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The recycling and revalorization of wastes from the agri-food industry (AFI) have emerged in the sci-
entific scenario as a multidisciplinary working field in the framework of the circular bioeconomy. Res-
idues and side materials from AFI result in a great source of raw products with increasing social and
economic impact. In this regard, phenolic compounds are possibly the most relevant group of phyto-
chemicals from AFI wastes because of their multiple healthy properties, including antioxidant, anti-
inflammatory, hypolipidemic, and antibacterial activities. Among other sources, olive oil, winemaking,
and fruit and vegetable juice wastes have been considered to assess their revalorization. The paper re-
views the recovery and characterization of AFI waste extracts to generate by-products rich in poly-
phenols for chemical, nutraceutical, and food science applications. Polyphenols are recovered from AFI
waste by solvent extraction with conventional and advanced techniques. The resulting extracts are
complex, and the major phenolic compounds should be identified and quantified. The profiling of
analytes such as proanthocyanins, curcuminoids, resveratrol derivatives, caffeic acids, and oleuropein is
often performed by liquid chromatography with UV/Vis or fluorescence detection. Additionally, liquid
chromatography coupled to mass spectrometry is the technique of choice for the unambiguous identi-
fication of target compounds and structural elucidation of new and unknown molecules. Complemen-

tarily, the antioxidant activity of the extracts can be determined using spectrophotometric assays.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction into a resource is especially interesting in terms of sustainability

[1].

Currently, the linear economy model is the predominant sce-
nario worldwide. It relies on “producing, using and throwing away”
and the vast majority of wastes are disposed of in landfills or in-
cinerators whereas just a low proportion is recycled (ca. 12%). An
alternative framework relies on the so-called circular economy, a
system in which the consumption of materials and waste genera-
tion are minimized while also recycling and reusing the residues to
produce new materials. In this way, the concept of turning waste
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Agri-food industries (AFI) generate high amounts of processing
waste. For instance, peels, seeds, leaves, and stems stand out among
the most common wastes generated in fruit and vegetable pro-
cessing [2,3]. Some well-established applications of these wastes
include their use as soil fertilizers or animal feed; currently, they
are also used as biomass for producing energy or fuels. However,
these AFI by-products are noticeably rich in a wide range of high
added-value bioactive components, such as polyphenolic com-
pounds [4—6]. Polyphenols are a vast group of secondary plant
metabolites that comprise thousands of compounds. They can be
classified into four principal families according to their chemical
structures (see Table S1 in Supplementary Material) namely:
phenolic acids, flavonoids, stilbenes, and lignans. Briefly, phenolic
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acids are the simplest molecules, with two main subclasses
(hydroxybenzoic and hydroxycinnamic acids). Flavonoids result in
the most abundant group; the flavonoid skeleton consists of two
aromatic rings linked by an oxygen heterocycle and different sub-
families are defined depending on the oxidation degree and sub-
stitutions of the heterocycle. Stilbenes rely on a double bond
connecting two aromatic rings. Lignans are a minor class based on
two phenylpropane units. In addition, a miscellany of related
phenolic molecules is included sometimes under an extended
conception of polyphenols [7,8].

Phenolic compounds are scavengers of free radicals, which are
harmful products of aerobic metabolism leading to oxidative stress
in the organism. Multiple in-vitro, in-vivo, and epidemiological
studies have shown that polyphenols are of great interest in the
prophylaxis and treatment of cardiovascular and neurological dis-
eases, cancer, and aging-related disorders, mainly due to their
remarkable antioxidant activity [9,10]. The claimed anti-
inflammatory activity also appears to be related to antioxidant
power. Complementarily, the metal chelation ability is another
protective effect of polyphenols which is especially noticeable
against the toxicity caused by heavy metals. Compounds such as
proanthocyanins, curcumin, resveratrol, caffeic acid, or oleuropein,
have been extensively investigated, and their structures have been
the basis to design new drugs with enhanced activity for the
treatment of cancers and microbial infections [11]. Recently, dozens
of studies have been published regarding the possible use of
polyphenols to treat SARS-CoV-2 based on previous evidence on
the phenolic activity against different viruses [12,12]. The use of
phenolic compounds for pharmaceutical applications is not new.
Oriental traditional medicine is a good example, with herbs, plants
and spices rich in polyphenols acting as active principles. The food
industry has also incorporated polyphenols as natural additives in
food products, cosmetics, and packaging [13,14].

Thus, bioactive phenolic acids and flavonoids are on the top of
the well-known value pyramid of biomass (Fig. S1, Supplementary
Material), which makes AFI waste very attractive from a circular
bioeconomy approach, with great prospects in the pharmaceutical,
cosmetics, and food industries. In this context, recovering natural
polyphenols from AFI waste is an excellent option, in line with the
United Nations Sustainable Development Goals. The overall strat-
egy is even more remarkable when green technologies are applied,
with the design of processes aiming to eliminate, or at least reduce
significantly, the use and generation of hazardous substances and
prevent environmental and health impacts. In this scenario, the
extraction, characterization, and purification of phenolic acids and
polyphenols stir up an increasing scientific and commercial
interest.

In the following sections, we present a general discussion on the
most relevant extractive techniques for the recovery of polyphenols
from agri-food waste, with brief references to the purification of the
resulting extracts, always keeping in mind their feasibility for
scaling up at the pilot plant and industrial scale. The chromato-
graphic extract characterization is also discussed, both to deter-
mine the most noticeable compounds and estimate some
remarkable features, such as the global antioxidant capacity.
Spectrophotometric assays to measure the total phenolic content
(TPC) or the antioxidant activity (AC) are briefly presented. This
overview covers the most recent applications on this topic, mainly
corresponding to articles published in the last five years.

2. Sources of polyphenols from agri-food residues
Within the global ranking of waste generation, AFI waste

generated during food production processes represents approxi-
mately 25% of total industrial residues. As an example, in the case of
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production of both fruit and vegetable juices, most of the raw
material, mainly skins, seeds, leaves, and stalks, remains as waste.
Likewise, a large volume of waste is obtained during the production
of olive oil or wine. Tree leaves, nut hulls, and coffee production
waste, among others, are also examples of AFI waste. These resi-
dues are very often a rich source of bioactive compounds, such as
vitamins, carotenoids, alkaloids, and polyphenols [15]. For these
reasons, a great opportunity arises to recover the phytochemicals
contained in these residues within the framework of the circular
economy.

Data obtained from a bibliographic search in the Scifinder
database with the keywords “agri-food wastes” and “polyphenols”
in the period 2018—2022 is presented in Fig. 1, which shows the
matrices worked most on during the last five years.

The wine industry's main byproduct is the grape pomace, a
mixture of seeds, stems, grape skin, and remaining pulp. Approxi-
mately 9 million tons of this waste are generated annually around
the world, representing about 20% w/w of the total grapes used for
wine production [16—18]. This matrix is rich in hydroxycinnamic
acids (e.g., caftaric and coutaric acids) and flavonoids (astilbin,
catechin, etc.) [19]. Another industry that generates a high quantity
of byproducts is the olive oil industry. The principal residue is the
olive pomace which consists of the remaining pulpy material after
olive oil extraction. This matrix is particularly rich in hydroxytyr-
osol, oleuropein, and luteolin glycosides, which are compounds
with a high antioxidant capacity [20]. Other remarkable fruit
byproducts come from the production of apple, citrus, and pine-
apple juices. In the vegetable byproducts group, onions are noted,
which production is more than 450,000 tons only in Europe [21].
The major byproduct resulting from the industrial peeling of onions
is represented by the skin, the outer fleshy leaves, and the top and
bottom bulbs. The main phenolic compounds present are flavo-
noids such as quercetin and kaempferol glycosides (Table 1). Other
types of waste that can be underlined are tree leaves, such as olive
tree leaves, and nut byproducts, especially from walnuts [22,23].

3. Recovery and purification of polyphenols from agri-food
residues

The recovery of bioactive molecules encompasses two different
stages. The first stage relies on the extraction of the compounds of
interest from the waste material, avoiding, as much as possible, the
extraction of undesirable components. The second step deals with
purification, in which extracts should be treated to remove all those
reagents and components not compatible with their subsequent
use and to concentrate the compounds of interest.

3.1. Extraction solvents

Before the extraction step, the material of interest needs to be
pretreated to obtain homogenous and reduced-size particle sam-
ples that is essential to increase the contact area between the raw
material and the extractant and, thus, to maximize their interaction
[33,34]. After cleaning (if needed), the waste material is often dried
or lyophilized to obtain a dehydrated sample that is subsequently
cut, milled, and sieved [35].

The extraction of polyphenols from the solid pretreated AFI
waste relies on solid-liquid extraction using hydro-organic solvents
such as methanol, ethanol, acetone, and ethyl acetate. However, for
toxicological and environmental reasons, green extractants are
preferred (especially for addressing food and nutraceutical appli-
cations) so that the organic solvent is eventually almost restricted
to ethanol [36]. Additionally, some extraction methods also include
a small percentage of an organic or mineral acid, such as formic,
acetic, or hydrochloric acid, in the extraction solvent to improve the
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Fig. 1. Main agri-food waste matrices studied for the recovery of phenolic compounds.
Table 1
Phenolic rich residues from the agri-food industry.
Type of  By-product Main phenolic compound Residue Waste volume in the world Ref.
industry fraction (%) (tons per year)
Olive oil  Leaves, pomace Oleuropein, Luteolin-7-0O-glucoside, Luteolin, 3-Hydroxytyrosol and Apigenin-7- 75% =~2 million [24,25]
residues and peels O-rutinoside
Wine Pomace, seeds and Catechin, Epicatechin, Malvidin-3,5-diglucoside, Proanthocyanins and Gallic acid 25% =~ 6 million [26,27]
peels
Orange Pulp, seeds and peels Naringenin, Naringin, Hesperidin and Rutin 30—40% ~17-22 million [28]
Apple and Pulp, seeds and peels Phloridzin, Epicatechin Chlorogenic acid, Procyanidin B1 and B2 5—20% ~5-—21 million [29
pear —31]
Onion Skin and external Quercetin-3,4’-0-diglucoside, Quercetin-4'-O-glucoside, I[sorhamnetin-4'-O- 17% ~15 million [32]
layers glucoside, Delphinidin-3-0-glucosyl-glucoside

solubility of the analytes and the stability of extracts. Apart from recovery yield. The wide range of physicochemical characteristics
the solvent composition, other process variables such as pH, solvent (e.g., molecular mass, solubility, polarity, stability, and acid-base
volume, time, or temperature may be relevant to improve the properties) of compounds belonging to the diverse families of
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polyphenols entails relevant differences in the extraction
procedures.

As can be seen in Fig. 2, apart from conventional solvents based
on water or hydroalcoholic mixtures, deep eutectic solvents (DES)
or, preferably, natural DES (NADES) are gaining popularity in the
polyphenol extraction scenario. (NA)DES, considered green sol-
vents [37], are eutectic mixtures of hydrogen bond donors (HBD)
and hydrogen bond acceptors (HBA). The resulting mixtures have
an enhanced extraction power of both polar and non-polar com-
pounds. NADES are compatible not only with conventional
extraction but also with other advanced technologies (see below).
Common HBAs are betaine, tetrabutylammonium, proline, and,
especially, choline. Regarding HBD, a wide range of compounds are
used, including organic acids (such as lactic acid), ethylene glycol,
glycerol, sugars (such as glucose), or urea.

Various illustrative examples based on NADES are commented
as follows. For instance, Husanu et al. screened the combination of
choline chloride with a variety of HBD such as acids, sugars, and
polyalcohols for the extraction of polyphenols from chestnut waste,
obtaining the highest extraction yield with the combination of
choline and oxalic acid (1:1) [38]. In our laboratory the choline-
based NADES have been used to recover polyphenols from several
AFI wastes. In the example of Fig. 3, the performance of a choline-
glycerol (1:2 m/m) solvent and a water/ethanol mixture is
compared for the extraction of phenolic compounds and flavonoids
from olive leaves. As can be seen, the NADES combination has
shown a superior recovery for the target analytes, being up to 4-
fold higher for astilbin (Fig. 3). Also, in the case of the revaloriza-
tion of grape pomace, the use of NADES (betaine-citric acid) was
suitable as a green alternative to organic solvents [39]. A compre-
hensive review concerning the use of NADES for the extraction of
phenolic compounds from food by-products is given elsewhere
[40].

Apart from NADES, other green options, such as supramolecular
solvents (SUPRAS) or ionic liquids, although not yet extensively
used, have also appeared as an alternative to the more conventional
extractants. For example, SUPRASs, which are generated from
aqueous or hydro-organic colloidal dispersions of amphiphilic
compounds [37,41], were evaluated for the valorization of spent
coffee grounds [42] and the purification of ellagic acid from waste
pomegranate peel [43]. Regarding ionic liquids, mono-
ethanolammonium acetate, for instance, was successfully used for
the recovery of polyphenols from mate leaves, obtaining extraction
yields significantly higher than the ones achieved with hydro-
alcoholic mixtures [44]. Anyway, the controversy on the greenness
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Fig. 3. Comparison of the extraction of various phenolic compounds and flavonoids
with choline-glycerol (1:2 m/m) and water/ethanol as the extracting solvents.

of ionic liquids, SUPRAS and even NADES is a recurrent issue, still a
matter of debate [45,46].

3.2. Extraction methodologies

Conventional solvent extraction (solid-liquid extraction, SLE) is
the most common technique to recover polyphenols from AFI
wastes, accounting for 40% of the last five years' applications
(Fig. 2). SLE comprises sample maceration, extraction by shaking
(spinning or magnetic stirring), and, to a lesser extent, percolation
or Soxhlet extraction. As commented before, classical organic sol-
vents are being replaced by more environmentally friendly options
to develop greener and more sustainable extraction methods [36].
In addition, advanced technologies have also been implemented to
reduce solvent waste, extraction time, and energy requirements
while increasing extraction efficiency by promoting cell lysis and,
thus, the release of bound polyphenols [47,50]. In the last five years,
efforts have been made to develop techniques such as ultrasonic-

Extraction Techniques:

= Mechanical stirring |
* Maceration
= Percolation

v Conventional solid-liquid extraction (SLE){
= Soxhlet

v Ultrasonic assisted extraction (UAE)
v Microwave assisted extraction (MAE)

sre PEF Others
v Pressurized liquid extraction (PLE) 1% 3%

EAE 5% \

5%
SWE
5%

o

v Pulsed electric field extraction (PEF)

v Enzyme assisted extraction (EAE) SLE

v Subcritical fluid extraction (SWE) BlE 39%

v Supercritical fluid extraction (SFE) 8%
v Others

MAE
10%

24%

Fig, 2. Extracting solvents and techniques applied to the extraction of polyphenols from agri-food residues.
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assisted extraction (UAE), microwave-assisted extraction (MAE),
pressurized liquid extraction (PLE), pulsed electric field extraction
(PEF), enzyme-assisted extraction (EAE), subcritical fluid extraction
(SWE), and supercritical fluid extraction (SFE) for the recovery of
polyphenols from a wide range of matrices. A more detailed dis-
cussion of the principles, advantages, and drawbacks of these
advanced techniques as well as a thorough description of
contemporary applications is given in reviews focused on extrac-
tive methods [35,47—49]. Here, a brief overview of the state of the
art is provided to familiarize readers with these techniques.

UAE has been successfully used to recover polyphenols from
several fruit and vegetable by-products using mainly hydro-
ethanolic mixtures as solvent. For instance, UAE extraction pro-
vided better efficiencies than SLE to extract active ingredients from
lemon residues using water or 50% ethanol [50,51]. The combina-
tion of UAE with (NA)DES, has also been demonstrated to be a
successful option for the extraction of ellagic acid and other
phenolic compounds from chestnut shells [52] and olive oil, onion
tomato, or pear industries [53] reducing the use of organic solvents.

Another emerging technique in the extraction of polyphenols
from AFI wastes relies on microwave-assisted extraction (MAE),
which consists of the application of electromagnetic radiation of
wavelength in the range of microwaves (frequency ca. 2.45 GHz).
The intense thermal energy generated leads to the rupture of cell
membranes, releasing the cell content to the medium and, thus,
improving extraction efficiencies [54]. As in the case of UAE, water
or water/ethanol mixtures are the solvents of choice as extractants.
For instance, Mena-Garcia et al. evaluated different solvents, such
as water, ethanol, methanol, water/ethanol (50/50), and water/
methanol (50/50), for the extraction of bioactive compounds from
artichoke by-products, obtaining the most favorable results using
water/ethanol (50/50) [55]. Differently, Hoskin et al. developed a
continuous flow MAE method using water as the solvent for the
recovery of phytoactive polyphenols from grape and blueberry
pomaces [56]. An interesting application of MAE, avoiding the
addition of extractant, relies on the dehydration of broccoli by-
products while water-soluble bioactive components were simul-
taneously recovered [57].

PLE, SFE, and SWE apply external pressures and temperatures to
increase the interaction of the solvent with the solid matrices, thus
improving the solubility of the target compounds [58—60]. PLE
relies on a closed flow system that uses (hydro)organic solvents at
high temperatures and pressure, allowing the reduction of extrac-
tion time and solvent consumption. Although technology is greatly
attractive, the equipment at a lab scale, pilot plant, or industrial
facilities is expensive. Even so, several studies have been conducted
during the last years to evaluate its efficiency [61—64]. Regarding
SFE, besides its green character, it is easily scalable for industrial
applications. Supercritical CO;, (scCO;) is the most important fluid
in food and pharmaceutical industries, and it has been successfully
implemented for the extraction of bioactive compounds from
Capsicum annuum pepper (Jalapeno) industrial wastes [65] or
mandarin leaves [66]. Water below its critical point is the solvent of
choice when dealing with SWE. SWE pistachio hull and onion skin
extracts obtained by UAE or SLE using organic solvents as the
extractants were compared to evaluate the performance of this
technique [67,68]. In these cases, the total phenolic content (TPC),
total flavonoid content (TFC), and antioxidant capacity of SWE ex-
tracts resulted to be similar or higher than UAE or SLE extracts,
demonstrating that SWE is an excellent green alternative.

The use of enzymes (mainly cellulase, pectinase, or tannase) to
recover polyphenols (enzyme-assisted extraction, EAE) from AFI
wastes has risen during the last years. Enzymes decompose cell
membranes improving the extraction of the compounds with a
minimum impact on the environment. EAE is applied in
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combination not only with conventional extraction (SLE) but also
with UAE and MAE [69,70]. In these studies, Gorguc et al. evaluate
the effectiveness of combining EAE with UAE [69] or MAE [70] for
the extraction of protein and antioxidant compounds from sesame
bran. The highest TPC and protein yield were acquired with the
ultrasound- or the microwave-assisted enzymatic extraction tech-
nique. In both cases, the enzyme alcalase was more effective than
viscozyme L, and the optimal enzyme concentration was 1.2 AU/
100 g or 1.9 AU/100 g for UAE or MAE, respectively [69,70].

Finally, other techniques, such as those based on electro-
stimulation, have emerged in the scientific scenario to improve the
performance of solvent-based extraction. Pulsed electric field (PEF),
which accelerates diffusion processes and increases extraction ef-
ficiency due to electroporation, has been successfully applied in the
extraction of bioactive compounds from AFI residue [71,72].
Differently, in high voltage electrical discharges (HVED) extraction
a high voltage between two submersed electrodes forms a plasma
channel that releases the energy into the extraction medium [73].
With this technique, 60 mg GAE g~ ! were extracted from spent
coffee grounds using an ethanol/water mixture as the solvent; this
values is 20% higher than the yield obtained with SLE [74].

3.3. Extract purification

The extraction procedure is not only devoted to the analyte re-
covery by also to the sample clean-up to minimize interferences
from undesired compounds. When the purity is not suitable, the
resulting extracts can be further purified by solid-phase extraction
and column chromatography to recover fractions or isolate com-
pounds with remarkable antioxidant properties [75,76]. Once the
extracts are obtained, the purity can be assessed by liquid chro-
matographic or spectroscopic methods (see below in section 4).

By-products resulting from liquid extraction processes are
usually not valuable enough from the point of view of nutraceut-
icals and pharmaceuticals so further purification steps are often
applied, employing adsorbents, membranes, or integrated pro-
cedures combining various approaches [75,77,78]. The resulting
fractions are enriched in specific phytochemicals, with similar
characteristics and bioactivities to be used to manufacture dietary
supplements, nutraceuticals, or pharmaceuticals [11].

Solid-phase extraction (SPE) offers excellent possibilities at the
lab scale to purify and enrich the liquid extracts because of its
versatility. A broad range of stationary phases is commercially
available to be chosen depending on the characteristics of the agri-
food matrices and the phenolic families of interest —including the
physicochemical features of the analytes such as acidity constants,
polarity, and size (molecular mass)—. Among them, reversed-phase
(RP) adsorbents are the most widely used although other interac-
tion modes, such as ion exchange, normal phase (NP), and hydro-
philic interaction liquid chromatography (HILIC), have also been
introduced. Purification and fractionation of extracts can also be
implemented by column chromatography with online fraction
collection [75,76]. This approach is an extension of SPE to scale up
the purification processes under the same interaction mechanisms.

At the pilot plant scale and industrial level, membrane-based
processes may be an excellent option for processing large vol-
umes of extracts from agri-food wastes [79,80]. Membrane sepa-
ration is a pressure-driven process typically used to separate
compounds based on molecular size and chemical structure. Its
advantages include no solvent requirement, high efficiency, and
low energy consumption for some of the techniques. Membrane
processes comprise microfiltration, ultrafiltration, nanofiltration,
and reverse osmosis (RO), with pore sizes of 10 to 0.1 pm, 100 to
10 nm, 10 to 1 nm, and 1 to 0.1 nm, respectively [79,80].
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4. Determination of phenolic compounds in agri-food wastes

There are two main approaches to deal with the quantification
of polyphenols and the determination of in-vitro activities, namely:
(i) Spectrophotometric assays, which provide overall information
and express the total phenolic content (TPC) or the antioxidant
capacity (AC); besides, there are some assays focused on specific
polyphenolic subfamilies. Although much less common, TPC and/or
AC information can also be achieved electrochemically, from anodic
signals generated by cyclic, square-wave, and differential pulse
voltammetry [81]. (ii) Chromatographic methods, which allow
determining the compositional profiles of phenolic acids and
polyphenols, and the quantification of each compound of interest.
In the following paragraphs, we introduce some recent trends in
these global or individual approaches.

4.1. Spectrophotometric indexes

Spectrophotometric assays are widely used, and various recent
reviews provide a broad outlook on their application [82—84]. The
assays are based on redox or radical reactions which produce a
change in the spectra, with the phenolic compounds acting as
reducing or scavenging agents; among the most popular assays, we
can mention Folin-Ciocalteau (FC), ferric reducing antioxidant po-
wer (FRAP), cupric reducing antioxidant capacity (CUPRAC) assay,
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, 2,2’-azino-bis(3-eth-
ylbenzothiazoline-6-sulfonic acid) (ABTS) assay, and oxygen radical
absorbance capacity (ORAC) [9]. Depending on the reaction
mechanisms, the assays are classified into HAT (hydrogen atom
transfer) and SET (single electron transfer) categories: FC, FRAP,
CUPRAC, and DPPH are SET methods, whereas ORAC is a HAT
method, and ABTS assay involves both SET and HAT mechanisms
[85]. Table S2 (Supplementary section) summarizes the most
relevant characteristics of the assays.

In the spectrophotometric assays, the results are expressed in
terms of the concentration of the phenolic compound used to build
the calibration curve, quite often gallic acid or Trolox. Although the
chemical bases of the tests are equivalent, the results of the FC test
are considered a measure of TPC, while the results of FRAP, CUPRAC,
DPPH, ABTS, or ORAC assays are considered a measure of the AC.
There is no simple relationship between AC values obtained by
different assays since the contribution of each individual phenolic
compound to the spectral change differ between assays [81]. For
this reason, it is recommended to report AC results from various
methods. However, this is not the main drawback; the major crit-
icism is related to the reliability of AC values from chemical assays
to inform about antioxidant activity at a cellular level. Despite this,
these assays remain widely used due to their simplicity.

Finally, it is worthy to mention that there are assays for the
analysis of (sub)families of polyphenols, such as methods based on
the reaction with Al(III) for the determination of flavonoids [86],
the pH differential method for monomeric anthocyanins [87], or
the dimethylaminocinnamaldehyde (DMAC) assay for flavanols
[88].

4.2. Chromatographic methods for polyphenolic profiling

The characterization of agri-food residues by polyphenolic
profiling, i.e. determining the composition of phenolic acids and
polyphenols occurring in the samples, is mainly addressed by
chromatographic and related separation techniques in which the
selectivity is accomplished from the separation process of the
analytes. Among these techniques, those based on capillary elec-
trophoresis (CE) [89,90] and gas chromatography (GC) [91] have
been sometimes reported for the determination of phenolic
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compounds. However, they suffer from some disadvantages, such
as the characteristic low detection capabilities of CE or the
requirement of derivatization steps in GC to decrease the analyte
polarity. Under these circumstances, high-performance liquid
chromatography (HPLC) or ultrahigh-performance liquid chroma-
tography (UHPLC) with spectroscopic ultraviolet—visible (UV—vis)
or fluorescence (FL) detection or hyphenated with mass spec-
trometry (MS) [92] is nowadays the technique of choice for the
determination of phenolic constituents in agri-food-related
matrices.

4.2.1. Chromatographic conditions

The high versatility of (U)HPLC techniques mainly comes from
the variety of separation modes, with a great range of columns
commercially available. Among them, reversed-phase (RP) chro-
matography is the most popular option to determine phenolic acids
and polyphenols in agri-food wastes. In this mode, stationary
phases mainly consist of saturated aliphatic groups chemically
linked to silica or polymeric particles, with the octadecyl (C18)
group being the most widely employed. Besides, other groups, such
as butyl, octyl, phenyl, cyano, or fluorinated columns, have also
been considered when changes in selectivity are intended.

Hydro-organic mixtures with methanol or acetonitrile as the
organic component with small amounts of an organic acid (e.g.,
10—100 mmol L' of formic or acetic acid) are the typical mobile
phases. Specific gradient elution programs are optimized to cope
with the high complexity of phenolic and polyphenolic composi-
tion in agri-food samples. As a matter of example, Fig. 4 shows the
chromatogram of a NADES extract of olive leaves by reversed-phase
HPLC with UV detection at 280 nm. A complex mixture consisting
of several compounds with high antioxidant capacity was obtained,
highlighting 3-hydroxytyrosol, rutin, p-coumaric acid, luteolin-
glucosides, apigenin-rutinoside, and luteolin. Recently, an inter-
esting application was reported for the valorization of Ribes nigrum
pomace, an agri-food by-product, to design a new green cosmetic
active in compliance with circular economy principles [93]. HPLC
with diode-array detection (DAD) and evaporative light scattering
detection (ELSD) in reversed-phase mode was proposed for Ribes
nigrum extract characterization using a C18 column and a ternary
mobile phase based on 0.1% formic acid aqueous solution, aceto-
nitrile, and 2-propanol. This method allowed the simultaneous
determination of polar molecules and polyphenols with an
acetonitrile-based separation; in addition, terpenes, terpenoids,
and fatty acids were determined in the extracts using a 2-propanol-
based separation.

C18 reversed-phase columns with high-strength silica (HSS)
particle technology (such as the HSS T3 sorbents), specially
designed to be compatible with 100% aqueous mobile phases and to
develop separations of more polar compounds, have also been
proposed in the determination of phenolic acids and polyphenols in
agri-food wastes [94]. Other LC separation modes, such as normal-
phase (NP) and HILIC, provide complementary separations to RP
chromatography. These possibilities are successful for the most
polar analytes, which are weakly retained in RP columns, and for
oligomeric species. In any case, although NC and HILIC have been
used to determine polyphenolic compounds in food, the number of
applications to characterize agri-food wastes is still scarce.

4.2.2. LC coupled to mass spectrometry

Among the arsenal of analytical techniques available, liquid
chromatography coupled with mass spectrometry (LC-MS) is
widely used to assess agri-food waste characterization, either with
low resolution (LC-LRMS) or high resolution (LC-LRMS) in-
struments. Table 2 summarizes some selected applications recently
described in the literature for the identification and determination



A. Mir-Cerda, O. Nufiez, M. Granados et al.

920
80

70
60
50
40
30

20

Absorbance (mAU)

10

Trends in Analytical Chemistry 161 (2023) 116994

o

(5]

16 18 20 22 24 26 28 30

Time(min)

Fig. 4. Chromatogram at 280 nm of olive waste extracted with a choline/glycerol NADES. Compound identification: 1: 3-hydroxytyrosol; 2: rutin; 3: p-coumaric acid; 4: luteolin-

glucoside; 5: apigenin-rutinoside; 6: isomer of luteolin-glucoside; 7: luteolin.

of phenolic acids and polyphenolic compounds in agri-food wastes.

The characterization of food matrices by LC-MS is mainly carried
out by targeted and non-targeted approaches. Targeted approaches
focus on quantifying pre-established compounds (or families), thus
requiring the availability of commercial standards for quantitative
and confirmatory purposes. LC-LRMS is the technique of choice in
those cases, mainly in tandem mass spectrometry (LC-MS/MS) and
using triple-quadrupole (QqQ) mass analyzers working in multiple
reaction monitoring (MRM) mode, because of the enhanced
selectivity and sensitivity achieved [95,96]. For example, Di Lena
et al. carried out the characterization of rapeseed meal, a by-
product of oilseed extraction connected to the agri-food and bio-
fuel sectors currently employed as animal feed and for other low-
value purposes. In the application, a much better valorization was
achieved, considering the product as a source of bio-based mole-
cules for high-value applications. A full characterization focusing on
nutritional and bioactive components was performed using
different techniques. Thirteen phenolic acids (see Table 2) were
determined by C18 reversed-phase LC-MS/MS in a QqQ instrument
using electrospray in negative ionization mode and dynamic mul-
tiple reaction monitoring (dAMRM) acquisition mode. The poly-
phenolic extracts obtained showed significant antioxidant activity
and a predominance of sinapic acid, accounting for more than 80%
of the total phenolic acid content. lon-trap mass analyzers working
in full scan acquisition mode have also been proposed for the tar-
geted polyphenolic characterization of agri-food wastes. For
example, a comparative evaluation of the nutrients, phytochemi-
cals, and antioxidant activity of two hempseed oil by-products after
cold pressing was reported by Occhiuto et al. [97]. A C18 reversed-
phase LC-MS method using an ion-trap mass analyzer working in
full scan (m/z90-1,000) was proposed to identify and quantitate
polyphenols in the analyzed products. ESI in positive and negative
modes was used.

Non-targeted LC-MS approaches are typically utilized for the
identification of both known and unknown compounds in the set of
samples, thus focusing on obtaining as much chemical information
as possible from those samples. These methodologies require both
generic sample treatments and MS acquisition modes, mainly full-

scan acquisition, without assuming anything about the nature or
characteristics of the possible descriptor or marker compounds of
the sample classes (i.e., to avoid losing essential information from
unknown components that could contribute to maximize the
discrimination of the families of compounds of interest). In this
case, as can be seen in Table 2, HRMS techniques are preferred due
to their enhanced sensitivity in full-scan modes and selectivity
because of both the higher resolution (5,000—40,000 FWHM —full-
width at half-maximum— with time-of-flight (TOF) instruments or
50,000—200,000 FWHM with Orbitrap analyzers) and the accurate
mass measurements. These instruments also allow fast polarity
changes to be performed, which widens the range of compounds
that can be analyzed in a single run. For example, a non-targeted
LC-HRMS method using a TOF instrument with ESI in negative
ionization mode and working in full scan acquisition mode was
proposed to identify bioactive molecules recovered from Avocado
peels by UAE, aiming to exploit their potential for food and nutra-
ceutical applications [98]. Phenolic acids (hydroxybenzoic and
hydroxycinnamic acids), followed by flavonoids (flavanols, flava-
nonols, flavones, flavanones, and chalcone), phenylethanoids, and
lignans were the most representative classes of the phenolic
compounds found in the avocado peel extract.

The characterization of bioactive substances in agrochemical
food products will often require simultaneously HRMS and tandem
mass spectrometry (MS/MS), either in low- or high-resolution, to
obtain chemical structural information. The elemental composition
(accurate mass measurements) with the corresponding isotopic
patterns by HRMS and the MS/MS information must be combined
to identify and characterize bioactive substances in the analyzed
samples. Besides, the possibility of performing retrospective anal-
ysis is a great advantage of working with full-scan acquisition
combined with data-dependent scan modes, where two scan
events are registered simultaneously (for example, full-scan as the
first scan event in combination with MS/MS ion scan of specific
detected signals in as a second scan event). This will allow the
identification of new non-expected bioactive substances without
the requirement of analyzing the samples again. Finally, the use of
accurate mass and spectral databases will be fundamental in



Table 2

Selected LC-MS methodologies for the determination and characterization of phenolic and polyphenolic compounds in agri-food wastes.

Strategy Agri-food waste Polyphenolic compounds Sample extraction LC conditions MS conditions Reference
Targeted LC- Residual brewing yeast Caffeic, chlorogenic, p- Matrix-solid-phase dispersion C18 column (150 x 0.3 mm LD., 4 pm) LC-MS/MS [95]
LRMS coumaric, 3,4- (MSPD) using TiO, Mobile phase: (A) 0.2% formic acid ESI (—-)
dihydroxibenzoic, trans-ferulic nanoparticles aqueous solution, (B) methanol
and gallic acids, kaempferol, Gradient elution, flow-rate Triple quadrupole mass
myricetin, naringin, quercetin, 0.5 mL min~! analyzer
and rutin Injection volume: 20 pL Full-scan and MRM acquisition
modes
Rapeseed Meal by- Gallic, protocatechuic, vanillic, Liquid-solid extraction with Ascentis C18 column (100 x 1 mm LD., LC-MS/MS [96]
product chlorogenic, neochlorogenic, methanol:water:acetic acid 3 um)
caffeic, syringic, 4- 80:19.5:0.5 (v/v/v) Mobile phase: (A) 0.05% acetic acid in ESI(-)
hydroxybenzoic, water, (B) 0.05% acetic acid in
cryptochlorogenic, p-coumaric, acetonitrile
ferulic, sinapic, and cinnamic Gradient elution, flow-rate Triple quadrupole mass
acids 0.1 mL min~! analyzer dMRM acquisition
mode
Injection volume: 1 pL
Hempseed oils Identified compounds: Liquid-solid extraction with Luna Omega PS C18 column LC-MS [97]
byproducts after Cold Gallic, protocatechuic, 4- methanol:water 80:20 (v/v) (150 x 2.1 mm LD., 5 um)
pressing hydroxybenxoic, vanillic, Mobile phase: (A) 0.1% formic acid in ESI (—)/ESI (+)
chlorogenic, p-cumaric acids, water, (B) methanol
and 13 flavonoids (among them Gradient elution Ion-trap mass analyzer
catechin, epicatechin, naringin, Injection volume: 5 pL Full-scan acquisition mode (m/z
naringenin ...) 90-1,000)
Non-targeted Avocado peels Identified compounds: Ultrasound assisted extraction Zorbax XDB-C18 column (100 x 2.1 mm LC-HRMS [98]
LC-HRMS Phenolic acids, flavonoids, (UAE) I.D., 1.8 um)
phenylethanoids, and lignans Ethanol 38.46%, 44.06 min, 50 Mobile phase: (A) 0.1% aqueous formic ESI(-)
°C acid, (B) 0.1% formic acid in acetonitrile
Gradient elution, flow-rate TOF mass analyzer
0.4 mL min~!
Full-scan acquisition mode
Honeycomb (Nidus Identified compounds: Liquid-solid extraction with UPLC HSS T3 column (100 x 2.1 mm LC-HRMS/MS [93]
Vespae) Phenolic acids and flavonoids ethanol (75% v/v), 1h at 60 °C I.D., 1.8 um)
Mobile phase: (A) 0.1% formic acid in ESI (+)/ESI (-)
water (MS positive mode)/5 mM
ammonium acetate in water (MS
negative mode), (B) acetonitrile
Gradient elution, flow rate Q-Orbitrap
0.5 mL min~!
Injection volume: 1 pL Full scan MS (70,000 FWHM)
MS/MS at stepped normalized
collision energy (NCE) of 20/40/
60% (17,500 FWHM)
Walnut Husk and Identified compounds: Ultrasound assisted extraction Hypersil GOLD column (100 x 2.1 mm LC-HRMS/MS [99]

Pellicle

Hydrolysable tannins,
flavonoids, and phenolic acids

(UAE)
Methanol, 45 min, 50 °C

1.D., 1.8 um)

Mobile phase: (A) 1% formic acid in
water, (B) acetonitrile

Gradient elution, flow rate

0.5 mL min !

Injection volume: 10 pL

ESI (+)/ESI (-)
Q-Orbitrap

Full scan MS (70,000 FWHM)
MS/MS at stepped normalized
collision energy (NCE) of 20/40/
60% (17,500 FWHM)
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sample screening, identification, and confirmation of known and
unknown bioactive substances. As an example, Zhao et al. [93]
described an LC-HRMS/MS method for the identification and
quantitation of bioactive components from the honeycomb, an
agri-food waste within the bee product industry. For that purpose, a
Q-Exactive Orbitrap was used in both positive and negative ioni-
zation modes. Full scan HRMS at a resolution of 70,000 FWHM and
MS/MS fragmentation at a resolution of 17,500 FWHM (working
with stepped normalized collision energies of 20/40/60%) were
combined for the identification of bioactive substances. Chemical
standards with in-house MS/MS databases and accurate mass
comparisons between experimental ions, calculated ions, and
fragment ions with those of references were employed. The authors
also consulted Chem Spider, HMDB Human Metabolome Database,
and Mass Bank of North America databases during the identifica-
tion process. A total of 76 bioactive compounds from hydro-
ethanolic extracts of honeycomb were identified, with poly-
phenols being one of the most abundant groups, and among them,
phenolic acids and flavonoids. A similar approach using a C18
reversed-phase LC-HRMS/MS method with a Q-Exactive Orbitrap
was proposed to study the phenolic compounds in walnut husk and
pellicle, agri-food wastes in soaring demand in the walnut-product
industry because of their features [99]. A total of 110 bioactive
components, including hydrolyzable tannins, flavonoids, phenolic
acids, and quinones, were tentatively identified, 33 of which
differed between walnut husk and pellicle.

5. Conclusions

The waste produced by the agri-food industry is an extraordi-
nary source of bioactive phytochemicals with great application
potential in different areas. Some of the most studied waste is
generated in the wine and olive oil industry, and in the production
of fruit and vegetable juices. Still, other residues from food pro-
cessing consisting of shells, skins, seeds, leaves, etc., cannot be
neglected.

Although the possibilities of recovery concern a great variety of
families of compounds, this manuscript focuses on phenolic com-
pounds, to which a plethora of beneficial properties are attributed,
many of them related to their enormous antioxidant power.

To reduce the environmental impact of the extraction of
phenolic compounds from waste, options based on green technol-
ogies and green solvents are sought. Clean solvents, such as water
or supercritical CO,, can be used, but a given percentage of organic
solvents (e.g., ethanol and acetone that are considered relatively
green) may be worthwhile to improve the extractive performance
of some compounds. A new extractive trend relies on deep eutectic
solvents, especially those obtained with natural compounds, the
so-called NADES. NADES, and especially those based on choline
chloride as acceptor compound, generally show higher perfor-
mance than traditional solvents. However, there is some contro-
versy about the green character of NADES. In summary, the
possibilities of NADES are real, but some technological, ecological,
economic, and chemical issues remain unresolved.

The characterization of the extracts is carried out using the usual
analytical techniques. Given the physicochemical features of poly-
phenols, liquid chromatography is the most appropriate technique.
Detection is usually performed by UV/vis, fluorescence, or mass
spectrometry, being this last option the option of choice for the
identification and structural elucidation of compounds. Quite often,
information on the overall phenolic content is required to estimate
the antioxidant capacity from the point of view of reducing power
or radical scavenging. The utility of simple spectrophotometric
chemical assays as an index of phenolic richness is clear, but there is
a lot of debate about the correlation between the antioxidant or
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antiradical capacity at the chemical level with the effect on bio-
logical systems or humans.

Due to the complexity of waste matrices many compounds are
simultaneously extracted, many of them still pending identifica-
tion. At this point, high-resolution mass spectrometry and new
tandem modalities, combined with information from databases
and molecular identification software, play a fundamental role. As a
result, the number of phenolic compounds identified in different
matrices is increasing extraordinarily.

Beyond the remarkable advances in extraction and character-
ization, the problems related to extract purification still require the
attention of the scientific community. Although this topic is outside
the scope of this publication, it should be emphasized that it is
currently one of the most challenging issues concerning the reva-
lorization of agri-food waste. The purity of the final products de-
termines their possible applications. In this sense, high-purity
products (e.g. >98%) would be required if the extracts were
destined for the pharmaceutical or food industry. In contrast, less
purified mixtures could be used in cosmetics or in food packaging,
where polyphenols could act as a protective barrier to prevent food
oxidation or degradation from exposure to sunlight.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Data availability
No data was used for the research described in the article.
Acknowledgement

This research has been funded by the “Agencia Estatal de
Investigacion” of the Spanish Ministry of Science and Innovation,
grant number PID2020-114401RB-C22.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.trac.2023.116994.

References

[1] N. Scarlat, F. Fahl, E. Lugato, F. Monforti-Ferrario, ].F. Dallemand, Integrated
and spatially explicit assessment of sustainable crop residues potential in
Europe, Biomass Bioenergy 122 (2019) 257-269. https://doi.org/10.1016/
j.biombioe.2019.01.021.

K. Kandemir, E. Piskin, J. Xiao, M. Tomas, E. Capanoglu, Fruit juice industry
wastes as a source of bioactives, ]. Agric. Food Chem. 70 (2022) 6805—6832.
https://doi.org/10.1021/acs.jafc.2c00756.

H. Kowalska, K. Czajkowska, J. Cichowska, A. Lenart, What's new in bio-
potential of fruit and vegetable by-products applied in the food processing
industry, Trends Food Sci. Technol. 67 (2017) 150—159. https://doi.org/
10.1016/j.tifs.2017.06.016.

R. Castro-Munoz, E. Diaz-Montes, A. Cassano, E. Gontarek, Membrane sepa-
ration processes for the extraction and purification of steviol glycosides: an
overview, Crit. Rev. Food Sci. Nutr. 61 (2021) 2152—2174. https://doi.org/
10.1080/10408398.2020.1772717.

EJ. Rifna, N.N. Misra, M. Dwivedi, Recent advances in extraction technologies
for recovery of bioactive compounds derived from fruit and vegetable waste
peels: a review, Crit. Rev. Food Sci. Nutr. 0 (2021) 1-34. https://doi.org/
10.1080/10408398.2021.1952923.

R.C. Fierascu, L. Fierascu, S.M. Avramescu, E. Sieniawska, Recovery of natural
antioxidants from agro-industrial side streams through advanced extraction
techniques, Molecules 24 (2019) 1-29. https://doi.org/10.3390/
molecules24234212.

F. Truzzi, C. Tibaldi, Y. Zhang, G. Dinelli, E. D’Amen, An overview on dietary
polyphenols and their biopharmaceutical classification system (Bcs), Int. ].
Mol. Sci. 22 (2021). https://doi.org/10.3390/ijms22115514.

2

[3

[4

(5

(6

[7


https://doi.org/10.1016/j.trac.2023.116994
https://doi.org/10.1016/j.biombioe.2019.01.021
https://doi.org/10.1016/j.biombioe.2019.01.021
https://doi.org/10.1021/acs.jafc.2c00756
https://doi.org/10.1016/j.tifs.2017.06.016
https://doi.org/10.1016/j.tifs.2017.06.016
https://doi.org/10.1080/10408398.2020.1772717
https://doi.org/10.1080/10408398.2020.1772717
https://doi.org/10.1080/10408398.2021.1952923
https://doi.org/10.1080/10408398.2021.1952923
https://doi.org/10.3390/molecules24234212
https://doi.org/10.3390/molecules24234212
https://doi.org/10.3390/ijms22115514

A. Mir-Cerda, O. Nufiez, M. Granados et al.

[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

RK. Singla, AK. Dubey, A. Garg, RK. Sharma, M. Fiorino, S.M. Ameen,
M.A. Haddad, M. Al-Hiary, Natural polyphenols: chemical classification, defi-
nition of classes, subcategories, and structures, J. AOAC Int. 102 (2019)
1397-1400. https://doi.org/10.5740/jaoacint.19-0133.

N. Yahfoufi, N. Alsadi, M. Jambi, C. Matar, The immunomodulatory and anti-
inflammatory role of polyphenols, Nutrients 10 (2018) 1-23. https://
doi.org/10.3390/nu10111618.

YJ. Zhang, RY. Gan, S. Li, Y. Zhou, AN. Li, D.P. Xu, H. Bin Li, D.D. Kitts, Anti-
oxidant phytochemicals for the prevention and treatment of chronic diseases,
Molecules 20 (2015) 21138-21156. https://doi.org/10.3390/
molecules201219753.

0. Vidal-Casanella, O. Ninez, M. Granados, J. Saurina, S. Sentellas, Analytical
methods for exploring nutraceuticals based on phenolic acids and poly-
phenols, Appl. Sci. 11 (2021). https://doi.org/10.3390/app11188276.

M.F. Montenegro-Landivar, P. Tapia-Quir6s, X. Vecino, M. Reig, C. Valderrama,
M. Granados, J.L. Cortina, J. Saurina, Polyphenols and their potential role to
fight viral diseases: an overview, Sci. Total Environ. 801 (2021), 149719.
https://doi.org/10.1016/j.scitotenv.2021.149719.

F. Chemat, M.A. Vian, H.K. Ravi, B. Khadhraoui, S. Hilalj, S. Perino, A.S.F. Tixier,
Review of alternative solvents for green extraction of food and natural
products: panorama, principles, applications and prospects, Molecules 24
(2019). https://doi.org/10.3390/molecules24163007.

R. Santhosh, D. Nath, P. Sarkar, Novel food packaging materials including
plant-based byproducts: a review, Trends Food Sci. Technol. 118 (2021)
471—489. https://doi.org/10.1016/].tifs.2021.10.013.

S. Ben-Othman, H. Kaldmae, R. Ratsep, U. Bleive, A. Aluvee, T. Rinken, Opti-
mization of ultrasound-assisted extraction of phloretin and other phenolic
compounds from apple tree leaves (Malus domestica borkh.) and comparison
of different cultivars from Estonia, Antioxidants 10 (2021) 1—13. https://
doi.org/10.3390/antiox10020189.

L. Panzella, F. Moccia, R. Nasti, S. Marzorati, L. Verotta, A. Napolitano, Bioactive
phenolic compounds from agri-food wastes: an update on green and sus-
tainable extraction methodologies, Front. Nutr. 7 (2020) 1-27. https://doi.org/
10.3389/fnut.2020.00060.

AM. Goula, K. Thymiatis, K. Kaderides, Valorization of grape pomace: drying
behavior and ultrasound extraction of phenolics, Food Bioprod. Process. 100
(2016) 132—144. https://doi.org/10.1016/j.fbp.2016.06.016.

P. Tapia-Quir6s, M.F. Montenegro-Landivar, M. Reig, X. Vecino, J.L. Cortina,
J. Saurina, M. Granados, Recovery of polyphenols from agri-food by-products:
the olive oil and winery industries cases, Foods 11 (2022). https://doi.org/
10.3390/foods11030362.

A. Mir-Cerda, I. Carretero, J.R. Coves, A. Pedrouso, C.M. Castro-Barros,
T. Alvarino, J.L. Cortina, J. Saurina, M. Granados, S. Sentellas, Recovery of
phenolic compounds from wine lees using green processing: identifying
target molecules and assessing membrane ultrafiltration performance, Sci.
Total Environ. 857 (2023). https://doi.org/10.1016/j.scitotenv.2022.159623.
P. Tapia-Quiros, M.F. Montenegro-Landivar, X. Vecino, T. Alvarino, J.L. Cortina,
J. Saurina, M. Granados, M. Reig, A green approach to phenolic compounds
recovery from olive mill and winery wastes, Sci. Total Environ. 835 (2022),
155552. https://doi.org/10.1016/j.scitotenv.2022.155552.

E. Kiassos, S. Mylonaki, D.P. Makris, P. Kefalas, Implementation of response
surface methodology to optimise extraction of onion (Allium cepa) solid
waste phenolics, Innovat. Food Sci. Emerg. Technol. 10 (2009) 246—252.
https://doi.org/10.1016/j.ifset.2008.10.004.

A. Prakash, V. Vadivel, S.F. Banu, P. Nithyanand, C. Lalitha, P. Brindha, Evalu-
ation of antioxidant and antimicrobial properties of solvent extracts of agro-
food by-products (cashew nut shell, coconut shell and groundnut hull), Agric.
Nat. Resour. 52 (2018) 451—459. https://doi.org/10.1016/j.anres.2018.10.018.
S. Souilem, I. Fki, I. Kobayashi, N. Khalid, M.A. Neves, H. Isoda, S. Sayadi,
M. Nakajima, Emerging technologies for recovery of value-added components
from olive leaves and their applications in food/feed industries, Food Bio-
process Technol. 10 (2017) 229-248. https://doi.org/10.1007/s11947-016-
1834-7.

V. Athanasiadis, D. Palaiogiannis, K. Poulianiti, E. Bozinou, S.I. Lalas,
D.P. Makris, Extraction of polyphenolic antioxidants from red grape pomace
and olive leaves: process optimization using a tailor-made tertiary deep
eutectic solvent, Sustain. Times 14 (2022). https://doi.org/10.3390/
su14116864.

S. Chanioti, M. Katsouli, C. Tzia, Novel processes for the extraction of phenolic
compounds from olive pomace and their protection by encapsulation, Mole-
cules 26 (2021). https://doi.org/10.3390/molecules26061781.

I.C. da Silva Haas, LM. Toaldo, T.M. Gomes, A.S. Luna, ].S. de Gois,
M.T. Bordignon-Luiz, Polyphenolic profile, macro- and microelements in
bioaccessible fractions of grape juice sediment using in vitro gastrointestinal
simulation, Food Biosci. 27 (2019) 66—74. https://doi.org/10.1016/
j.fbio.2018.11.002.

E.Q. Xia, G.F. Deng, Y.J. Guo, H. Bin Li, Biological activities of polyphenols from
grapes, Int. J. Mol. Sci. 11 (2010) 622—646. https://doi.org/10.3390/
ijms11020622.

K. Papoutsis, Q.V. Vuong, ].B. Golding, ].H. Hasperué, P. Pristijono, M.C. Bowyer,
CJ. Scarlett, C.E. Stathopoulos, Pretreatment of citrus by-products affects
polyphenol recovery: a review, Food Rev. Int. 34 (2018) 770—795. https://
doi.org/10.1080/87559129.2018.1438471.

K. Kahle, M. Kraus, E. Richling, Polyphenol profiles of apple juices, Mol. Nutr.
Food Res. 49 (2005) 797—806. https://doi.org/10.1002/mnfr.200500064.

10

(30]

[31]

[32]

[33]

(34]

[35]

(36]

(371

(38]

[39]

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

[48]

[49]

[50]

Trends in Analytical Chemistry 161 (2023) 116994

M. Enrique Mora de Alba, D. Nazmin Tirado-Gonzalez, T. Quezada-Tristan,
F. Guevara-Lara, ]. Jauregui-Rincon, R. Larios-Gonzalez, G. Tirado-Estrada,
Nutritional quality of silage apple bagasse with organic and inorganic
nitrogenous sources, Rev. Mex. Cienc. Agric. 9 (2018) 229—-235.

D. Sun-Waterhouse, C. Luberriaga, D. Jin, R. Wibisono, S.S. Wadhwa,
G.LN. Waterhouse, Juices, fibres and skin waste extracts from white, pink or
red-fleshed apple genotypes as potential food ingredients: a comparative
study, Food Bioprocess Technol. 6 (2013) 377—390. https://doi.org/10.1007/
$11947-011-0692-6.

Z. Khiari, D.P. Makris, P. Kefalas, An investigation on the recovery of antioxi-
dant phenolics from onion solid wastes employing water/ethanol-based sol-
vent systems, Food Bioprocess Technol. 2 (2009) 337—-343. https://doi.org/
10.1007/s11947-007-0044-8.

E. Betoret, C.M. Rosell, Effect of particle size on functional properties of
Brassica napobrassica leaves powder. Starch interactions and processing
impact, Food Chem. X 8 (2020). https://doi.org/10.1016/j.fochx.2020.100106.
S.A. Makanjuola, Influence of particle size and extraction solvent on antioxi-
dant properties of extracts of tea, ginger, and tea—ginger blend, Food Sci. Nutr.
5(2017) 1179—1185. https://doi.org/10.1002/fsn3.509.

E. Gil-Martin, T. Forbes-Hernandez, A. Romero, D. Cianciosi, F. Giampieri,
M. Battino, Influence of the extraction method on the recovery of bioactive
phenolic compounds from food industry by-products, Food Chem. 378 (2022),
131918. https://doi.org/10.1016/j.foodchem.2021.131918.

B. Hashemi, F. Shiri, F. Svec, L. Novakova, Green solvents and approaches
recently applied for extraction of natural bioactive compounds, Trends Anal.
Chem. 157 (2022). https://doi.org/10.1016/j.trac.2022.116732.

E. Carasek, G. Bernardi, D. Morelli, ]. Merib, Sustainable green solvents for
microextraction techniques: recent developments and applications,
J. Chromatogr. A 1640 (2021), 461944. https://doi.org/10.1016/
j.chroma.2021.461944.

E. Husanu, A. Mero, ].G. Rivera, A. Mezzetta, ].C. Ruiz, F. D'Andrea, C.S. Pomellj,
L. Guazzelli, Exploiting deep eutectic solvents and ionic liquids for the valo-
rization of chestnut shell waste, ACS Sustain. Chem. Eng. 8 (2020)
18386—18399. https://doi.org/10.1021/acssuschemeng.0c04945.

A. Punzo, E. Porru, A. Silla, P. Simoni, P. Galletti, A. Roda, E. Tagliavini,
C. Samori, C. Caliceti, Grape pomace for topical application: green NaDES
sustainable extraction, skin permeation studies, antioxidant and anti-
inflammatory activities characterization in 3D human Kkeratinocytes, Bio-
molecules 11 (2021) 1181. https://doi.org/10.3390/biom11081181.

A. Palos-Hernandez, M.Y. Gutierrez Fernandez, J. Escuadra Burrieza, J.L. Perez-
Iglesias, A.M. Gonzalez-Paramas, Obtaining green extracts rich in phenolic
compounds from underexploited food by-products using natural deep
eutectic solvents. Opportunities and challenges, Sustain. Chem. Pharm. 29
(2022), 100773. https://doi.org/10.1016/j.scp.2022.100773.

S. Rubio, Twenty years of supramolecular solvents in sample preparation for
chromatography: achievements and challenges ahead, Anal. Bioanal. Chem.
412 (2020) 6037—6058. https://doi.org/10.1007/s00216-020-02559-y.

L.S. Torres-Valenzuela, A. Ballesteros-Gomez, A. Sanin, S. Rubio, Valorization of
spent coffee grounds by supramolecular solvent extraction, Separ. Purif.
Technol. 228 (2019), 115759. https://doi.org/10.1016/j.seppur.2019.115759.
Q. Li, J. Xu, J. Shi, J. Chu, Q. Shi, Preparation of pure ellagic acid from waste
pomegranate peel by supramolecular solvent based heat assisted extraction
followed by liquid-liquid extraction and antisolvent precipitation, Environ.
Technol. Innovat. 28  (2022), 102916.  https://doi.org/10.1016/
j.eti.2022.102916.

AA.C. Toledo Hijo, C. Alves, F.O. Farias, V.S. Peixoto, AJ.A. Meirelles,
G.H.F. Santos, G.J. Maximo, lonic liquids and deep eutectic solvents as sus-
tainable alternatives for efficient extraction of phenolic compounds from
mate leaves, Food Res. Int. 157 (2022), 111194. https://doi.org/10.1016/
j.foodres.2022.111194.

K.S. Khoo, X. Tan, CW. Ooi, KW. Chew, W.H. Leong, Y.H. Chai, S.H. Ho,
P.L. Show, How does ionic liquid play a role in sustainability of biomass
processing? ]. Clean. Prod. 284 (2021), 124772. https://doi.org/10.1016/
jjclepro.2020.124772.

J. Torregrosa-Crespo, X. Marset, G. Guillena, D.J. Ramén, R. Maria Martinez-
Espinosa, New guidelines for testing “Deep eutectic solvents” toxicity and
their effects on the environment and living beings, Sci. Total Environ. 704
(2020), 135382. https://doi.org/10.1016/j.scitotenv.2019.135382.

X. Ran, M. Zhang, Y. Wang, B. Adhikari, Novel technologies applied for re-
covery and value addition of high value compounds from plant byproducts: a
review, Crit. Rev. Food Sci. Nutr. 59 (2019) 450—461. https://doi.org/10.1080/
10408398.2017.1377149.

Y. Chang, X. Shi, F. He, T. Wu, L. Jiang, N. Normakhamatov, A. Sharipov,
T. Wang, M. Wen, H.A. Aisa, Valorization of food processing waste to produce
valuable polyphenolics, J. Agric. Food Chem. 70 (2022) 8855—8870. https://
doi.org/10.1021/acs.jafc.2c02655.

.M. Yusoff, Z. Mat Taher, Z. Rahmat, L.S. Chua, A review of ultrasound-assisted
extraction for plant bioactive compounds: phenolics, flavonoids, thymols,
saponins and proteins, Food Res. Int. 157 (2022), 111268. https://doi.org/
10.1016/j.foodres.2022.111268.

N. Medina-Torres, H. Espinosa-Andrews, S. Trombotto, T. Ayora-Talavera,
J. Patron-Vazquez, T. Gonzalez-Flores, A. Sanchez-Contreras, J.C. Cuevas-Ber-
nardino, N. Pacheco, Ultrasound-assisted extraction optimization of phenolic
compounds from Citrus latifolia waste for chitosan bioactive nanoparticles
development, Molecules 24 (2019) 3541. https://doi.org/10.3390/


https://doi.org/10.5740/jaoacint.19-0133
https://doi.org/10.3390/nu10111618
https://doi.org/10.3390/nu10111618
https://doi.org/10.3390/molecules201219753
https://doi.org/10.3390/molecules201219753
https://doi.org/10.3390/app11188276
https://doi.org/10.1016/j.scitotenv.2021.149719
https://doi.org/10.3390/molecules24163007
https://doi.org/10.1016/j.tifs.2021.10.013
https://doi.org/10.3390/antiox10020189
https://doi.org/10.3390/antiox10020189
https://doi.org/10.3389/fnut.2020.00060
https://doi.org/10.3389/fnut.2020.00060
https://doi.org/10.1016/j.fbp.2016.06.016
https://doi.org/10.3390/foods11030362
https://doi.org/10.3390/foods11030362
https://doi.org/10.1016/j.scitotenv.2022.159623
https://doi.org/10.1016/j.scitotenv.2022.155552
https://doi.org/10.1016/j.ifset.2008.10.004
https://doi.org/10.1016/j.anres.2018.10.018
https://doi.org/10.1007/s11947-016-1834-7
https://doi.org/10.1007/s11947-016-1834-7
https://doi.org/10.3390/su14116864
https://doi.org/10.3390/su14116864
https://doi.org/10.3390/molecules26061781
https://doi.org/10.1016/j.fbio.2018.11.002
https://doi.org/10.1016/j.fbio.2018.11.002
https://doi.org/10.3390/ijms11020622
https://doi.org/10.3390/ijms11020622
https://doi.org/10.1080/87559129.2018.1438471
https://doi.org/10.1080/87559129.2018.1438471
https://doi.org/10.1002/mnfr.200500064
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref30
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref30
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref30
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref30
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref30
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref30
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref30
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref30
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref30
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref30
https://doi.org/10.1007/s11947-011-0692-6
https://doi.org/10.1007/s11947-011-0692-6
https://doi.org/10.1007/s11947-007-0044-8
https://doi.org/10.1007/s11947-007-0044-8
https://doi.org/10.1016/j.fochx.2020.100106
https://doi.org/10.1002/fsn3.509
https://doi.org/10.1016/j.foodchem.2021.131918
https://doi.org/10.1016/j.trac.2022.116732
https://doi.org/10.1016/j.chroma.2021.461944
https://doi.org/10.1016/j.chroma.2021.461944
https://doi.org/10.1021/acssuschemeng.0c04945
https://doi.org/10.3390/biom11081181
https://doi.org/10.1016/j.scp.2022.100773
https://doi.org/10.1007/s00216-020-<?thyc=10?>02559-y<?thyc?>
https://doi.org/10.1016/j.seppur.2019.115759
https://doi.org/10.1016/j.eti.2022.102916
https://doi.org/10.1016/j.eti.2022.102916
https://doi.org/10.1016/j.foodres.2022.111194
https://doi.org/10.1016/j.foodres.2022.111194
https://doi.org/10.1016/j.jclepro.2020.124772
https://doi.org/10.1016/j.jclepro.2020.124772
https://doi.org/10.1016/j.scitotenv.2019.135382
https://doi.org/10.1080/10408398.2017.1377149
https://doi.org/10.1080/10408398.2017.1377149
https://doi.org/10.1021/acs.jafc.2c02655
https://doi.org/10.1021/acs.jafc.2c02655
https://doi.org/10.1016/j.foodres.2022.111268
https://doi.org/10.1016/j.foodres.2022.111268
https://doi.org/10.3390/molecules24193541

A. Mir-Cerda, O. Nufiez, M. Granados et al.

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

molecules24193541.

K. Papoutsis, P. Pristijono, J.B. Golding, C.E. Stathopoulos, M.C. Bowyer,
CJ. Scarlett, QV. Vuong, Optimizing a sustainable ultrasound-assisted
extraction method for the recovery of polyphenols from lemon by-
products: comparison with hot water and organic solvent extractions, Eur.
Food Res. Technol. 244 (2018) 1353—1365. https://doi.org/10.1007/s00217-
018-3049-9.

J-Y. An, L-T. Wang, M.-]. Lv, ]J.-D. Wang, Z.-H. Cai, Y.-Q. Wang, S. Zhang,
Q. Yang, Y.-]. Fu, An efficiency strategy for extraction and recovery of ellagic
acid from waste chestnut shell and its biological activity evaluation, Micro-
chem. J. 160 (2021), 105616. https://doi.org/10.1016/j.microc.2020.105616.
M.A. Fernandez, M. Espino, F.J. V Gomez, M.F. Silva, Novel approaches medi-
ated by tailor-made green solvents for the extraction of phenolic compounds
from agro-food industrial by-products, Food Chem. 239 (2018) 671—678.
https://doi.org/10.1016/j.foodchem.2017.06.150.

T. Alvi, Z. Asif, M.K. Igbal Khan, Clean label extraction of bioactive compounds
from food waste through microwave-assisted extraction technique-A review,
Food Biosci. 46 (2022), 101580. https://doi.org/10.1016/j.fbio.2022.101580.
A. Mena-Garcia, S. Rodriguez-Sanchez, A.l. Ruiz-Matute, M.L. Sanz, Exploita-
tion of artichoke byproducts to obtain bioactive extracts enriched in inositols
and caffeoylquinic acids by Microwave Assisted Extraction, J. Chromatogr. A
1613 (2020), 460703. https://doi.org/10.1016/j.chroma.2019.460703.

R.T. Hoskin, N. Plundrich, A. Vargochik, M.A. Lila, Continuous flow microwave-
assisted aqueous extraction of pomace phytoactives for production of protein-
polyphenol particles and a protein-enriched ready-to-drink beverage, Futur,
Foods 5 (2022), 100137. https://doi.org/10.1016/j.fufo.2022.100137.

S.S. Ferreira, C.P. Passos, S.M. Cardoso, D.F. Wessel, M.A. Coimbra, Microwave
assisted dehydration of broccoli by-products and simultaneous extraction of
bioactive compounds, Food Chem. 246 (2018) 386—393. https://doi.org/
10.1016/j.foodchem.2017.11.053.

P. Poletto, G. Alvarez-Rivera, T.M.S. Torres, ]J.A. Mendiola, E. Ibanez,
A. Cifuentes, Compressed fluids and phytochemical profiling tools to obtain
and characterize antiviral and anti-inflammatory compounds from natural
sources, Trends Anal. Chem. 129 (2020). https://doi.org/10.1016/
j-trac.2020.115942.

S.0. Essien, B. Young, S. Baroutian, Recent advances in subcritical water and
supercritical carbon dioxide extraction of bioactive compounds from plant
materials, Trends Food Sci. Technol. 97 (2020) 156—169. https://doi.org/
10.1016/j.tifs.2020.01.014.

T. Arumugham, R. K, SW. Hasan, P.L. Show, J. Rinklebe, F. Banat, Supercritical
carbon dioxide extraction of plant phytochemicals for biological and envi-
ronmental applications — a review, Chemosphere 271 (2021), 129525. https://
doi.org/10.1016/j.chemosphere.2020.129525.

D. Ballesteros-Vivas, G. Alvarez-Rivera, S.J. Morantes, A. del P. Sanchez-
Camargo, E. Ibanez, F. Parada-Alfonso, A. Cifuentes, An integrated approach for
the valorization of mango seed kernel: efficient extraction solvent selection,
phytochemical profiling and antiproliferative activity assessment, Food Res.
Int. 126 (2019), 108616. https://doi.org/10.1016/j.foodres.2019.108616.

S. Plazzotta, L. Manzocco, Effect of ultrasounds and high pressure homoge-
nization on the extraction of antioxidant polyphenols from lettuce waste,
Innovat. Food Sci. Emerg. Technol. 50 (2018) 11—19. https://doi.org/10.1016/
j.ifset.2018.10.004.

J.G. Figueroa, 1. Borras-Linares, ]. Lozano-Sanchez, R. Quirantes-Pine,
A. Segura-Carretero, Optimization of drying process and pressurized liquid
extraction for recovery of bioactive compounds from avocado peel by-prod-
uct, Electrophoresis 39 (2018) 1908—1916. https://doi.org/10.1002/
elps.201700379.

Y. Cheng, F. Xue, S. Yy, S. Dy, Y. Yang, Subcritical water extraction of natural
products, Molecules 26 (2021) 1-38. https://doi.org/10.3390/
molecules26134004.

A.C. Fornereto Soldan, S. Arvelos, E.O. Watanabe, C.E. Hori, Supercritical fluid
extraction of oleoresin from Capsicum annuum industrial waste, J. Clean.
Prod. 297 (2021), 126593. https://doi.org/10.1016/j.jclepro.2021.126593.

F. Ates, S. Sahin, Z. Ilbay, S.I. Kirbaslar, A green valorisation approach using
microwaves and supercritical CO2 for high-added value ingredients from
Mandarin (citrus deliciosa Tenore) leaf waste, Waste and Biomass Valorization
10 (2019) 533—546. https://doi.org/10.1007/s12649-017-0074-z.

S. Ersan, O. Gueclue Uestuendag, R. Carle, R.M. Schweiggert, Subcritical water
extraction of phenolic and antioxidant constituents from pistachio (Pistacia
vera L.) hulls, Food Chem. 253 (2018) 46—54. https://doi.org/10.1016/
j.foodchem.2018.01.116.

M.T. Munir, H. Kheirkhah, S. Baroutian, S.Y. Quek, B.R. Young, Subcritical water
extraction of bioactive compounds from waste onion skin, J. Clean. Prod. 183
(2018) 487—494. https://doi.org/10.1016/j.jclepro.2018.02.166.

A. Gorguc, C. Bircan, F.M. Yilmaz, Sesame bran as an unexploited by-product:
effect of enzyme and ultrasound-assisted extraction on the recovery of pro-
tein and antioxidant compounds, Food Chem. 283 (2019) 637—645. https://
doi.org/10.1016/j.foodchem.2019.01.077.

A. Gorguc, P. Ozer, F.M. Yilmaz, Microwave-assisted enzymatic extraction of
plant protein with antioxidant compounds from the food waste sesame bran:
comparative optimization study and identification of metabolomics using LC/
Q-TOF/MS, ]. Food Process. Preserv. 44 (2020), e14304. https://doi.org/
10.1111/jfpp.14304.

C. Zhang, X. Lyu, R. Naveed Arshad, R. Muhammad Aadil, Y. Tong, W. Zhao,
R. Yang, Pulsed electric field as a promising technology for solid foods

1

[72]

(73]

[74]

[75]

[76]

(771

(78]

(791

[80]

(81]

[82]

(83]

[84]

(85]

(86]

(87]

(88]

[89]

[90]

[91]

[92]

(93]

[94]

Trends in Analytical Chemistry 161 (2023) 116994

processing: a review, Food Chem. 403 (2022), 134367. https://doi.org/
10.1016/j.foodchem.2022.134367.

B. Kumari, B.K. Tiwari, M.B. Hossain, N.P. Brunton, D.K. Rai, Recent advances
on application of ultrasound and pulsed electric field technologies in the
extraction of bioactives from agro-industrial by-products, Food Bioprocess
Technol. 11 (2018) 223—241. https://doi.org/10.1007/s11947-017-1961-9.
Z.Li,Y. Fan, J. Xi, Recent advances in high voltage electric discharge extraction
of bioactive ingredients from plant materials, Food Chem. 277 (2019)
246-260. https://doi.org/10.1016/j.foodchem.2018.10.119.

Y. Deng, T. Ju, J. Xi, Circulating polyphenols extraction system with high-
voltage electrical discharge: design and performance evaluation, ACS Sus-
tain. Chem. Eng. 6 (2018) 15402—15410. https://doi.org/10.1021/
acssuschemeng.8b03827.

C.S. Dzah, Y. Duan, H. Zhang, N.A. Serwah Boateng, H. Ma, Latest developments
in polyphenol recovery and purification from plant by-products: a review,
Trends Food Sci. Technol. 99 (2020) 375—388. https://doi.org/10.1016/
j.tifs.2020.03.003.

H. Li, H. Guo, Q. Luo, D.T. Wu, L. Zou, Y. Liy, H. Bin Li, R.Y. Gan, Current
extraction, purification, and identification techniques of tea polyphenols: an
updated review, Crit. Rev. Food Sci. Nutr. 0 (2021) 1—19. https://doi.org/
10.1080/10408398.2021.1995843.

N. Mahato, M. Sinha, K. Sharma, R. Koteswararao, M.H. Cho, Modern Extrac-
tion and Purification Techniques for Obtaining High Purity Food-Grade
Bioactive Compounds and Value-Added Co-products from Citrus Wastes,
2019. https://doi.org/10.3390/foods8110523.

S. Yammine, S. Brianceau, S. Manteau, M. Turk, R. Ghidossi, E. Vorobiev,
M. Mietton-Peuchot, Extraction and purification of high added value com-
pounds from by-products of the winemaking chain using alternative/
nonconventional processes/technologies, Crit. Rev. Food Sci. Nutr. 58 (2018)
1375—1390. https://doi.org/10.1080/10408398.2016.1259982.

N.P. Kelly, A.L. Kelly, ].A. O'Mahony, Strategies for enrichment and purification
of polyphenols from fruit-based materials, Trends Food Sci. Technol. 83 (2019)
248-258. https://doi.org/10.1016/j.tifs.2018.11.010.

C. Conidi, E. Drioli, A. Cassano, Membrane-based agro-food production pro-
cesses for polyphenol separation, purification and concentration, Curr. Opin.
Food Sci. 23 (2018) 149—164. https://doi.org/10.1016/j.cofs.2017.10.009.

B. Alcalde, M. Granados, ]. Saurina, Exploring the antioxidant features of
polyphenols by spectroscopic and electrochemical methods, Antioxidants 8
(2019) 523. https://doi.org/10.3390/antiox8110523.

.G. Munteanu, C. Apetrei, Analytical methods used in determining antioxidant
activity: a review, Int. J. Mol. Sci. 22 (2021) 3380. https://doi.org/10.3390/
ijms22073380.

J. da S. Mendonga, R. de C.A. Guimaraes, V.A. Zorgetto-Pinheiro, C.D. Pietro
Fernandes, G. Marcelino, D. Bogo, K. de C. Freitas, P.A. Hiane, E.S. de P. Melo,
M.LB. Vilela, V.A. Do Nascimento, Natural antioxidant evaluation: a review of
detection methods, Molecules 27 (2022) 1-—37. https://doi.org/10.3390/
molecules27113563.

I. Gulcin, Antioxidants and antioxidant methods: an updated overview, Arch.
Toxicol. 94 (2020) 651—715. https://doi.org/10.1007/s00204-020-02689-3.
R. Apak, M. Ozyiirek, K. Giilii, E. Capanoglu, Antioxidant activity/capacity
measurement. 1. Classification, physicochemical principles, mechanisms, and
electron transfer (ET)-based assays, J. Agric. Food Chem. 64 (2016) 997—1027.
https://doi.org/10.1021/acs.jafc.5b04739.

J. Zhishen, T. Mengcheng, W. Jianming, The determination of flavonoid con-
tents in mulberry and their scavenging effects on superoxide radicals, Food
Chem. 64 (1999) 555—559. https://doi.org/10.1016/S0308-8146(98)00102-2.
J. Lee, RW. Durst, R.E. Wrolstad, Determination of total monomeric antho-
cyanin pigment content of fruit juices, beverages, natural colorants, and wines
by the pH differential method: collaborative study, J. AOAC Int. 88 (2005)
1269-1278.

0. Vidal-Casanella, O. Nunez, S. Herndndez-Cassou, J. Saurina, Assessment of
experimental factors affecting the sensitivity and selectivity of the spectro-
photometric estimation of proanthocyanidins in foods and nutraceuticals,
Food Anal. Methods 14 (2021) 485—495. https://doi.org/10.1007/s12161-020-
01878-1.

I.S.L. Lee, M.C. Boyce, M.C. Breadmore, A rapid quantitative determination of
phenolic acids in Brassica oleracea by capillary zone electrophoresis, Food
Chem. 127 (2011) 797—801. https://doi.org/10.1016/j.foodchem.2011.01.015.
Y. Deng, S.C. Lam, ]J. Zhao, S.P. Li, Quantitative analysis of flavonoids and
phenolic acid in Coreopsis tinctoria Nutt. by capillary zone electrophoresis,
Electrophoresis 38  (2017)  2654—2661.  https://doi.org/10.1002/
elps.201700129.

C. Wang, Y. Zuo, Ultrasound-assisted hydrolysis and gas chromatography-
mass spectrometric determination of phenolic compounds in cranberry
products, Food Chem. 128 (2011) 562—568. https://doi.org/10.1016/
j.foodchem.2011.03.066.

P. Lucci, ]. Saurina, O. Ninez, Trends in LC-MS and LC-HRMS analysis and
characterization of polyphenols in food, Trends Anal. Chem. 88 (2017) 1—24.
https://doi.org/10.1016/j.trac.2016.12.006.

H. Zhao, M. Zhu, K. Wang, E. Yang, J. Su, Q. Wang, N. Cheng, X. Xue, L. Wu,
W. Cao, Identification and quantitation of bioactive components from hon-
eycomb (Nidus Vespae), Food Chem. 314 (2020), 126052. https://doi.org/
10.1016/j.foodchem.2019.126052.

H. Plainfossé, M. Trinel, G. Verger-Dubois, S. Azoulay, P. Burger, X. Fernandez,
Valorisation of Ribes nigrum L. Pomace, an agri-food by-product to design a


https://doi.org/10.3390/molecules24193541
https://doi.org/10.1007/s00217-018-3049-9
https://doi.org/10.1007/s00217-018-3049-9
https://doi.org/10.1016/j.microc.2020.105616
https://doi.org/10.1016/j.foodchem.2017.06.150
https://doi.org/10.1016/j.fbio.2022.101580
https://doi.org/10.1016/j.chroma.2019.460703
https://doi.org/10.1016/j.fufo.2022.100137
https://doi.org/10.1016/j.foodchem.2017.11.053
https://doi.org/10.1016/j.foodchem.2017.11.053
https://doi.org/10.1016/j.trac.2020.115942
https://doi.org/10.1016/j.trac.2020.115942
https://doi.org/10.1016/j.tifs.2020.01.014
https://doi.org/10.1016/j.tifs.2020.01.014
https://doi.org/10.1016/j.chemosphere.2020.129525
https://doi.org/10.1016/j.chemosphere.2020.129525
https://doi.org/10.1016/j.foodres.2019.108616
https://doi.org/10.1016/j.ifset.2018.10.004
https://doi.org/10.1016/j.ifset.2018.10.004
https://doi.org/10.1002/elps.201700379
https://doi.org/10.1002/elps.201700379
https://doi.org/10.3390/molecules26134004
https://doi.org/10.3390/molecules26134004
https://doi.org/10.1016/j.jclepro.2021.126593
https://doi.org/10.1007/s12649-017-<?thyc=10?>0074-z<?thyc?>
https://doi.org/10.1016/j.foodchem.2018.01.116
https://doi.org/10.1016/j.foodchem.2018.01.116
https://doi.org/10.1016/j.jclepro.2018.02.166
https://doi.org/10.1016/j.foodchem.2019.01.077
https://doi.org/10.1016/j.foodchem.2019.01.077
https://doi.org/10.1111/jfpp.14304
https://doi.org/10.1111/jfpp.14304
https://doi.org/10.1016/j.foodchem.2022.134367
https://doi.org/10.1016/j.foodchem.2022.134367
https://doi.org/10.1007/s11947-017-1961-9
https://doi.org/10.1016/j.foodchem.2018.10.119
https://doi.org/10.1021/acssuschemeng.8b03827
https://doi.org/10.1021/acssuschemeng.8b03827
https://doi.org/10.1016/j.tifs.2020.03.003
https://doi.org/10.1016/j.tifs.2020.03.003
https://doi.org/10.1080/10408398.2021.1995843
https://doi.org/10.1080/10408398.2021.1995843
https://doi.org/10.3390/foods8110523
https://doi.org/10.1080/10408398.2016.1259982
https://doi.org/10.1016/j.tifs.2018.11.010
https://doi.org/10.1016/j.cofs.2017.10.009
https://doi.org/10.3390/antiox8110523
https://doi.org/10.3390/ijms22073380
https://doi.org/10.3390/ijms22073380
https://doi.org/10.3390/molecules27113563
https://doi.org/10.3390/molecules27113563
https://doi.org/10.1007/s00204-020-02689-3
https://doi.org/10.1021/acs.jafc.5b04739
https://doi.org/10.1016/S0308-8146(98)00102-2
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref87
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref87
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref87
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref87
http://refhub.elsevier.com/S0165-9936(23)00081-X/sref87
https://doi.org/10.1007/s12161-020-01878-1
https://doi.org/10.1007/s12161-020-01878-1
https://doi.org/10.1016/j.foodchem.2011.01.015
https://doi.org/10.1002/elps.201700129
https://doi.org/10.1002/elps.201700129
https://doi.org/10.1016/j.foodchem.2011.03.066
https://doi.org/10.1016/j.foodchem.2011.03.066
https://doi.org/10.1016/j.trac.2016.12.006
https://doi.org/10.1016/j.foodchem.2019.126052
https://doi.org/10.1016/j.foodchem.2019.126052

A. Mir-Cerda, O. Nufiez, M. Granados et al.

[95]

[96]

new cosmetic active, Cosmetics 7 (2020) 56.
COSMETICS7030056.

E. Gémez-Mejia, N. Rosales-Conrado, M.E. Le6n-Gonzalez, Determination of
phenolic compounds in residual brewing yeast using matrix solid-phase
dispersion extraction assisted by titanium dioxide nanoparticles,
J.  Chromatogr. A 1601 (2019) 255-265. https://doi.org/10.1016/
j.chroma.2019.05.009.

G. Di Lena, ].S. Del Pulgar, M. Lucarini, A. Durazzo, P. Ondrejickov4, F. Oancea,
R.M. Frincu, A. Aguzzi, S.F. Nicoli, I. Casini, P. Gabrielli, R. Caproni, I. Cerven,
G. Lombardi-Boccia, Valorization potentials of rapeseed meal in a biorefinery
perspective: focus on nutritional and bioactive components, Molecules 26
(2021) 6787. https://doi.org/10.3390/molecules26226787.

https://doi.org/10.3390/

12

[97]

(98]

[99]

Trends in Analytical Chemistry 161 (2023) 116994

C. Occhiuto, G. Aliberto, M. Ingegneri, D. Trombetta, C. Circosta, A. Smeriglio,
Comparative evaluation of the nutrients, phytochemicals, and antioxidant
activity of two hempseed oils and their byproducts after cold pressing, Mol-
ecules 27 (2022) 3431. https://doi.org/10.3390/molecules27113431.

B. Rodriguez-Martinez, P. Ferreira-Santos, B. Gullén, J.A. Teixeira, C.M. Botelho,
R. Yanez, Exploiting the potential of bioactive molecules extracted by ultra-
sounds from avocado peels—food and nutraceutical applications, Antioxi-
dants 10 (2021) 1475. https://doi.org/10.3390/antiox10091475.

F. Sheng, B. Hy, Q. Jin, J. Wang, C. Wu, Z. Luo, The analysis of phenolic com-
pounds in walnut husk and pellicle by UPLC-Q-orbitrap HRMS and HPLC,
Molecules 26 (2021) 3013. https://doi.org/10.3390/molecules26103013.


https://doi.org/10.3390/COSMETICS7030056
https://doi.org/10.3390/COSMETICS7030056
https://doi.org/10.1016/j.chroma.2019.05.009
https://doi.org/10.1016/j.chroma.2019.05.009
https://doi.org/10.3390/molecules26226787
https://doi.org/10.3390/molecules27113431
https://doi.org/10.3390/antiox10091475
https://doi.org/10.3390/molecules26103013

	An overview of the extraction and characterization of bioactive phenolic compounds from agri-food waste within the framewor ...
	1. Introduction
	2. Sources of polyphenols from agri-food residues
	3. Recovery and purification of polyphenols from agri-food residues
	3.1. Extraction solvents
	3.2. Extraction methodologies
	3.3. Extract purification

	4. Determination of phenolic compounds in agri-food wastes
	4.1. Spectrophotometric indexes
	4.2. Chromatographic methods for polyphenolic profiling
	4.2.1. Chromatographic conditions
	4.2.2. LC coupled to mass spectrometry


	5. Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A. Supplementary data
	References


