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Featured Application: The relevance of phenolic acids, flavonoids, and other polyphenols as the
biologically active components of nutraceuticals is pointed out here. The principal analytical
approaches to deal with their characterization and quantification have been introduced as well,
with liquid chromatography being the technique of choice in most cases.

Abstract: Phenolic compounds such as phenolic acids, flavonoids, and stilbenes comprise an enor-
mous family of bioactive molecules with a range of positive properties, including antioxidant,
antimicrobial, or anti-inflammatory effects. As a result, plant extracts are often purified to recover
phenolic compound-enriched fractions to be used to develop nutraceutical products or dietary sup-
plements. In this article, we review the properties of some remarkable plant-based nutraceuticals
in which the active molecules are mainly polyphenols and related compounds. Methods for the
characterization of these extracts, the chemical determination of the bioactivities of key molecules,
and the principal applications of the resulting products are discussed in detail.

Keywords: polyphenols; flavonoids; bioactive compounds; antioxidants; nutraceuticals; analyti-
cal methods

1. Introduction

The consumption of nutraceutical products and functional foods has experienced
enormous growth in the last decade due to the crucial role to help prevent some diseases,
as well as the positive effects for human health associated with the bioactive compounds
that they contain [1–3]. Among the different groups of phytochemicals, polyphenols
are especially remarkable for several reasons, namely: (i) they are responsible for some
organoleptic attributes of natural products, such as color, astringency, or bitterness [4]; (ii)
they are important descriptors of features of plants and derived products to be used as
biomarkers for quality control, classification, and authentication purposes [5]; (iii) there is
solid evidence that the consumption of phenolic compounds found in natural foods may
lower the risk of suffering health disorders thanks to their antioxidant capacities [2,3,6].
The last point is the most important regarding this paper as it refers to the beneficial and
healing properties of this great family of molecules.

Polyphenols comprise a large family of secondary metabolites of plants that are
especially abundant in red berries, chocolate, tea, wine, and fresh fruits, displaying con-
centrations that may vary from milligrams to grams per kilogram depending on the cases.
The regular intake of these foods constitutes the main source of polyphenols for the human
diet. However, given the great interest of polyphenols, their natural sources are often ex-
ploited to obtain enriched and/or purified extracts with potential applications to cosmetics,
nutraceuticals, food supplements, and medicines.
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In particular, polyphenols may protect the organism against oxidative damage, thus
limiting the risk of several degenerative diseases related to the harmful action of free
radicals such as cancer, diabetes, and osteoporosis [2,6]. Beyond this generic antioxidant
action, more specific antiviral, antimicrobial, or anti-inflammatory properties attributed to
given compounds have been reported as well [7–10]. Specific examples are given in the
following sections.

2. Polyphenols and Related Compounds

They are primarily synthesized as signaling and defensive molecules against external
stressors, such as climatic and environmental factors (drought, high temperature, solar
radiation, and pollution) and pathogens, thus allowing plants to respond promptly to
multiple aggressions of different origins [11,12]. Strictly speaking, polyphenols consist of
organic compounds containing several phenolic groups. Other related compounds are
sometimes included under this generic designation so that, in a broader context, the family
of polyphenols and related compounds is as follows: phenolic acids, flavonoids, stilbenes,
lignans, as well as a more heterogeneous group of structurally related compounds such as
chalcones, humulones, and alcohols [12,13].

The number of polyphenol molecules that have been reported, identified, or character-
ized is close to 9000. A brief explanation of the four main classes is given as follows (see
Figure 1):
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(i) Phenolic acids comprise hydroxybenzoic and hydroxycinnamic acids. They account
for 30% of the total dietary phenolics, and, in general, cinnamic derivatives, such as
caffeic, ferulic, and coumaric acids, are more abundant than the benzoic ones. Tartaric
esters of these acids (e.g., caftaric and coutaric acids) are especially abundant in grape,
vine, and wines. In addition, quinic acid derivatives such as chlorogenic acids are
present in a broad range of products (e.g., coffee, tea, and pear). Phenolic acids also
include hydrolyzable tannins, which consist of sugar residues esterified with gallic or
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ellagic acids. This type of tannin can be found at 10 to 100 mg kg−1 levels in coffee,
fruits, nuts, tea, and wine.

(ii) Flavonoids are the largest family of polyphenols both qualitatively and quantitatively
as more than 5000 different molecules have been described, accounting for 60% of the
total dietary polyphenols in humans [14]. The flavonoid backbone consists of two
aromatic rings connected through a linking heterocycle with an oxygen and three
carbon atoms (C6-C3-C6 skeleton). Flavonoids can be divided into six subclasses,
namely: flavonols, flavones, isoflavones, flavanones, anthocyanidins, and flavanols.
Additional details are given below.

Flavonols are based on the hydroxyflavone backbone in which the phenyl residues can
be variedly hydroxylated (or methoxylated), thus resulting in various remarkable aglycones
such as quercetin, kaempferol, fisetin, and morin [15–17]. In nature, they are predominantly
linked to sugars as a way to enhance their solubility in intra- and extracellular media.
Hence, glucosides, galactosides, rhamnosides, and rutinosides are frequently found in
plant matrices. Although flavonols are found at low concentrations, they play fundamental
roles in growth regulation mechanisms.

Flavones consist of the 2-phenylchromen-4-one backbone, structurally similar to
flavonols but without the hydroxyl group [18,19]. Some representative molecules are api-
genin, luteolin, and tangeritin, generally occurring at levels below 1 mg kg−1 in vegetables
such a broccoli, celery, carrot, parsley, or spinach. C- and O-glycosides have been reported
in cereals such as sorghum and millet at levels from 0.05 to 10 mg kg−1.

Isoflavones are also based on the 2-phenylchromen-4-one backbone, differing from
the flavones in the position of the phenyl group. Isoflavones are almost specific to the
Fabaceae family, occurring at concentrations of 1 mg kg−1 in soybean, chickpea, peanut, and
sunflower seeds [20,21]. Some typical aglycones are daidzin and genistin, often glycosided
to a high extent. Despite their low concentrations in natural sources, they have great
interest due to their structural resemblance with steroid hormones. Hence, isoflavones act
as estrogens to alleviate postmenopausal effects (e.g., hot flashes and bone loss) in women
and to lower cholesterol levels in blood.

Flavanones consist of flavan-4-one structures without the double bond in the het-
erocycle so that they have chiral carbons. As in the other cases, phenyl rings display
varied hydroxylation (and methoxylation), with some representative aglycones being
hesperetin, naringenin, taxifolin, and eriodictyol. They are predominantly combined
with saccharides, resulting in compounds such as hesperidin, naringin, or narirutin. Fla-
vanones are the main polyphenols in species of the Citrus genus, reaching concentrations
of 100 to 3000 mg kg−1 [22]. The main flavanone bioactivities deal with the antioxidant
and radical scavenging power, thus being used as prophylactics to reduce the risk of cancer
and cardiovascular diseases.

Anthocyanidin aglycones and anthocyanin glycosides are charged species containing
the flavylium cation (the oxygen of the heterocycle is an oxonium cation). The principal
aglycones (e.g., cyanidin, delphinidin, malvidin, and pelargonidin) are often attached to
sugars. They are the largest group of pigments found in nature responsible for the cyan
and red colors of berries, grapes, tomatoes, and wine [23].

Flavanols, also referred to as flavan-3-ols or catechins, are one of the most important
families of polyphenols from both quantitative and qualitative issues [24–26]. Flavanols
are present in high amounts in cocoa, coffee, fruits (berries, grapes, pears, and apples),
legumes (peas, lentils, and beans), nuts (walnut, hazelnut, and peanut), and tea. For
example, overall concentrations in fresh fruits are about 50 to 250 mg kg−1, reaching even
higher values in green tea (ca. 700 mg kg−1) and cocoa (ca. 2000 mg kg−1). As flavanones,
the heterocycle lacks the double bond so that they have chiral carbons. (−)-Epicatechin
and (+)-catechin, (−)-epigallocatechin, (−)-epicatechin gallate, and (−)-epigallocatechin
gallate are the most remarkable flavanols. They are prone to condense to form the so-
called proanthocyanidins (PACs) or condensed tannins, which consist of two or several
flavonoid moieties attached in different ways, thus resulting in dimers, trimers, and larger
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oligomers [9,27]. Monomers are often connected via the C4 of the upper unit with the C6
or C8 of the lower counterpart (B-type bond). However, in specific cases, they have an
additional link between the C2 of the upper monomer and the hydroxyl group of C5 or C7
of the lower one (i.e., C2-O-C5 or C2-O-C7), thus resulting in the so-called A-type bond.
As detailed below, B-type compounds are more abundant in nature but the A-type ones
possess a noticeable antimicrobial activity [28].

(iii) Stilbenes are characterized by a double-bond connecting two aromatic rings. Despite
being found in low quantities in the human diet, the significance of compounds
such as trans-resveratrol is outstanding. Apart from the more controversial antiaging
effects, chemopreventive, chemotherapeutic, cardioprotective, and neuroprotective
benefits have been attributed to resveratrol and its derivatives [29]. Curcuminoids
are structurally related stilbenoids exhibiting a great range of nutritional and health
beneficial properties [30]. Their structure has been used as the basis to design new
drugs for the treatment of several types of cancers and microbial infections [30].

(iv) Lignans are a minor class of polyphenols consisting of two phenylpropane units.
The main food source of lignans is linseed, although they are also found at lower
concentrations in cereals, fruits, and vegetables [31]. Recently, lignans have at-
tracted the attention of researchers because of their potential anti-inflammatory,
anti-neurodegenerative, antiviral, antimicrobial, and phytoestrogenic activities.

3. Nutraceuticals from Plant Extracts

A type of trendy nutraceutical and dietary supplement consists of mixtures of fruit
and medicinal plant extracts such as American cranberry and other red and blackberries,
turmeric, grapevine, and green tea, with exceptional detoxifying, antiaging, and antioxidant
features [32].

American cranberry (Vaccinium macrocarpon) is rich in a wide variety of phytochemi-
cals such as saccharides, carotenoids, phenolic acids, and flavonoids [33,34]. Fresh berries,
raisins, and powdered extracts have been used as natural remedies to treat inflammatory
and microbial processes. Other properties have also been recognized, including antineo-
plastic, cardioprotective, or antidegenerative activities [35,36]. Regarding antimicrobial
issues, A-type PACs are the main compounds to be used for the prophylaxis and treat-
ment of urinary tract infections (UTIs). The bioactivity of these species is attributed to
their planar structure, which may create a protecting barrier on the urinary tract walls,
thus avoiding the adhesion of bacteria [9]. Cranberry extracts are sometimes combined
with other medicinal plants such as Salvia officinalis, Urtica urens, or Solidago virgaurea that
provide additional anti-inflammatory and diuretic properties to facilitate the excretion
of urine.

Another group of nutraceuticals is focused on products to reduce weight and control
obesity [37]. For this purpose, raspberry (Rubus idaeus) and green tea (Camellia sinensis) ex-
tracts have been widely used, often combined in the same pharmaceutical form in slimming
treatments [38,39]. Raspberry contains phenolic ketones (e.g., 4-phenylbutan-2-one) that
activate the fat metabolism, while green tea is rich in caffeine and epigallocatechin with fat-
burning properties. Adjuvant plant extracts with diuretic activity are sometimes included
in the composition of this type of product to reinforce the feeling of weight reduction.

Preparations based on grape (Vitis vinifera) extracts are highly rich in phenolic acids,
flavonoids, and stilbenes. Their high antioxidant power is undeniable, thus making grape
extracts very healthy [40]. Grapevine is another product derived from Vitis vinifera rich in
resveratrol and many other polyphenols, such as rutinosides, with cardioprotective and
anti-inflammatory properties to be used in venous insufficiency [41].

Nutraceuticals made with artichoke (Cynara scolymus) possess hypolipidemic, detox,
and hepatoprotective indications. Artichoke extracts contain high amounts of phenolic
acids, sesquiterpenic lactones, and flavonoids as the principal bioactive compounds [42,43].

Soya (Glycine max), as well as other members of Fabaceae, has been used traditionally
in multiple nutraceutical products. The high content in polyphenols provides antioxidant,
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antimicrobial, and hypolipidemic activity. However, its estrogenic property is probably the
most remarkable attribute [20,21]. Hence, soya-based capsules containing purified extracts
of isoflavones are widely used to treat menopausal symptoms.

Turmeric (Curcuma longa) belongs to the ginger family, used for centuries as a remedy
in traditional Asian pharmacy, as well as a valuable condiment in cuisine. Turmeric
extracts or powders of dry rhizome are appreciated due to their antioxidant and anti-
inflammatory activities. Turmeric is sometimes combined with other species such as ginger,
garlic, and cinnamon for both nutraceutical and culinary purposes. Curcumin and related
curcuminoids are the main bioactive compounds of turmeric [7].

Finally, a more diverse group of samples commercialized under detoxifying attributes
has also been studied, consisting of mixtures of fruit extracts (Vaccinium corymbosum,
Fragaria vesca, Vaccinium macrocarpom, Rubus idaeus, Ribes nigrum, Vaccinium myrtillus, Ruscus
aculeatus, and Punica granatum) and some medicinal plants (e.g., Aesculus hippocastanum
and Hamamelis virginiana). These preparations contain noticeable amounts of flavanols
(catechin, epicatechin, and procyanidin B2), as well as other phenolic acids and flavonoids,
providing great antioxidant, antimicrobial, anti-inflammatory effects [3].

4. Analytical Methods for the Determination of Active Compounds in Nutraceutical
Products

In this section, an introduction to the principal approaches for the determination of
active phenolic compounds in the nutraceutical samples is given.

4.1. Spectroscopic Methods
4.1.1. Antioxidant Indexes

Colorimetric assays are broadly used to determine the antioxidant capacity (AC) in
nutraceuticals, which is mainly related to the presence of phenolic compounds. Although
there is some controversy about the reliability of AC values obtained by these in vitro
chemical assays, they are simple and require cheap equipment, which makes them an
attractive approach to estimate AC. Among the most used, we can highlight the assays of
Folin–Ciocalteu, ferric reducing antioxidant power (FRAP), 1,1-diphenyl-2-picrylhydrazyl
(DPPH), and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) [6].

The assays are based on a redox reaction (e.g., Folin–Ciocalteu and FRAP), some of
them involving a radical reagent (e.g., DPPH and ABTS), which leads to a change in the
UV-visible spectrum of the solution. In all of the methods, the calibration is performed
with an individual compound (e.g., gallic acid and Trolox) and AC is expressed in terms of
the equivalent concentration of the compound used for calibration.

The Folin–Ciocalteu (FC) method is, probably, the most applied to determine the
total phenolic content, and it is considered a proper assay to estimate AC in samples of
plant origin. The method was initially developed for the analysis of proteins and was
later extended to the analysis of polyphenols [44] based on a redox reaction involving the
reduction of Mo (VI) to blue Mo (V) under alkaline conditions. The FRAP test is based on
the reduction of the Fe (III)-2,2,6-tripyridyl-s-triazine (TPTZ) complex (Fe (TPZT)2

3+) to the
Fe (II)-TPTZ complex (Fe (TPZT)2

2+), which has an intense blue color [45,46]. The FRAP
assay is very simple and rugged, provided that the time elapsed between the start of the
reaction and the measurements is kept under control. A large number of FRAP data of
plant products can be found in the literature [47]. Other ligands (e.g., Fe (CN)6

3−) have
also been proposed to develop alternative colorimetric reactions.

Regarding radical-based reactions, the DPPH assay is related to the scavenging activity
of antioxidants against the 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) [45]. DPPH is
a stable radical, commercially available, and its solutions are violet in color, with an
absorption maximum at 517 nm. The reduced form (DPPH-H) has a pale yellow color.
Thus, when DPPH is reduced to DPPH-H by an antioxidant, the absorbance of the solution
decreases. Although the method is widely applied to estimate AC, DPPH is not the best
option for samples rich in anthocyanins, such as berries, cherries, and plums, because these
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compounds absorb in a similar range of wavelengths and interfere. The ABTS method is
based on the scavenging activity of antioxidants against the ABTS+ radical cation, whose
solutions have a dark blue color. ABTS+ is not commercially available and has to be
generated by the oxidation of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
with peroxodisulfate [45]. A lot of AC data from ABTS assays for a wide variety of plant
samples have been reported [47].

The comparison of results from different assays is not a trivial issue, as the sensitivity
of each particular reducing species in each method is characteristic of the compound [48].
Figure 2, adapted from Reference [48] by Alcalde et al., compared various antioxidant
indexes for the series of hydroxybenzoic acids. Despite the structural similarity of these
molecules, the antioxidant powers differed significantly. The higher activities seemed to
be associated with the presence of more than one hydroxyl group conveniently oriented
in ortho or para positions, while those in meta or monohydroxylated species were less
active. Hence, the strongest reducing agents according to the FC assay were dihydroxy-
and trihydroxybenzoic acids with o- and p-configurations, while those not following this
pattern were less efficient.
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Figure 2. Comparison of antioxidant indexes for the series of hydroxybenzoic acids. Data corre-
spond to the normalized slopes of the calibration curves of each analyte and each method. Com-
pound assignation: 3-HBA, 3-hydroxybenzoic acid; 4-HBA, 4-hydroxybenzoic acid; 2,4-DHBA,
2,4-dihydroxybenzoic acid; 3,5-DHBA, 3,5-dihydroxybenzoic acid; 2,5-DHBA, 2,5-dihydroxybenzoic
acid; 2,3-DHBA, 2,3-dihydroxybenzoic acid; 3,4-DHBA, 3,4-dihydroxybenzoic acid; 2,4,6-THBA, 2,4,6-
trihydroxybenzoic acid; 2,3,4-THBA, 2,3,4-trihydroxybenzoic acid; gallic acid, 3,4,5-trihydroxybenzoic
acid. Method assignation: FC, Folin–Ciocalteau; FRAP, ferric reducing antioxidant power; DPPH,
2,-diphenyl-1-picrylhydrazyl; ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)(adapted
from reference [48]).

In any case, it is recommended to apply several spectroscopic methods based on
different mechanisms to achieve complementary information to evaluate the AC of samples.

4.1.2. Flavonoid Assays

Apart from the indexes that provide information about the total AC, some assays
focus on families of flavonoids, such as the aluminum complexation assays, or the 4-
dimethylaminocinnamaldehyde (DMAC) spectrophotometric method.

For instance, flavonols and flavones form yellow complexes with Al(III) at neutral
pH, and the absorbance of the solution is measured in the 400–430 nm range. Furthermore,
Al(III) forms red complexes with some flavonoids (e.g., rutin, luteolin, and catechins) in
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the presence of sodium nitrite in an alkaline medium, and the absorbance of the solution is
measured at 510 nm [49].

Currently, DMAC is the most popular reagent for the quantification of the overall PAC
content in nutraceuticals and functional foods. DMAC is an aromatic aldehyde that, under
strongly acidic conditions, reacts with flavanols via the formation of a reactive electrophilic
carbocation. The DMAC reaction is specific to flavanols and their gallates. DMAC reacts
with the C8 position of the terminal unit to form a green chromophore with maximum
absorbance at ca. 640 nm. Hence, interferences from the colored anthocyanidins can be
avoided [50–53]. PACs with a high degree of polymerization (DP) have lower responses
per unit weight than monomers and dimers [28,50,54].

4.2. Voltammetric Methods

Electroanalytical techniques such as cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) have been widely used for the detection of polyphenols. A direct
relationship between the concentration of electroactive functional groups and the current
intensity generated is often found when they are either oxidized or reduced at the working
electrode surface [55–57].

The techniques commented above are especially recommended for the analysis of
polyphenols as their antioxidant properties are often related to the ability to donate elec-
trons. Voltammetric signals at low oxidation potentials suggest the presence of polypheno-
lics of high antioxidant activity, whereas those compounds with low antioxidant power
show electrochemical activity at more positive potentials [55,57]. Regarding electrodes,
recent studies to determine polyphenols in nutraceuticals and related samples have re-
lied on a wide variety of working electrodes, such as the pencil-graphite electrode (PGE),
glassy carbon electrode (GCE), platinum (Pt), and different types of biosensors. In gen-
eral, Pt has been used as an auxiliary electrode and Ag/AgCl (3 M KCl) as the reference
electrode [55,57–59].

Some representative examples are depicted in Figure 3, which shows the differential
pulse voltammograms recorded in the range from −0.2 to + 0.9 V vs. an Ag|AgCl|KCl ref-
erence electrode. In the case of catechin, with two independent dihydroxyphenyl moieties,
two oxidation peaks corresponding to each side of the molecule have been detected.
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These techniques result in powerful alternatives to traditional spectrophotometric
measurements due to the high sampling throughput, simplicity, sensitivity, reduced sample,
and reagent consumption. However, one of the main issues of voltammetric studies is
related to the electrode fouling during the measurements due to the adsorption of several
nutraceutical sample components. In such circumstances, a cleaning step may be necessary
before each voltammetric measurement to clean or renew the electrode surface [55,57,58,60].



Appl. Sci. 2021, 11, 8276 8 of 16

Some representative examples are mentioned as follows. For instance, grape extracts
analyzed by CV with GCE showed a first oxidation peak at 420 mV corresponding to the
catechol group on the B-ring of flavanols, and a second oxidation peak at 800–860 mV
belonging to the resorcinol group on the A-ring [56]. In another study, the determination of
TPC in Turkish green, black, and white tea extracts using DPV allowed a sensitive, rapid,
and inexpensive evaluation of samples, with recoveries of caffeic acid around 95% [59]. In
addition, DPV and CV were demonstrated to be appropriate to express the antioxidant
activity of coffee extracts, presenting good correlations with DPPH spectrophotometric
results [60].

4.3. Chromatographic Methods

Beyond the spectroscopic and voltammetric methods that provide information on
the overall content of polyphenols, separation methods offer excellent opportunities for
profiling. Thus, chromatographic techniques result in the best option for the simultaneous
quantification of several bioactive components occurring in the samples.

Among the arsenal of techniques available in our current analytical laboratories, liquid
chromatography seems to be the system of choice. Capillary electrophoresis (CE) can also
be used owing to the ionizable nature of polyphenols. For instance, the phenolic content
of herbal, fruit, or vegetable extracts has been determined using different CE modes such
as capillary zone electrophoresis (CZE), micellar electrokinetic chromatography (MEKC),
capillary isotachophoresis (CITP), and capillary electrochromatography (CEC) [61–65].

The polar and thermolabile nature of polyphenols hinders the use of gas chromatog-
raphy (GC) for their direct determination. Hence, GC methods for the determination of
polyphenols rely on derivatization procedures to reduce the polarity of analytes. In this
regard, silylation has been successfully applied to the identification and quantification of
phenolic compounds in plant and fruit extracts [66–69].

As mentioned, liquid chromatography (LC) is the best option for the determination
of polyphenols in nutraceutical products and in plant extracts. In general, phenolic acids,
stilbenes, and flavonoids can be separated successfully by reversed-phase (RP) mode,
typically with C18 or C8 columns. Beyond conventional High Performance LC (HPLC),
the newest and most powerful instrumentation based on ultra-high-performance liquid
chromatography (UHPLC) and core–shell column technology can be used.

Mobile phases in LC are prepared with MeOH or ACN as organic solvents and acid
aqueous solutions (e.g., using formic or acetic acids). The high complexity of the nutraceu-
tical samples often requires customized elution gradients to achieve a good resolution of
components. For instance, up to 15 polyphenols were determined in Taurisolo® (grape
pomace extract supplement, MBMed, Turin, Italy) using a polar RP-C18 HPLC column and
an elution gradient generated with 0.1% formic acid in water (v/v) and acetonitrile [70].
López-Gutierrez et al. determined more than 30 polyphenol-related compounds in nu-
traceutical samples (tablets and capsules) derived from green tea and grapes. The UHPLC
separation was accomplished with sub-2 µm particle-size C18 columns together with mass
spectrometry (MS) detection [71,72].

To avoid expensive instrumental platforms, core–shell columns appeared as a good
alternative to achieve excellent efficacies. In this regard, Bakhytkyzy et al. used a Kinetex
C18 reversed-phase (100 mm × 4.6 mm ID, 2.6-µm particle size) column for the determina-
tion of flavanols in dietary products and pharmaceuticals [73]. In another example, sub-2
µm and porous-shell columns were compared for the determination of 29 polyphenols in
cranberry-based pharmaceuticals obtaining, in that case, better performances using the
UHPLC option [74].

As an alternative to the reverse-phase mode, the hydrophilic interaction chromatogra-
phy (HILIC) has opened up great possibilities, especially for dealing with the most polar
analytes that are weakly retained in RP columns. HILIC was used, for example, for the
separation of flavanols and related compounds in dietary supplements and nutraceuticals
from berries, grapes, or artichoke extracts [75] (see Figure 4). The mobile phase consisted
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of acidified acetonitrile and methanol solutions, applying an elution gradient based on
increasing the percentage of methanol. In this study, the authors highlighted the improved
separation of flavanol oligomers, as well as the great potential to separate small phenolic
acid molecules.
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Sample assignation: a = antioxidant extract; b = cranberry; c = cranberry (combined); d = artichoke;
e = red grape (peel and seeds); f = raspberry; g = grapevine. Compound assignation: 1 = catechin;
2 = epicatechin; 3 = procyanidin A2; 4 = procyanidin B2; 5 = trimer 1; 6 = procyanidin C1; 7 = tetramer
1; 8 = tetramer 2; 9 = pentamers; 10 = hexamers (adapted from reference [75]).

The LC × LC strategy, combining different stationary phases, namely RP (or modified
RP), HILIC, and, less commonly, size-exclusion chromatography (SEC), has shown to
be promising for the determination of polyphenols in food products [76,77]. LC × LC,
operating in the off-line or on-line modes, offers improved separations taking advantage of
the orthogonality between the first and second dimensions. Consequently, sample clean-up
procedures can be simplified by reducing the total analysis time. In this regard, an RP-LC
× RP-LC method, combining a micro-bore ES-CN column (1D) with a C18 column (2D),
was successfully applied to the determination of 51 polyphenolic compounds in pistachio
extracts [78]. Another study performed by Sommella et al. for the determination of polyphe-
nols in apple extracts samples combined HILIC × RP in the two-dimensional LC [79]. In
this case, higher peak capacities and sensitivities were obtained with the optimized online
HILIC × RP-UHPLC-MS method concerning previously 1D reported methods.

Regarding detection, apart from the widespread UV-vis spectroscopy, fluorescence
and mass spectrometry have been utilized to increase the sensitivity and selectivity of the
methods. In UV-Vis, current multi-way spectrophotometers such as diode-array detectors
allow the simultaneous detection of the different phenolic families. For instance, the
range 270–280 nm is used to monitor benzoic acids, flavanols, flavanones, and other
species containing phenyl moieties, 310–330 nm is used for hydroxycinnamic acids and
stilbenes, 370–380 nm is used for flavones, isoflavones, and flavonols, 420–430 nm is used
for curcuminoids, and 450–550 nm is used for anthocyanins.

As most of the polyphenolic compounds have fluorescent moieties in their structures,
fluorometric detection is an excellent alternative to the UV counterpart, thus providing
enhanced performance from a proper selection of the excitation and emission wavelengths.
For instance, flavanols are detected at λex 280 nm and λem 320 nm with negligible in-
terferences from other phenolic families; λex 325 nm and λem 375 nm are good choices
for the determination of hydroxycinnamic acids; λex 375 nm and λem 430 nm have been
recommended for flavonols, flavones, and isoflavones.

Currently, MS is the most powerful detector for qualitative and quantitative deter-
minations of phenolic compounds. In our opinion, the hyphenation of MS with liquid
chromatography deserves a more exhaustive development. Hence, the state of the art of
application of HPLC-MS to polyphenol characterization is given below.
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Liquid Chromatography Coupled to Mass Spectrometry

HPLC-MS techniques, and more recently, the UHPLC-MS counterparts, have been
increasingly used in nutraceutical characterization, especially for bioanalytical applica-
tions dealing with pharmacokinetics and metabolism studies. LC-MS has been widely
exploited for the identification and structural elucidation of known and unknown bioactive
molecules, especially from LC-MS/MS experiments [80,81]. Furthermore, high-resolution
mass spectrometers (HRMS) coupled to the LC systems result in exceptional tools for food
analysis. Obtaining accurate mass measurements is the major advantage of HRMS to
provide almost unambiguous identifications and quantifications. For instance, the presence
of curcumin and other curcuminoids in turmeric-based extracts was confirmed using this
strategy. As can be seen in Figure 5, the accurate mass spectra obtained by LC-HRMS
with an orbitrap analyzer gave the authors reliable information for the identification of
curcumin and other major components in the studied samples [82].
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By far, ESI is the most generalized ionization source, although atmospheric-pressure
chemical ionization (APCI) has also been proposed, especially for those compounds exhibit-
ing low ionization efficiencies under ESI conditions [83–85]. This is the case, for instance, of
the identification and determination of triterpenes and phenolic acids from ancient apples
of Friuli Venezia Giulia as nutraceutical ingredients [85]. While ESI resulted in the best
option for the determination of phenolic acids, APCI in negative ion mode was selected as
the ion source of terpenes due to the opportunity to obtain the pseudomolecular [M-H]−

ions with higher intensity than with ESI [86]. Carotenoids are also a typical family of
compounds exhibiting better ionization behavior under APCI conditions in comparison to
ESI [84,87,88]. For example, Garzón et al. [84] described the determination of carotenoids
from Arazá (Eugenia stipitate), an Amazonian fruit with potential value as a nutraceutical
source. Recently, UHPLC-APCI-TOF/MS was also proposed for the screening of genistein
from selected seeds of Apiaceae [89].

To date, dozens of applications of (U)HPLC-ESI-MS(/MS) have been published. Low-
resolution mass spectrometers based on triple quadrupole and ion trap analyzers are
typically proposed for the sensitive determination of well-known bioactive substances, as
well as for identification purposes when working in tandem mass spectrometry [90–94]. For
example, Nzekoue et al. carried out the quantification of 30 bioactive compounds in coffee
silverskin extracts by HPLC-MS/MS using a triple quadrupole analyzer [94]. Eighteen
phenolic compounds were detected and quantified, with caffeoylquinic acids being the
most abundant ones. In contrast, HPLC-DAD-MS using an ion-trap analyzer was employed
to address a comprehensive characterization of the phytochemicals present in an Italian
ancient apple “Mela Rosa dei Monti Sibillini” [93]. Extracts from lyophilized material
were richer in polyphenolic compounds than the dried counterparts. These findings
suggested that this ancient apple variety was an excellent source of active components
for nutraceuticals.

HRMS based on time-of-flight (TOF) and Orbitrap analyzers is the technique of choice
for a comprehensive characterization of plant-based extracts due to the higher-resolution
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capabilities and the accurate mass measurements (with errors below 2 ppm depending on
the instrument). In these cases, hybrid configurations combining quadrupole and ion-trap
analyzers coupled with HRMS instruments such as Q-TOF [95–100], IT-TOF [101], and
Q-Orbitrap [102,103] were preferred to take advantage of the high sensitivity of these
platforms under full-scan acquisition mode. Furthermore, fragmentations can be employed
for identification purposes, especially when profiling strategies are applied. For instance,
Amat-ur-Rasool et al. evaluated the potential nutraceutical properties of leaves from sev-
eral commonly cultivated plants such as lemon (Citrus limon), red silk-cotton (Bombax
ceiba), henna (Lawsonia inermis), eucalyptus (Eucalyptus globulus), basil (Ocimum basilicum),
Mandarin orange (Citrus reticulata), and spearmint (Mentha spicata) [95]. RP HPLC cou-
pled to a Q-TOF instrument working in negative ion electrospray mode was proposed
as the instrumental technique. Several polyphenols such as 3-caffeoylquinic acid, methyl
4-caffeoylquinate, kaempferol-acetyl-glycoside, quercetin 3-rutinoside, quercetin-acetyl-
glycoside, kaempferol 3-O-glucoside, and quercetin 3-O-glucoside were identified. In
another work, a Q-Orbitrap HRMS instrument was used to assess a comprehensive investi-
gation of the polyphenolic constituents of fennel waste extract, showing that chlorogenic
acids were the most abundant compounds [102]. Some applications based on MS instru-
ments with an even higher resolution than an Orbitrap analyzer, such as Fourier-transform
ion cyclotron resonance mass spectrometry (FT-ICR-MS), have also been described in the
literature. For example, Maia et al. [104] evaluated Vitis vinifera “Pinot noir” leaves as a
source of bioactive nutraceutical compounds using an FT-ICR-MS instrument, identify-
ing the presence of numerous compounds that are known to possess diverse nutritional
and pharmacological properties, such as caffeic acid, catechin, kaempferol and quercetin,
several phytosterols, and fatty acids.

The use of ambient mass spectrometry (AMS) techniques has also been described
for nutraceutical characterization. AMS involves the direct analysis of compounds from
sample surfaces, allowing a straightforward study of unconventional bulk samples, such
as whole tablets, plant parts, or tissue sections. The analysis takes place at ambient
pressure outside the MS instrument, which speeds up the sampling process and without
any sample preparation (or minimal sample manipulation). For example, Giffen et al.
described the use of direct analysis in real time (DART) for the rapid identification of
Salvia species by chemometric processing [105]. The authors analyzed plant leaves in
their native form by DART-HRMS without any sample preparation step, obtaining a
derived chemical fingerprinting of both fresh and dried salvia material. The presence of
essential oil biomarkers such as 3-carene, α-pinene, β-pinene, β-thujone, β-caryophyllene,
camphor, and borneol was confirmed. In another work, Riya et al. revealed the important
nutraceutical properties of Mauritius fruit (Ananas comosus) against diabetes [106]. In this
case, some active compounds identified in ethyl acetate and methanolic extracts of the fruit
using DART-HRMS were sinapic acid, daucosterol, 2-methylpropanoate, 2,3-dimethyl-4-
hydroxy-4(2H)-furanone, methyl 2-methylbutanoate, and triterpenoid ergosterol.

Desorption electrospray ionization (DESI) is another AMS technique allowing the
direct identification and determination of bioactive substances deposited on surfaces and
from thin biological tissue sections with minimal (or without) sample treatment. In this
case, a charged spray of solvent droplets is directed toward the surface to desorb and
ionize the analytes, which are directed to the MS inlet under vacuum conditions. The
investigation of phytochemicals from thin-layer chromatography (TLC) imprints or direct
plant tissues is well described in the literature. As an example, the chemical profiling and
separation of bioactive secondary metabolites in maca (Lepidium peruvianum) by normal-
and reversed-phase TLC coupled to DESI-HRMS was proposed by Perez et al. [107].
The authors reported for the first time the identification of six potential plant antibiotics,
phytoanticipins, glycosylated ascorbigens, and dihydroascorbigens from Maca seeds.

Matrix-assisted laser desorption ionization (MALDI)−TOF-MS is another excellent
technique for the deeper characterization of polyphenols, especially for dealing with
polymeric compounds such as PACs [108], especially for the elucidation of intermolecular
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link positions. The polyphenol profiling of chestnut pericarp, integument, and curing water
extracts to qualify these food by-products as a source of bioactive antioxidant compounds
for nutraceutical applications was also described by MALDI-TOF-MS [109]. This method
allowed the identification of condensed and hydrolyzable tannins such as procyanidins
and prodelphinidins.

5. Conclusions

Polyphenols, including phenolic acids, flavonoids, and stilbenes, display great an-
tioxidant activity that may help to combat free radicals resulting from oxidative stress.
Other interesting properties such as anti-inflammatory, antineoplastic, antimicrobial, hy-
polipidemic, estrogenic, or hepatoprotective activities have been described as well. The
chemical evaluation of these compounds is essential to ensure the content of the desired
active species.

Regarding analytical methods, spectroscopic methods are suitable for the evaluation
of the overall antioxidant capacity of nutraceuticals. Electrochemical methods have also
demonstrated their great performance to assess the antioxidant properties of products. The
simultaneous profiling of multiple analytes relies on separation techniques, among which
liquid chromatography is the most recommended one. Polyphenols can be monitored by
UV/vis, fluorescence, and mass spectrometry, with the latter being especially suitable for
sensitive and selective detection. The hyphenation of liquid chromatography with mass
spectrometry is also the technique of choice for the identification and structural elucidation
of unknown phytochemicals with bioactive properties.
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