueberry. Prep. Biochem. Biotechnol. 2021, 51, 961-970. [CrossRef] [PubMed]

Mustafa, A.M.; Angeloni, S.; Abouelenein, D.; Acquaticci, L.; Xiao, J.; Sagratini, G.; Maggi, F.; Vittori, S.; Caprioli, G. A new
HPLC-MS/MS method for the simultaneous determination of 36 polyphenols in blueberry, strawberry and their commercial
products and determination of antioxidant activity. Food Chem. 2022, 367, 130743. [CrossRef] [PubMed]

Pan, L.-H.; Chen, L.-P.; Wu, C.-L.; Wang, ] .-F.; Luo, S.-Z.; Luo, ].-P.; Zheng, Z. Microencapsulation of blueberry anthocyanins by
spray drying with soy protein isolates /high methyl pectin combination: Physicochemical properties, release behavior in vitro
and storage stability. Food Chem. 2022, 395, 133626. [CrossRef] [PubMed]

Pico, J.; Yan, Y; Gerbrandt, E.M.; Castellarin, S.D. Determination of free and bound phenolics in northern highbush blueberries by
a validated HPLC/QTOF methodology. J. Food Compos. Anal. 2022, 108, 104412. [CrossRef]

Garciia-Viguera, C.; Zafrilla, P.; Tomds-Barberan, F.A. Determination of Authenticity of Fruit Jams by HPLC Analysis of
Anthocyanins. J. Sci. Food Agric. 1997, 73, 207-213. [CrossRef]

Vodopivec, B.; Trebse, P.; Hribar, J. Determination and quantitation of anthocyanins and hydroxycinnamic acids in different
cultivars of sweet cherries (Prunus avium L.) from Nova Gorica Region (Slovenia). Food Technol. Biotechnol. 2002, 40, 207-212.
Gongalves, B.; Landbo, A.-K.; Knudsen, D.; Silva, A.P; Moutinho-Pereira, J.; Rosa, E.; Meyer, A.S. Effect of Ripeness and
Postharvest Storage on the Phenolic Profiles of Cherries (Prunus avium L.). J. Agric. Food Chem. 2004, 52, 523-530. [CrossRef]
Mozeti¢, B.; TrebSe, P.; Sim¢i¢, M.; Hribar, J. Changes of anthocyanins and hydroxycinnamic acids affecting the skin colour during
maturation of sweet cherries (Prunus avium L.). LWT—Food Sci. Technol. 2004, 37, 123-128. [CrossRef]

Gongalves, B.; Silva, A.P.; Moutinho-Pereira, J.; Bacelar, E.; Rosa, E.; Meyer, A.S. Effect of ripeness and postharvest storage on the
evolution of colour and anthocyanins in cherries (Prunus avium L.). Food Chem. 2007, 103, 976-984. [CrossRef]

Usenik, V.; Fab¢ig, J.; gtampar, F. Sugars, organic acids, phenolic composition and antioxidant activity of sweet cherry (Prunus
avium L.). Food Chem. 2008, 107, 185-192. [CrossRef]

Crupi, P; Genghi, R.; Antonacci, D. In-time and in-space tandem mass spectrometry to determine the metabolic profiling of
flavonoids in a typical sweet cherry (Prunus avium L.) cultivar from Southern Italy. ]. Mass Spectrom. 2014, 49, 1025-1034.
[CrossRef] [PubMed]

Dimitrijevi¢, D.; Kostic, D.; Miti¢, M.; Paunovi¢, D.; Stojanovi¢, B.; Krsti¢, J.; Stevanovic, S.; Veli¢ckovi¢, J. The comparative
overview of HPLC analysis of different extracts from morus species from southeast Serbia. Stud. Univ. Babes-Bolyai Chem. 2020,
65, 85-93. [CrossRef]

Lee, J.; Finn, C.E. Anthocyanins and other polyphenolics in American elderberry (Sambucus canadensis) and European elderberry
(S. nigra) cultivars. J. Sci. Food Agric. 2007, 87, 2665-2675. [CrossRef] [PubMed]

Kosar, M; Altintas, A.; Kirimer, N.; Baser, K.H.C. Determination of the Free Radical Scavenging Activity of Lycium Extracts.
Chem. Nat. Compd. 2003, 39, 531-535. [CrossRef]

Zheng, J.; Ding, C.; Wang, L.; Li, G,; Shi, J.; Li, H.; Wang, H.; Suo, Y. Anthocyanins composition and antioxidant activity of wild
Lycium ruthenicum Murr. from Qinghai-Tibet Plateau. Food Chem. 2011, 126, 859-865. [CrossRef]

Dossett, M.; Lee, J.; Finn, C.E. Variation in anthocyanins and total phenolics of black raspberry populations. J. Funct. Foods 2010,
2,292-297. [CrossRef]

Skupien, K.; Oszmiarnski, ]. Comparison of six cultivars of strawberries (Fragaria x ananassa Duch.) grown in northwest Poland.
Eur. Food Res. Technol. 2004, 219, 66-70. [CrossRef]


http://doi.org/10.1021/acs.jafc.6b04244
http://www.ncbi.nlm.nih.gov/pubmed/27976572
http://doi.org/10.1111/ijfs.13568
http://doi.org/10.3390/molecules23092209
http://www.ncbi.nlm.nih.gov/pubmed/30200335
http://doi.org/10.3390/membranes11030200
http://doi.org/10.1016/j.lwt.2021.111196
http://doi.org/10.3390/antibiotics10070845
http://doi.org/10.1016/j.foodchem.2020.127526
http://doi.org/10.1515/chem-2020-0052
http://doi.org/10.1080/10826068.2021.1881906
http://www.ncbi.nlm.nih.gov/pubmed/33626297
http://doi.org/10.1016/j.foodchem.2021.130743
http://www.ncbi.nlm.nih.gov/pubmed/34384982
http://doi.org/10.1016/j.foodchem.2022.133626
http://www.ncbi.nlm.nih.gov/pubmed/35810629
http://doi.org/10.1016/j.jfca.2022.104412
http://doi.org/10.1002/(SICI)1097-0010(199702)73:2&lt;207::AID-JSFA703&gt;3.0.CO;2-8
http://doi.org/10.1021/jf030595s
http://doi.org/10.1016/S0023-6438(03)00143-9
http://doi.org/10.1016/j.foodchem.2006.08.039
http://doi.org/10.1016/j.foodchem.2007.08.004
http://doi.org/10.1002/jms.3423
http://www.ncbi.nlm.nih.gov/pubmed/25303392
http://doi.org/10.24193/subbchem.2020.2.07
http://doi.org/10.1002/jsfa.3029
http://www.ncbi.nlm.nih.gov/pubmed/20836175
http://doi.org/10.1023/B:CONC.0000018104.98378.e2
http://doi.org/10.1016/j.foodchem.2010.11.052
http://doi.org/10.1016/j.jff.2010.10.004
http://doi.org/10.1007/s00217-004-0918-1

Molecules 2023, 28, 560 60 of 64

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Maétta-Riihinen, K.R.; Kamal-Eldin, A.; Térrénen, A.R. Identification and Quantification of Phenolic Compounds in Berries of
Fragaria and Rubus Species (Family Rosaceae). |. Agric. Food Chem. 2004, 52, 6178-6187. [CrossRef]

Hosseinian, ES.; Beta, T. Saskatoon and Wild Blueberries Have Higher Anthocyanin Contents than Other Manitoba Berries.
J. Agric. Food Chem. 2007, 55, 10832-10838. [CrossRef]

Wu, X.; Gu, L.; Prior, R.L.; McKay, S. Characterization of Anthocyanins and Proanthocyanidins in Some Cultivars of Ribes, Aronia,
and Sambucus and Their Antioxidant Capacity. J. Agric. Food Chem. 2004, 52, 7846-7856. [CrossRef] [PubMed]

Wangensteen, H.; Braunlich, M.; Nikolic, V.; Malterud, K.E.; Slimestad, R.; Barsett, H. Anthocyanins, proanthocyanidins and total
phenolics in four cultivars of aronia: Antioxidant and enzyme inhibitory effects. J. Funct. Foods 2014, 7, 746-752. [CrossRef]
Koskela, A.K.J.; Anttonen, M.].; Soininen, T.H.; Saviranta, N.M.M.; Auriola, S.; Julkunen-Tiitto, R.; Karjalainen, R.O. Variation in
the Anthocyanin Concentration of Wild Populations of Crowberries (Empetrum nigrum L subsp. hermaphroditum). ]. Agric. Food
Chem. 2010, 58, 12286-12291. [CrossRef] [PubMed]

Goémez Gallego, M.A.; Gomez Garcia-Carpintero, E.; Sdnchez-Palomo, E.; Hermosin-Gutiérrez, I.; Gonzalez Vifias, M. A. Study of
phenolic composition and sensory properties of red grape varieties in danger of extinction from the Spanish region of Castilla-La
Mancha. Eur. Food Res. Technol. 2012, 234, 295-303. [CrossRef]

Chen, F;; Sun, Y,; Zhao, G.; Liao, X.; Hu, X.; Wu, J.; Wang, Z. Optimization of ultrasound-assisted extraction of anthocyanins in
red raspberries and identification of anthocyanins in extract using high-performance liquid chromatography-mass spectrometry.
Ultrason. Sonochemistry 2007, 14, 767-778. [CrossRef]

Sparzak, B.; Merino-Arevalo, M.; Vander Heyden, Y.; Krauze-Baranowska, M.; Majdan, M.; Fecka, I.; Gt6d, D.; Baczek, T. HPLC
analysis of polyphenols in the fruits of Rubus idaeus L. (Rosaceae). Nat. Prod. Res. 2010, 24, 1811-1822. [CrossRef]

Yang, J.; Cui, J.; Chen, J.; Yao, J.; Hao, Y.; Fan, Y.; Liu, Y. Evaluation of physicochemical properties in three raspberries (Rubus
idaeus) at five ripening stages in northern China. Sci. Hortic. 2020, 263, 109146. [CrossRef]

Rocha, R.; Pinela, J.; Abreu, RM.V.; Afiibarro-Ortega, M.; Pires, T.C.S.P; Saldanha, A.L.; Alves, M.].; Nogueira, A.; Ferreira, .C.ER,;
Barros, L. Extraction of Anthocyanins from Red Raspberry for Natural Food Colorants Development: Processes Optimization
and In Vitro Bioactivity. Processes 2020, 8, 1447. [CrossRef]

Cesonieng, L.; Jasutiene, I.; Sarkinas, A. Phenolics and anthocyanins in berries of European cranberry and their antimicrobial
activity. Medicina 2009, 45, 992-999. [CrossRef]

Mikulic-Petkovsek, M.; Schmitzer, V.; Slatnar, A.; Todorovic, B.; Veberic, R.; Stampar, F; Ivancic, A. Investigation of Anthocyanin
Profile of Four Elderberry Species and Interspecific Hybrids. J. Agric. Food Chem. 2014, 62, 5573-5580. [CrossRef]

Zou, T.; Wang, D.; Guo, H.; Zhu, Y.; Luo, X,; Liu, E; Ling, W. Optimization of Microwave-Assisted Extraction of Anthocyanins
from Mulberry and Identification of Anthocyanins in Extract Using HPLC-ESI-MS. |. Food Sci. 2012, 77, C46—C50. [CrossRef]
[PubMed]

Giuffre, AM. HPLC-DAD detection of changes in phenol content of red berry skins during grape ripening. Eur. Food Res. Technol.
2013, 237, 555-564. [CrossRef]

Donno, D.; Cavanna, M.; Beccaro, G.; Mellano, M.G.; Torello Marinoni, D.; Cerutti, A.; Bounous, G. Currants and strawberries as
bioactive compound sources: Determination of antioxidant profiles with HPLC-DAD/MS. . Appl. Bot. Food Qual. 2013, 86, 1-10.
[CrossRef]

Holzwarth, M.; Wittig, J.; Carle, R.; Kammerer, D.R. Influence of putative polyphenoloxidase (PPO) inhibitors on strawberry
(Fragaria x ananassa Duch.) PPO, anthocyanin and color stability of stored purées. LWT—Food Sci. Technol. 2013, 52, 116-122.
[CrossRef]

Sirijan, M.; Pipattanawong, N.; Saeng-on, B.; Chaiprasart, P. Anthocyanin content, bioactive compounds and physico-chemical
characteristics of potential new strawberry cultivars rich in-anthocyanins. J. Berry Res. 2020, 10, 397—410. [CrossRef]

Mullen, W.; McGinn, J.; Lean, M.E.].; MacLean, M.R.; Gardner, P.; Duthie, G.G.; Yokota, T.; Crozier, A. Ellagitannins, Flavonoids,
and Other Phenolics in Red Raspberries and Their Contribution to Antioxidant Capacity and Vasorelaxation Properties. |. Agric.
Food Chem. 2002, 50, 5191-5196. [CrossRef]

Mullen, W.; Lean, M.E.J.; Crozier, A. Rapid characterization of anthocyanins in red raspberry fruit by high-performance liquid
chromatography coupled to single quadrupole mass spectrometry. J. Chromatogr. A 2002, 966, 63-70. [CrossRef]
Fernandez-Lara, R.; Gordillo, B.; Rodriguez-Pulido, FJ.; Lourdes Gonzéalez-Miret, M.; del Villar-Martinez, A.A.; Davila-Ortiz, G.;
Heredia, F.J. Assessment of the differences in the phenolic composition and color characteristics of new strawberry (Fragaria x
ananassa Duch.) cultivars by HPLC-MS and Imaging Tristimulus Colorimetry. Food Res. Int. 2015, 76, 645-653. [CrossRef]
Holzwarth, M.; Korhummel, S.; Carle, R.; Kammerer, D.R. Evaluation of the effects of different freezing and thawing methods
on color, polyphenol and ascorbic acid retention in strawberries (Fragaria x ananassa Duch.). Food Res. Int. 2012, 48, 241-248.
[CrossRef]

Kelebek, H.; Selli, S. Characterization of Phenolic Compounds in Strawberry Fruits By RP-HPLC-DAD and Investigation of their
Antioxidant Capacity. J. Liq. Chromatogr. Relat. Technol. 2011, 34, 2495-2504. [CrossRef]

Kajdzanoska, M.; Gjamovski, V.; Stefova, M. HPLC-DAD-ESI-MSn identification of phenolic compounds in cultivated strawberries
from Macedonia. Maced. ]. Chem. Chem. Eng. 2010, 29, 181-194. [CrossRef]

Fischer, U.A; Carle, R.; Kammerer, D.R. Identification and quantification of phenolic compounds from pomegranate (Punica
granatum L.) peel, mesocarp, aril and differently produced juices by HPLC-DAD-ESI/MSn. Food Chem. 2011, 127, 807-821.
[CrossRef] [PubMed]


http://doi.org/10.1021/jf049450r
http://doi.org/10.1021/jf072529m
http://doi.org/10.1021/jf0486850
http://www.ncbi.nlm.nih.gov/pubmed/15612766
http://doi.org/10.1016/j.jff.2014.02.006
http://doi.org/10.1021/jf1037695
http://www.ncbi.nlm.nih.gov/pubmed/21058654
http://doi.org/10.1007/s00217-011-1636-0
http://doi.org/10.1016/j.ultsonch.2006.12.011
http://doi.org/10.1080/14786411003754231
http://doi.org/10.1016/j.scienta.2019.109146
http://doi.org/10.3390/pr8111447
http://doi.org/10.3390/medicina45120127
http://doi.org/10.1021/jf5011947
http://doi.org/10.1111/j.1750-3841.2011.02447.x
http://www.ncbi.nlm.nih.gov/pubmed/22260102
http://doi.org/10.1007/s00217-013-2033-7
http://doi.org/10.5073/JABFQ.2013.086.001
http://doi.org/10.1016/j.lwt.2012.10.025
http://doi.org/10.3233/JBR190487
http://doi.org/10.1021/jf020140n
http://doi.org/10.1016/S0021-9673(02)00699-4
http://doi.org/10.1016/j.foodres.2015.07.038
http://doi.org/10.1016/j.foodres.2012.04.004
http://doi.org/10.1080/10826076.2011.591029
http://doi.org/10.20450/mjcce.2010.165
http://doi.org/10.1016/j.foodchem.2010.12.156
http://www.ncbi.nlm.nih.gov/pubmed/23140740

Molecules 2023, 28, 560 61 of 64

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Masci, A.; Coccia, A.; Lendaro, E.; Mosca, L.; Paolicelli, P.; Cesa, S. Evaluation of different extraction methods from pomegranate
whole fruit or peels and the antioxidant and antiproliferative activity of the polyphenolic fraction. Food Chem. 2016, 202, 59-69.
[CrossRef]

Alexandre, EM.C.; Aratjo, P.; Duarte, M.F,; de Freitas, V.; Pintado, M.; Saraiva, J.A. Experimental Design, Modeling, and
Optimization of High-Pressure-Assisted Extraction of Bioactive Compounds from Pomegranate Peel. Food Bioprocess Technol.
2017, 10, 886-900. [CrossRef]

Brighenti, V.; Groothuis, S.F,; Prencipe, EP.; Amir, R.; Benvenuti, S.; Pellati, F. Metabolite fingerprinting of Punica granatum L.
(pomegranate) polyphenols by means of high-performance liquid chromatography with diode array and electrospray ionization-
mass spectrometry detection. J. Chromatogr. A 2017, 1480, 20-31. [CrossRef]

Zarezadeh Mehrizi, R.; Emam-Djomeh, Z.; Shahedi, M.; Keramat, J.; Rezaei, K.; Loni, E. Phenolic Compounds and Antioxidant
Activity of Dried Peel of Iranian Pomegranate. J. Food Qual. Hazards Control 2017, 4, 103-108.

Balli, D.; Cecchi, L.; Khatib, M.; Bellumori, M.; Cairone, F; Carradori, S.; Zengin, G.; Cesa, S.; Innocenti, M.; Mulinacci, N. Charac-
terization of Arils Juice and Peel Decoction of Fifteen Varieties of Punica granatum L.: A Focus on Anthocyanins, Ellagitannins
and Polysaccharides. Antioxidants 2020, 9, 238. [CrossRef]

Hu, T,; Subbiah, V.; Wu, H.; Bk, A.; Rauf, A.; Alhumaydhi, F.A.; Suleria, H.A.R. Determination and Characterization of Phenolic
Compounds from Australia-Grown Sweet Cherries (Prunus avium L.) and Their Potential Antioxidant Properties. ACS Omega
2021, 6, 34687-34699. [CrossRef]

Avula, B.; Katragunta, K.; Wang, Y.-H.; Ali, Z.; Srivedavyasasri, R.; Gafner, S.; Slimestad, R.; Khan, .A. Chemical profiling
and UHPLC-QToF analysis for the simultaneous determination of anthocyanins and flavonoids in Sambucus berries and
authentication and detection of adulteration in elderberry dietary supplements using UHPLC-PDA-MS. . Food Compos. Anal.
2022, 110, 104584. [CrossRef]

Cheng, H.; Wu, W,; Chen, J.; Pan, H.; Xu, E.; Chen, S.; Ye, X.; Chen, ]. Establishment of anthocyanin fingerprint in black wolfberry
fruit for quality and geographical origin identification. LWT 2022, 157, 113080. [CrossRef]

Sang, J.; Li, B.; Huang, Y.-y.; Ma, Q.; Liu, K,; Li, C.-q. Deep eutectic solvent-based extraction coupled with green two-dimensional
HPLC-DAD-ESI-MS/MS for the determination of anthocyanins from Lycium ruthenicum Murr. fruit. Anal. Methods 2018,
10, 1247-1257. [CrossRef]

Kozminski, P.; Oliveira-Brett, A.M. Anthocyanin Monitoring in Four Red Grape Skin Extract Varieties Using RP-HPLC-ED. Anal.
Lett. 2008, 41, 662—-675. [CrossRef]

Ghassempour, A.; Heydari, R.; Talebpour, Z.; Fakhari, A.R.; Rassouli, A.; Davies, N.; Aboul-Enein, H.Y. Study of New Extraction
Methods for Separation of Anthocyanins from Red Grape Skins: Analysis by HPLC and LC-MS/MS. J. Lig. Chromatogr. Relat.
Technol. 2008, 31, 2686-2703. [CrossRef]

Constantin, O.E.; Skrt, M.; Poklar Ulrih, N.; Rdpeanu, G. Anthocyanins profile, total phenolics and antioxidant activity of two
Romanian red grape varieties: Feteasca neagrd and Babeasca neagra (Vitis vinifera). Chem. Papers 2015, 69, 1573-1581. [CrossRef]
Seeram, N.P.; Adams, L.S.; Hardy, M.L.; Heber, D. Total Cranberry Extract versus Its Phytochemical Constituents: Antiproliferative
and Synergistic Effects against Human Tumor Cell Lines. J. Agric. Food Chem. 2004, 52, 2512-2517. [CrossRef] [PubMed]

Brown, PN.; Shipley, PR. Determination of anthocyanins in cranberry fruit and cranberry fruit products by high-performance
liquid chromatography with ultraviolet detection: Single-laboratory validation. J. AOAC Int. 2011, 94, 459-466. [CrossRef]

Xue, H; Tan, J.; Li, Q.; Cai, X.; Tang, ]. Optimization ultrasound-assisted extraction of anthocyanins from cranberry using response
surface methodology coupled with genetic algorithm and identification anthocyanins with HPLC-MS2. J. Food Process. Preserv.
2021, 45, e15378. [CrossRef]

Veberic, R.; Jakopic, J.; Stampar, F.; Schmitzer, V. European elderberry (Sambucus nigra L.) rich in sugars, organic acids, antho-
cyanins and selected polyphenols. Food Chem. 2009, 114, 511-515. [CrossRef]

Braga, F.G.; Carvalho, L.M.; Carvalho, M.].; Guedes-Pinto, H.; Torres-Pereira, ].M.; Neto, M.F.; Monteiro, A. Variation of the
Anthocyanin Content in Sambucus nigra L. Populations Growing in Portugal. J. Herbs Spices Med. Plants 2002, 9, 289-295.
[CrossRef]

Kaack, K,; Fretté, X.C.; Christensen, L.P.; Landbo, A.-K.; Meyer, A.S. Selection of elderberry (Sambucus nigra L.) genotypes best
suited for the preparation of juice. Eur. Food Res. Technol. 2008, 226, 843-855. [CrossRef]

Anton, A.M.; Pintea, A.; Rugina, D.; Diaconeasa, Z.; Hanganu, D.; Vlase, L.; Benedec, D. Preliminary studies on the chemical
characterization and antioxidant capacity of polyphenols from Sambucus sp. Dig. |. Nanomater. Biostructures 2013, 8, 973-980.
European Elder Berry Dry Extract. USP43-NF38; United States Pharmacopeial Convention: Rockville, MD, USA, 2021.
Mtynarczyk, K.; Walkowiak-Tomczak, D.; Staniek, H.; Kidon,, M.; Lysiak, G.P. The Content of Selected Minerals, Bioactive
Compounds, and the Antioxidant Properties of the Flowers and Fruit of Selected Cultivars and Wildly Growing Plants of
Sambucus nigra L. Molecules 2020, 25, 876. [CrossRef] [PubMed]

Kosir, L].; Lapornik, B.; Andrensek, S.; Wondra, A.G.; Vrhovsek, U.; Kidri¢, ]. Identification of anthocyanins in wines by liquid
chromatography, liquid chromatography-mass spectrometry and nuclear magnetic resonance. Anal. Chim. Acta 2004, 513, 277-282.
[CrossRef]

Tian, Z.; Aierken, A.; Pang, H.; Du, S.; Feng, M.; Ma, K.; Gao, S.; Bai, G.; Ma, C. Constituent analysis and quality control of
anthocyanin constituents of dried Lycium ruthenicum Murray fruits by HPLC-MS and HPLC-DAD. J. Lig. Chromatogr. Relat.
Technol. 2016, 39, 453-458. [CrossRef]


http://doi.org/10.1016/j.foodchem.2016.01.106
http://doi.org/10.1007/s11947-017-1867-6
http://doi.org/10.1016/j.chroma.2016.12.017
http://doi.org/10.3390/antiox9030238
http://doi.org/10.1021/acsomega.1c05112
http://doi.org/10.1016/j.jfca.2022.104584
http://doi.org/10.1016/j.lwt.2022.113080
http://doi.org/10.1039/C8AY00101D
http://doi.org/10.1080/00032710801910619
http://doi.org/10.1080/10826070802353247
http://doi.org/10.1515/chempap-2015-0163
http://doi.org/10.1021/jf0352778
http://www.ncbi.nlm.nih.gov/pubmed/15113149
http://doi.org/10.1093/jaoac/94.2.459
http://doi.org/10.1111/jfpp.15378
http://doi.org/10.1016/j.foodchem.2008.09.080
http://doi.org/10.1300/J044v09n04_05
http://doi.org/10.1007/s00217-007-0605-0
http://doi.org/10.3390/molecules25040876
http://www.ncbi.nlm.nih.gov/pubmed/32079214
http://doi.org/10.1016/j.aca.2003.12.013
http://doi.org/10.1080/10826076.2016.1179201

Molecules 2023, 28, 560 62 of 64

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

Tomas-Barberan, F.A.; Gil, M.L; Cremin, P.; Waterhouse, A.L.; Hess-Pierce, B.; Kader, A.A. HPLC—DAD—ESIMS Analysis of
Phenolic Compounds in Nectarines, Peaches, and Plums. . Agric. Food Chem. 2001, 49, 4748-4760. [CrossRef] [PubMed]
Usenik, V.; Stampar, E,; Veberi¢, R. Anthocyanins and fruit colour in plums (Prunus domestica L.) during ripening. Food Chem.
2009, 114, 529-534. [CrossRef]

Zhao, X.; Yuan, Z.; Fang, Y.; Yin, Y.; Feng, L. Characterization and evaluation of major anthocyanins in pomegranate (Punica
granatum L.) peel of different cultivars and their development phases. Eur. Food Res. Technol. 2013, 236, 109-117. [CrossRef]
Jordheim, M.; Enerstvedt, K.H.; Andersen, @.M. Identification of Cyanidin 3-O-f3-(6”-(3-Hydroxy-3-methylglutaroyl)glucoside)
and Other Anthocyanins from Wild and Cultivated Blackberries. J. Agric. Food Chem. 2011, 59, 7436-7440. [CrossRef]

Netzel, M.; Netzel, G.; Tian, Q.; Schwartz, S.; Konczak, I. Sources of Antioxidant Activity in Australian Native Fruits. Identification
and Quantification of Anthocyanins. J. Agric. Food Chem. 2006, 54, 9820-9826. [CrossRef]

Latti, A.K.; Riihinen, K.R.; Kainulainen, P.S. Analysis of Anthocyanin Variation in Wild Populations of Bilberry (Vaccinium
myrtillus L.) in Finland. J. Agric. Food Chem. 2008, 56, 190-196. [CrossRef]

Goto, T.; Obara, M.; Aoki, S.; Okazawa, K.; Konisho, K.; Osakabe, N.; Shoji, T. Evaluation of Polyphenolic Content and Potential
Antioxidant Activity of Japanese Cultivars of Peaches, Prunes, and Plums Based on Reversed- and Normal-Phase HPLC and
Principal Component Analyses. ACS Food Sci. Technol. 2021, 1, 2019-2029. [CrossRef]

Tian, Q.; Aziz, R.M.; Stoner, G.D.; Schwartz, T.J. Anthocyanin Determination in Black Raspberry (Rubus occidentalis) and Biological
Specimens Using Liquid Chromatography-Electrospray Ionization Tandem Mass Spectrometry. J. Food Sci. 2005, 70, C43-C47.
[CrossRef]

Feng, Z.; Zhaohe, Y.; Xueqing, Z.; Yanlei, Y.; Lijuan, F. Composition and Contents of Anthocyanins in Different Pomegranate Cultivars;
International Society for Horticultural Science (ISHS): Leuven, Belgium, 2015; pp. 35—41.

Xueqing, Z.; Zhaohe, Y.; Yanlei, Y.; Lijuan, E. Patterns of Pigment Changes in Pomegranate (Punica granatum L.) Peel During Fruit
Ripening; International Society for Horticultural Science (ISHS): Leuven, Belgium, 2015; pp. 83-89.

Qin, C,; Li, Y,; Niu, W,; Ding, Y.; Zhang, R.; Shang, X.; Shang, Z. Analysis and Characterisation of Anthocyanins in Mulberry Fruit.
Czech J. Food Sci. 2009, 28, 117-126. [CrossRef]

Zorzi, M.; Gai, F; Medana, C.; Aigotti, R.; Peiretti, P.G. Identification of Polyphenolic Compounds in Edible Wild Fruits Grown in
the North-West of Italy by Means of HPLC-DAD-ESI HRMS. Plant Foods Hum. Nutr. 2020, 75, 420-426. [CrossRef] [PubMed]
Garcia-Beneytez, E.; Revilla, E.; Cabello, F. Anthocyanin pattern of several red grape cultivars and wines made from them. Eur.
Food Res. Technol. 2002, 215, 32-37. [CrossRef]

Jin, H,; Liu, Y;; Yang, E; Wang, ].; Fu, D.; Zhang, X.; Peng, X,; Liang, X. Characterization of anthocyanins in wild Lycium ruthenicum
Murray by HPLC-DAD/QTOF-MS/MS. Anal. Methods 2015, 7, 4947-4956. [CrossRef]

Revilla, E.; Garcia-Beneytez, E.; Cabello, F.; Martin-Ortega, G.; Ryan, ].-M.a. Value of high-performance liquid chromatographic
analysis of anthocyanins in the differentiation of red grape cultivars and red wines made from them. J. Chromatogr. A 2001,
915, 53-60. [CrossRef]

Pomar, F.; Novo, M.; Masa, A. Varietal differences among the anthocyanin profiles of 50 red table grape cultivars studied by high
performance liquid chromatography. J. Chromatogr. A 2005, 1094, 34-41. [CrossRef]

Picariello, G.; Ferranti, P.; Garro, G.; Manganiello, G.; Chianese, L.; Coppola, R.; Addeo, F. Profiling of anthocyanins for the
taxonomic assessment of ancient purebred V. vinifera red grape varieties. Food Chem. 2014, 146, 15-22. [CrossRef]

Veberic, R.; Jakopic, J.; Stampar, F. Flavonols and Anthocyanins of Elderberry Fruits (Sambucus nigra L.); International Society for
Horticultural Science (ISHS): Leuven, Belgium, 2009; pp. 611-614.

Gao, L.; Mazza, G. Quantitation and Distribution of Simple and Acylated Anthocyanins and Other Phenolics in Blueberries.
J. Food Sci. 1994, 59, 1057-1059. [CrossRef]

Kalt, W,; Ryan, D.A.].; Duy, J.C.; Prior, R.L.; Ehlenfeldt, M.K.; Vander Kloet, S.P. Interspecific Variation in Anthocyanins, Phenolics,
and Antioxidant Capacity among Genotypes of Highbush and Lowbush Blueberries (Vaccinium Section cyanococcus spp.). J. Agric.
Food Chem. 2001, 49, 4761-4767. [CrossRef] [PubMed]

Lee, J.; Durst, R.W.; Wrolstad, R.E. Impact of Juice Processing on Blueberry Anthocyanins and Polyphenolics: Comparison of Two
Pretreatments. J. Food Sci. 2002, 67, 1660-1667. [CrossRef]

Wrolstad, R.E. Color and Pigment Analyses in Fruit Products; Agricultural Experiment Station, Oregon State University: Corvallis,
OR, USA, 11 May 2010.

Chandra, A.; Rana, J.; Li, Y. Separation, Identification, Quantification, and Method Validation of Anthocyanins in Botanical
Supplement Raw Materials by HPLC and HPLC—MS. J. Agric. Food Chem. 2001, 49, 3515-3521. [CrossRef] [PubMed]

Garzon, G.A.; Wrolstad, R.E. Comparison of the Stability of Pelargonidin-based Anthocyanins in Strawberry Juice and Concentrate.
J. Food Sci. 2002, 67, 1288-1299. [CrossRef]

Skrede, G.; Wrolstad, R.E.; Durst, R.W. Changes in Anthocyanins and Polyphenolics During Juice Processing of Highbush
Blueberries (Vaccinium corymbosum L.). ]. Food Sci. 2000, 65, 357-364. [CrossRef]

Kammerer, D.; Claus, A.; Schieber, A.; Carle, R. A Novel Process for the Recovery of Polyphenols from Grape (Vitis vinifera L.)
Pomace. J. Food Sci. 2005, 70, C157-C163. [CrossRef]

Penman, K.G.; Halstead, C.W.; Matthias, A.; De Voss, ].J.; Stuthe, JM.U.; Bone, KM.; Lehmann, R.P. Bilberry Adulteration Using
the Food Dye Amaranth. J. Agric. Food Chem. 2006, 54, 7378-7382. [CrossRef]


http://doi.org/10.1021/jf0104681
http://www.ncbi.nlm.nih.gov/pubmed/11600017
http://doi.org/10.1016/j.foodchem.2008.09.083
http://doi.org/10.1007/s00217-012-1869-6
http://doi.org/10.1021/jf201522b
http://doi.org/10.1021/jf0622735
http://doi.org/10.1021/jf072857m
http://doi.org/10.1021/acsfoodscitech.1c00357
http://doi.org/10.1111/j.1365-2621.2005.tb09018.x
http://doi.org/10.17221/228/2008-CJFS
http://doi.org/10.1007/s11130-020-00830-2
http://www.ncbi.nlm.nih.gov/pubmed/32506297
http://doi.org/10.1007/s00217-002-0526-x
http://doi.org/10.1039/C5AY00612K
http://doi.org/10.1016/S0021-9673(01)00635-5
http://doi.org/10.1016/j.chroma.2005.07.096
http://doi.org/10.1016/j.foodchem.2013.08.140
http://doi.org/10.1111/j.1365-2621.1994.tb08189.x
http://doi.org/10.1021/jf010653e
http://www.ncbi.nlm.nih.gov/pubmed/11600018
http://doi.org/10.1111/j.1365-2621.2002.tb08701.x
http://doi.org/10.1021/jf010389p
http://www.ncbi.nlm.nih.gov/pubmed/11513621
http://doi.org/10.1111/j.1365-2621.2002.tb10277.x
http://doi.org/10.1111/j.1365-2621.2000.tb16007.x
http://doi.org/10.1111/j.1365-2621.2005.tb07077.x
http://doi.org/10.1021/jf061387d

Molecules 2023, 28, 560 63 of 64

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.
253.

Cassinese, C.; Combarieu, E.D.; Falzoni, M.; Fuzzati, N.; Pace, R.; Sardone, N. New Liquid Chromatography Method with
Ultraviolet Detection for Analysis of Anthocyanins and Anthocyanidins in Vaccinium myrtillus Fruit Dry Extracts and Commercial
Preparations. ]. AOAC Int. 2007, 90, 911-919. [CrossRef]

Artaria, C.; Pace, R.; Maramaldi, G.; Appendino, G. Different brands of bilberry extract: A comparison of selected components.
Nutrafood 2007, 6, 13-18.

Gardana, C.; Ciappellano, S.; Marinoni, L.; Fachechi, C.; Simonetti, P. Bilberry Adulteration: Identification and Chemical Profiling
of Anthocyanins by Different Analytical Methods. J. Agric. Food Chem. 2014, 62, 10998-11004. [CrossRef]

Gardana, C.; Scialpi, A.; Fachechi, C.; Simonetti, P. Near-Infrared Spectroscopy and Chemometrics for the Routine Detection of
Bilberry Extract Adulteration and Quantitative Determination of the Anthocyanins. J. Spectrosc. 2018, 2018, 4751247. [CrossRef]
Gardana, C.; Scialpi, A.; Fachechi, C.; Simonetti, P. Identification of markers for the authentication of cranberry extract and
cranberry-based food supplements. Heliyon 2020, 6, €03863. [CrossRef] [PubMed]

Gaspar, D.P.; Lechtenberg, M.; Hensel, A. Quality Assessment of Bilberry Fruits (Vaccinium myrtillus) and Bilberry-Containing
Dietary Supplements. |. Agric. Food Chem. 2021, 69, 2213-2225. [CrossRef] [PubMed]

Mannino, G.; Di Stefano, V.; Lauria, A.; Pitonzo, R.; Gentile, C. Vaccinium macrocarpon (Cranberry)-Based Dietary Supplements:
Variation in Mass Uniformity, Proanthocyanidin Dosage and Anthocyanin Profile Demonstrates Quality Control Standard Needed.
Nutrients 2020, 12, 992. [CrossRef]

Zhang, J.; Yu, Q.; Cheng, H.; Ge, Y,; Liu, H.; Ye, X,; Chen, Y. Metabolomic Approach for the Authentication of Berry Fruit Juice by
Liquid Chromatography Quadrupole Time-of-Flight Mass Spectrometry Coupled to Chemometrics. J. Agric. Food Chem. 2018,
66, 8199-8208. [CrossRef]

Lee, ]. Anthocyanin analyses of Vaccinium fruit dietary supplements. Food Sci Nutr 2016, 4, 742-752. [CrossRef]

Lee, J. Rosaceae products: Anthocyanin quality and comparisons between dietary supplements and foods. NFS |. 2016, 4, 1-8.
[CrossRef]

Lee, ]. Marketplace Analysis Demonstrates Quality Control Standards Needed for Black Raspberry Dietary Supplements. Plant
Foods Hum. Nutr. 2014, 69, 161-167. [CrossRef]

Gafner, S.; Bush, M.; Sudberg, S.; Feuillere, N.; Tenon, M.; Jolibois, J.; Bellenger, P.; You, H.; Adams, R.; Stewart, J.; et al. Tales from
the elder: Adulteration issues of elder berry. HerbalGram 2021, 130, 24-32.

Csap6, J.; Albert, C. Wine adulteration and its detection based on the rate and the concentration of free amino acids. Acta Agrar.
Debr. 2018, 150, 139-151. [CrossRef]

Giacomelli, L.; Appendino, G.; Franceschi, F.; Togni, S.; Pace, R. Omne Ignotum pro Magnifico: Characterization of commercial
Bilberry extracts to fight adulteration. Eur. Rev. Med. Pharm. Sci. 2014, 18, 3948-3953.

Dasenaki, M.E.; Drakopoulou, S.K.; Aalizadeh, R.; Thomaidis, N.S. Targeted and Untargeted Metabolomics as an Enhanced Tool
for the Detection of Pomegranate Juice Adulteration. Foods 2019, 8, 212. [CrossRef] [PubMed]

Zhang, Y.; Krueger, D.; Durst, R.; Lee, R.; Wang, D.; Seeram, N.; Heber, D. International Multidimensional Authenticity
Specification (IMAS) Algorithm for Detection of Commercial Pomegranate Juice Adulteration. J. Agric. Food Chem. 2009,
57,2550-2557. [CrossRef]

Krueger, D.A. Composition of Pomegranate Juice. J. AOAC Int. 2012, 95, 163-168. [CrossRef] [PubMed]

Vardin, H.; Tay, A.; Ozen, B.; Mauer, L. Authentication of pomegranate juice concentrate using FTIR spectroscopy and chemomet-
rics. Food Chem. 2008, 108, 742-748. [CrossRef] [PubMed]

Pappalardo, L. Pomegranate fruit juice adulteration with apple juice: Detection by UV-visible spectroscopy combined with
multivariate statistical analysis. Sci. Rep. 2022, 12, 5151. [CrossRef]

Tiirkyillmaz, M. Anthocyanin and organic acid profiles of pomegranate (Punica granatum L.) juices from registered varieties in
Turkey. Int. ]. Food Sci. Technol. 2013, 48, 2086-2095. [CrossRef]

Stoj, A.; Malik, A.; Targoriski, Z. Comparative Analysis of Anthocyanin Composition of Juices obtained from Selected Species of
Berry Fruits. Pol. J. Food Nutr. Sci. 2006, 56, 401-407.

Tsuda, T.; Horio, F.; Uchida, K.; Aoki, H.; Osawa, T. Dietary Cyanidin 3-O-3-D-Glucoside-Rich Purple Corn Color Prevents
Obesity and Ameliorates Hyperglycemia in Mice. J. Nutr. 2003, 133, 2125-2130. [CrossRef]

Guo, H.; Ling, W. The update of anthocyanins on obesity and type 2 diabetes: Experimental evidence and clinical perspectives.
Rev. Endocr. Metab. Disord. 2015, 16, 1-13. [CrossRef]

Prior, R.L.; Wu, X,; Gu, L.; Hager, T.J.; Hager, A.; Howard, L.R. Whole Berries versus Berry Anthocyanins: Interactions with
Dietary Fat Levels in the C57BL /6] Mouse Model of Obesity. J. Agric. Food Chem. 2008, 56, 647-653. [CrossRef] [PubMed]

Prior, R.L.; Wilkes, S.E.; Rogers, T.R.; Khanal, R.C.; Wu, X.; Howard, L.R. Purified Blueberry Anthocyanins and Blueberry Juice
Alter Development of Obesity in Mice Fed an Obesogenic High-Fat Diet. J. Agric. Food Chem. 2010, 58, 3970-3976. [CrossRef]
[PubMed]

Cooke, D.; Steward, W.P.; Gescher, A.].; Marczylo, T. Anthocyans from fruits and vegetables—Does bright colour signal cancer
chemopreventive activity? Eur. |. Cancer 2005, 41, 1931-1940. [CrossRef] [PubMed]

Wang, L.-S.; Stoner, G.D. Anthocyanins and their role in cancer prevention. Cancer Lett. 2008, 269, 281-290. [CrossRef] [PubMed]
Thomasset, S.; Teller, N.; Cai, H.; Marko, D.; Berry, D.P.; Steward, W.P.; Gescher, A.]J. Do anthocyanins and anthocyanidins, cancer
chemopreventive pigments in the diet, merit development as potential drugs? Cancer Chemother. Pharmacol. 2009, 64, 201-211.
[CrossRef]


http://doi.org/10.1093/jaoac/90.4.911
http://doi.org/10.1021/jf504078v
http://doi.org/10.1155/2018/4751247
http://doi.org/10.1016/j.heliyon.2020.e03863
http://www.ncbi.nlm.nih.gov/pubmed/32368660
http://doi.org/10.1021/acs.jafc.0c07784
http://www.ncbi.nlm.nih.gov/pubmed/33587635
http://doi.org/10.3390/nu12040992
http://doi.org/10.1021/acs.jafc.8b01682
http://doi.org/10.1002/fsn3.339
http://doi.org/10.1016/j.nfs.2016.04.001
http://doi.org/10.1007/s11130-014-0416-y
http://doi.org/10.34101/actaagrar/150/1710
http://doi.org/10.3390/foods8060212
http://www.ncbi.nlm.nih.gov/pubmed/31208020
http://doi.org/10.1021/jf803172e
http://doi.org/10.5740/jaoacint.11-178
http://www.ncbi.nlm.nih.gov/pubmed/22468355
http://doi.org/10.1016/j.foodchem.2007.11.027
http://www.ncbi.nlm.nih.gov/pubmed/26059156
http://doi.org/10.1038/s41598-022-07979-7
http://doi.org/10.1111/ijfs.12190
http://doi.org/10.1093/jn/133.7.2125
http://doi.org/10.1007/s11154-014-9302-z
http://doi.org/10.1021/jf071993o
http://www.ncbi.nlm.nih.gov/pubmed/18211017
http://doi.org/10.1021/jf902852d
http://www.ncbi.nlm.nih.gov/pubmed/20148514
http://doi.org/10.1016/j.ejca.2005.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16084717
http://doi.org/10.1016/j.canlet.2008.05.020
http://www.ncbi.nlm.nih.gov/pubmed/18571839
http://doi.org/10.1007/s00280-009-0976-y

Molecules 2023, 28, 560 64 of 64

254.
255.

256.

257.

258.

259.

260.

Cassidy, A. Berry anthocyanin intake and cardiovascular health. Mol. Asp. Med. 2018, 61, 76-82. [CrossRef]

Amouretti, M. Therapeutic value of Vaccinium myrtillus anthocyanosides in an internal medicine department. Therapeutique 1972,
48,579-581.

Huang, W.; Hutabarat, R.P,; Chai, Z.; Zheng, T.; Zhang, W.; Li, D. Antioxidant blueberry anthocyanins induce vasodilation via
PI3K/ Akt signaling pathway in high-glucose-induced human umbilical vein endothelial cells. Int. J. Mol. Sci. 2020, 21, 1575.
[CrossRef]

Hwang, Y.P,; Choi, ]. H.; Yun, H.].; Han, E.H.; Kim, H.G,; Kim, ].Y.; Park, B.H.; Khanal, T.; Choi, ] M.; Chung, Y.C. Anthocyanins
from purple sweet potato attenuate dimethylnitrosamine-induced liver injury in rats by inducing Nrf2-mediated antioxidant
enzymes and reducing COX-2 and iNOS expression. Food Chem. Toxicol. 2011, 49, 93-99. [CrossRef]

Peng, ].-R.; Lu, T.-T.; Chang, H.-T.; Ge, X.; Huang, B.; Li, W.-M. Elevated levels of plasma superoxide dismutases 1 and 2 in
patients with coronary artery disease. BioMed Res. Int. 2016, 2016, 3708905. [CrossRef]

Lau, H.; Mat Ludin, A.F.; Rajab, N.F; Shahar, S. Identification of neuroprotective factors associated with successful ageing and
risk of cognitive impairment among Malaysia older adults. Curr. Gerontol. Geriatr. Res. 2017, 2017, 4218756. [CrossRef] [PubMed]
Wen, H.; Cui, H,; Tian, H.; Zhang, X.; Ma, L.; Ramassamy, C.; Li, J. Isolation of neuroprotective anthocyanins from black
chokeberry (Aronia melanocarpa) against amyloid-p-induced cognitive impairment. Foods 2020, 10, 63. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.mam.2017.05.002
http://doi.org/10.3390/ijms21051575
http://doi.org/10.1016/j.fct.2010.10.002
http://doi.org/10.1155/2016/3708905
http://doi.org/10.1155/2017/4218756
http://www.ncbi.nlm.nih.gov/pubmed/29109736
http://doi.org/10.3390/foods10010063
http://www.ncbi.nlm.nih.gov/pubmed/33383966

	Introduction 
	Occurrence, Chemistry, and Stability of Anthocyanins 
	Preparation of Anthocyanin Samples for Analysis 
	Analytical Techniques including Identification and Quantification of Anthocyanins 
	Nuclear Magnetic Resonance (NMR) 
	Infrared Spectroscopy (IR) 
	High Performance Thin Layer Chromatography (HPTLC) Using UV and MS 
	Capillary Zone Electrophoresis (CZE) Using UV/Vis and Mass Spectrometry 
	CE with MS Detection 
	Liquid Chromatography Using UV and MS 

	Adulteration Issues of Processed Food or Dietary Supplements 
	Health-Promoting Effects of Anthocyanins 
	Concluding Remarks 
	References

